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Abstract

This paper details the influence of the magnitude of imposed inflow fluctu-
ations on Large Eddy Simulations of a spatially developing turbulent mix-
ing layer originating from laminar boundary layers. The fluctuations are
physically-correlated and produced by an inflow generation technique. The
imposed high-speed side boundary layer fluctuation magnitude is varied from
a low-level, up to a magnitude sufficiently high that the boundary layer can
be considered, in a mean sense, as nominally laminar. Cross-plane flow vi-
sualisation shows that each simulation contains streamwise vortices in the
laminar and turbulent regions of the mixing layer. Statistical analysis of the
secondary shear stress reveals that mixing layers originating from boundary
layers with low-level fluctuations contain a spatially stationary streamwise
structure. Increasing the high-speed side boundary layer fluctuation mag-
nitude leads to a weakening of this stationary streamwise structure, or its
removal from the flow entirely. The mixing layer growth rate reduces with
increasing initial fluctuation level. These findings are discussed in terms of
the available experimental data on mixing layers, and recommendations for
both future experimental and numerical research into the mixing layer are
made.
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1. Introduction

The use of numerical simulation techniques such as Direct Numerical Sim-
ulation (DNS) and Large Eddy Simulation (LES) to compute turbulent flows
is becoming more widespread thanks to ever increasing computing power.
Extremely well-resolved simulations of turbulent flows to reasonably high
Reynolds numbers are now attainable. For the spatially-developing mixing
layer flow, it is expected that these simulation methods will assist in solving
the outstanding problems that persist in the field, in spite of seventy years
of extensive research. Over this period of time, the mixing layer that forms
between two merging parallel streams of fluid has proven to be a remarkably
challenging flow configuration. A large spread in the growth rates of mixing
layers has been reported, as reviewed by Yoder et al. [1]. Explanations for the
discrepancies in observed growth rates include the laminar or turbulent state
of the separating high-speed side boundary layer [2, 3], and even whether the
measured flows could be considered as truly fully-developed [4]. Regardless
of the root cause, the above investigations show that the mixing layer dis-
plays a hypersensitivity to its initial conditions, and their effects persist to
Reynolds numbers (based on the mixing layer visual thickness and velocity
difference across it) that are in excess of those found in flows of practical
engineering interest.

The presence of organised structures in the plane turbulent mixing layer
has been acknowledged for over forty years. Large-scale, spanwise-orientated
structures were observed in contemporary studies of the low Reynolds number
flow [5], and its high Reynolds number counterpart [6]. Since their discov-
ery, these large-scale coherent structures have been the subject of intensive
study, both experimentally [7] - [10], and computationally [11] - [19]. Growth
and entrainment models of the mixing layer have been developed from these
observations [19, 20], but doubt remains as to whether such structures are
ubiquitous for non-idealised initial conditions [21].

In addition to the spanwise structure a secondary, streamwise-orientated
vortex structure has been observed in the mixing layer. Discovered through
flow visualisation as ‘streaks’ [7], subsequent experiments revealed that the
streaks are manifestations of a statistically-stationary streamwise vortex struc-
ture [10]. First postulated as an unstable response of the layer to three-
dimensional perturbations in the flow upstream of the mixing layer [22], it
was later shown that the formation of streamwise vortices is linked to resid-
ual streamwise vortices in the upstream separating high-speed side bound-
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ary layer [23]. The evolution of these streamwise vortices does appear to
be somewhat facility dependent. It has been observed that changes in the
flow smoothing screens upstream of the mixing layer can affect the spanwise
locations of the streamwise vortices [10], and that small surface imperfec-
tions in the splitter plate can provide anchor points for them [24]. Further
experiments have shown that small changes in the initial conditions caused
by switching the freestreams between legs in a wind tunnel can produce
measurable differences in the streamwise vortex properties [25]. In some ex-
periments the streamwise structure spacing changed in a stepwise fashion, in
conjunction with the interactions that occurred between the primary span-
wise structures [7, 24, 26]. Other experiments, however, have shown no evi-
dence of changes in streamwise structure spacing with increasing streamwise
distance [22, 27]. It is not clear if a spatially stationary streamwise struc-
ture is ubiquitous for all initial conditions, as a two-stream mixing layer that
originated from a turbulent high-speed side boundary layer did not contain
a spatially stationary streamwise structure [28].

Eddy-resolving simulations of spatially-developing mixing layers should
be able to capture the features described above. There are some examples of
DNS studies in the literature [16], [17], with reasonably high Reynolds num-
bers attained. Large Eddy Simulation is an attractive numerical method for
the simulation of mixing layers, as the large-scale structures which dictate
the flow evolution are explicitly resolved by LES. Published research into
the use of LES for mixing layer simulations has largely focused on idealised
flows, rather than direct comparisons with reference experimental data [16],
[17], [29]. In these studies the flow originates from what can be considered
as idealised inflow conditions (in this paper the terms ‘initial conditions’ and
‘inflow conditions’ are used interchangably), where a base mean velocity pro-
file is perturbed through a white noise disturbance field. Where simulations
with this type of inflow condition have been performed against a reference
experiment, reasonable agreement with the mean flow statistics has been ob-
tained [18] [19]. The continuous linear growth mechanism, reported in exper-
iments [4], has also been captured in numerical simulation [19]. In spatially
developing mixing layer simulations originating from a white-noise distur-
bance environment, evidence for a spatially developing streamwise structure
is lacking [29, 30].

Numerical white noise is, of course, not a physically realistic represen-
tation of the fluctuations found in real flows. In order to produce inflow
fluctuations that are both spatially- and temporally-correlated, an inflow gen-
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eration technique must be used. Application of an inflow generation method
to produce physically-correlated, low-level fluctuations in the upstream lam-
inar boundary layers of a mixing layer simulation has resulted in a mixing
layer that contained a spatially stationary streamwise vortex structure [30].
The statistical properties of this streamwise structure compared extremely
well with experimental data [31]. The streamwise structure originated from
residual streamwise vorticity contained in the upstream boundary layer, and
the structure evolved in a stepwise fashion with downstream distance in the
mixing layer. The growth rate of the mixing layer originating from these
physically correlated initial conditions was also observed to increase by 15%
when compared to a simulation originating from a white noise fluctuation
environment of the same disturbance magnitude; the physically correlated
simulation producing better agreement with reference data.

In order to produce an accurate numerical simulation of any mixing
layer experiment, detailed information on the initial conditions of the flow
is essential. This includes the mean streamwise velocity profile of each
boundary layer, and the associated velocity fluctuations for all three ve-
locity components. This complete set of mixing layer initial conditions has
not been recorded for any experimental study available in the literature.
Where boundary layer velocity fluctuation data has been recorded, only the
streamwise component has been reported [32], [33]. All reported simulations
of plane mixing layers are therefore a representation of the real conditions,
and it is not clear how the magnitude of the imposed fluctuations influences
the development of the mixing layer. The simulation studies of McMul-
lan & Garrett [31] have shown that low-level, physically-correlated boundary
layer fluctuations produced a spatially stationary streamwise structure. That
study, however, only considered one particular set of boundary layer fluctu-
ation profiles; the connection between the magnitude of the fluctuations in
the upstream separating boundary layers, and the formation and evolution
of the streamwise vortices, has not been fully established.

The aim of this study is to quantify the effects of the magnitude of the
upstream boundary layer fluctuations on the streamwise structure in simu-
lations of the spatially developing mixing layer. The initially-laminar exper-
iments of Browand and Latigo [32] provide the reference data for this study.
An inflow generation technique is used to provide these physically-correlated
inflow conditions. Three distinct simulations are performed, where the fluc-
tuations in the high-speed boundary layer are successively increased. These
simulations represent a range of initial fluctuations from being ‘clean’ (or
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two-dimensional in the mean), up to where the initial conditions are, in a
statistical sense, highly three-dimensional (or nominally laminar). To main-
tain consistency all three simulations do, however, originate from the same
mean inflow velocity profiles. The effects of the initial conditions on the
simulated mixing layers will be assessed through mean flow statistics, flow
visualisation, and cross-plane samples of the flow field at several streamwise
locations. Section 2 provides a brief description of the research code. A
brief summary of the reference experiment, and the simulation set up are de-
scribed in Section 3. The results obtained from the simulations are presented
in Section 4. A discussion of the results and their significance is provided in
Section 5, and concluding remarks are drawn in Section 6.

2. Numerical Methods

A brief description of the research code is provided here; a more com-
plete description can be found in a previous study [18]. The code solves
the spatially-filtered equations for conservation of mass and momentum for
a uniform density flow. A finite volume method is employed, with the prim-
itive variables discretised using a staggered cell approach. The momentum
equation is solved using a second-order, central differencing method. Time
advancement is performed by the second-order accurate Adams-Bashforth
method. The pressure equation is solved by a multi-grid method which ame-
liorates the convergence of the equation solution. The outflow condition is the
commonly-used standard convective outflow condition [34]. The unresolved
scales of motion are modelled using the WALE model [35]. A previous study
has shown that this choice of subgrid-scale model is advantageous over the
standard Smagorinsky, owing to the fact that the WALE model predicts zero
eddy viscosity in the presence of pure shear [19].

A filtered passive scalar transport equation is solved using a second-
order accurate upwinding scheme, with time advancement achieved using
the Adams-Bashforth method. In order to close this transport equation the
standard gradient-diffusion model is employed, with the turbulent Schmidt
number for the subgrid scalar flux assigned a value of Sct = 0.3. In this study
the primary function of the filtered passive scalar, ξ, is to act as a means of
flow visualisation.

As the focus of this study is to assess the effect of the magnitude of the
physically-correlated fluctuations in the initial conditions, an inflow genera-
tion technique is required. The method of Xiao et al. provides the inflow
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condition for the simulations presented here [36]. A brief summary of this
method is provided here. Small inflow generation domains (commonly called
‘virtual domains’) are placed upstream of the main computational domain.
At simulation start-up these virtual domains are initialised with the mean
inflow boundary layer profile, onto which white noise fluctuations of magni-
tude 0.1U are superimposed, where U is the freestream velocity. At every
subsequent time step an entire cross-stream plane just upstream of the end of
the virtual domain is recycled onto its inlet plane. In order to maintain con-
trol of the flow in the virtual domains, the velocity field within the virtual
domain rescaled to produce a desired set of velocity statistics at specified
intervals.

3. Simulation Setup

3.1. Reference Experiment

The reference data for this study are those of the initially-laminar mixing
layer experiment of Browand & Latigo [32]. The recorded bulk flow proper-
ties of the experiment are shown in Table 1. The quantities θ1 and θ2 are
the high- and low-speed side boundary layer momentum thicknesses respec-
tively, U1 and U2 are the freestream velocities of the high- and low-speed side
respectively, and the velocity ratio parameter, R = (U1−U2)/(U1+U2). Mea-
surements showed that the boundary layers departing from the splitter plate
were laminar in both streams, with mean velocity profiles close to Blasius
form. The streamwise velocity fluctuation profiles in each stream were also
recorded, but were subject to a 1% measurement error. No information on
the vertical or spanwise velocity fields in the separating boundary layers was
obtained. The test facility had fixed horizontal guide walls, which resulted
in a small adverse pressure gradient in the test section. The large vertical
extent of the test section did, however, help to minimise the impact of this
pressure gradient.

3.2. Computational Details

The mixing layers are a simulated in a computational domain that extends
1630× 1326× 392θi, which is discretised into 768 × 256 × 256 cells. The
parameter θi is the initial momentum thickness of the flow; the reference
experiment determined that this quantity is equivalent to the high-speed side
boundary layer momentum thickness, θ1, and this relationship is assumed
here. This domain begins at the trailing edge of the splitter plate, which is
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assumed to have a negligible thickness. The grid is refined near the plane of
the splitter plate such that ∆xmin/θi = 0.46, ∆ymin/θi = 0.086. This leads
to the high-speed boundary layer being resolved with 36 points, and the low-
speed boundary layer being resolved with 48 points. The grid is stretched
in the vertical direction such that the cell count is substantially reduced far
from the plane of the splitter plate. The grid points in the spanwise direction
are uniformly distributed. The upper and lower boundaries of the domain are
modelled as slip walls, which results in an adverse pressure gradient in the
flow similar to that observed experimentally [37]. The spanwise boundaries
are periodic in nature.

The inflow condition for each simulation is obtained using an inflow gen-
erator that produces physically-correlated, time-dependent inflow data [36].
This method requires small computational domains upstream of the main
mixing layer domain in which to generate the inflow condition. The grid res-
olution in these inflow generator domains matches that in the initial region
of the mixing layer grid. In each stream these domains have an extent of 112
× 663 × 392θi, and are discretised into 256 × 128 × 256 cells. The splitter
plate is modelled as a solid wall of negligible thickness. In these generator
domains the flow is recycled from a plane 10θi upstream of the trailing edge
of the splitter plate onto the inflow plane at every time step. At intervals
the flow is rescaled to the desired set of flow statistics. Slip wall boundary
conditions are employed on the upper and lower guidewalls, and the spanwise
boundaries are also periodic.

Three distinct simulations are performed in this study, in which the mag-
nitude of the fluctuations in the high-speed boundary layer are successively
increased. The imposed inflow conditions are shown in Figure 1. Each sim-
ulation has a mean streamwise velocity profile that closely approximates the
experimental data, as shown in Figure 1a. Case RRM-L (Low-level fluctu-
ations) has a high-speed boundary layer root mean squared (rms) fluctua-
tion environment (Figure 1b) that can be considered representative of the
conditions that were present in the reference experiment. In Case RRM-M
(Medium-level fluctuations) higher levels of three-dimensional perturbations
are present in the high-speed boundary layer (Figure 1c), and the boundary
layer can be considered to be in an unsteady laminar state. In Case RRM-H
(High-level fluctuations) elevated levels of disturbances are present in the
high-speed side boundary layer (Figure 1d), and this renders the high-speed
boundary layer as nominally laminar. Boundary layer fluctuation profiles
similar to those used here have been recorded in experiments of mixing lay-
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ers [2], jet flows [38], and in numerical simulations of jet shear layers [39]. In
all three simulations presented here the low-speed stream boundary layer has
mean and fluctuating profiles corresponding to the data presented in Figures
1a-b.

For all simulations the WALE subgrid-scale model coefficient is set to
Cw = 0.56. A previous study has shown that this model offers significant
advantages over the standard Smagorinsky model [19]. The passive scalar is
assigned a value of unity in the high-speed stream, and zero in the low-speed
stream. The normalised time step of each simulation is ∆t/(θ1/Uc) = 0.0205,
where Uc = 0.5(U1 + U2) is the convection velocity of the flow. Statistical
samples are accumulated over a period of 20 convective flow through times.
Where appropriate, the statistical sample size is further increased through
spanwise averaging of the flow statistics - previous experimental work has
shown that the presence of spatially stationary streamwise vortices can sig-
nificantly influence single-plane flow statistics, and that spanwise-averaging
of flow data leads to more representative statistics [40].

The current computational domain, and mesh resolution, have been ex-
tensively validated in previous studies. It has been shown that the choice of
subgrid scale model produces vanishingly small eddy viscosity in the laminar
region, and that the chosen value of Cw has little effect on the bulk flow evo-
lution [19]. It has also been demonstrated that the spanwise domain extent is
sufficiently wide to avoid artificial confinement of the spanwise wavelength of
the mixing layer [41, 42]. A counterpart study has shown that a simulation of
the initially laminar mixing layer with low-level, physically-correlated bound-
ary layer fluctuations, produces a spatially stationary streamwise structure
on the mesh used here [31].

4. Results

4.1. Mean Flow

Normalised mean streamwise velocity profiles, obtained at x/θi = 1000,
are shown in Figure 2a. Owing to the adverse pressure gradient that exists in
the computational domain, the normalisation parameter ∆U = (U1 − U2) is
based on local values of the freestream velocity. The velocity profiles shown in
Figure 2a are extracted from the self-similar region of each simulated mixing
layer, and all three profiles agree well with the reference data. The normalised
r.m.s. streamwise velocity profile at the same streamwise location is shown
in Figure 2b. All three simulations show reasonable agreement with the
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reference data, although Case RRM-L slightly over-predicts the magnitude
of the fluctuations towards the outer edges of the mixing layer. The evolution
of the maximum streamwise r.m.s. fluctuation as a function of streamwise
distance is shown in Figure 3. The initial evolution of each simulation is
markedly different. The peaks in the profiles of Cases RRM-L and RRM-
M in the region of x/θi < 250 are indicative of the roll-up of the flow into
primary vortices, and pairing interactions that occur between them. These
well-defined peaks are absent from Case RRM-H, where the fluctuation rises
to a maximum at x/θi ≈ 200, before relaxing towards a self-similar value in
the turbulent region. All three simulations produce a self-similar value of
urms that is close to the bounds of experimental error, but each simulation
attains a different asymptotic value of this quantity. This indicates that each
simulation attains a different self-similar state.

Power spectral density plots of the streamwise velocity fluctuation along
the streamwise direction in plane of the splitter plate (y/θi = 0) are recorded
in each simulation. Spectra recorded at particular streamwise locations are
shown in Figure 4. In Case RRM-L (Figure 4) the spectra at x/θi = 45 shows
a peak at St ≈ 0.024, which is in good agreement with the dominant insta-
bility frequency predicted by linear stability theory for a two-stream shear
layer [43]. Further downstream the roll-off in the spectra approaches the
−5/3 slope indicative of fully-developed turbulence. The transition to tur-
bulence is precipitated by interactions between the primary spanwise rollers,
in the presence of the secondary streamwise structure [26]. The spectrum
recorded at x/θi = 45 in Case RRM-M (Figure 4b) shows a broader peak
around St ≈ 0.0205, implying that there is a variation in the wavelength of
the initial roll-up in the mixing layer. Further downstream a −5/3 roll-off
is approached in the spectra, demonstrating that this flow undergoes a tran-
sition to turbulence. The transition to turbulence in this simulation occurs
in the same manner as that described above. In Case RRM-H, however, a
peak is not present in the spectrum at x/θi = 45, and there is instead an
approach to a −5/3 roll-off, indicating the presence of a turbulent flow. The
highly disturbed upstream high-speed boundary layer leads to the immedi-
ate formation of small-scale turbulent motions in the mixing layer of Case
RRM-H, which persist throughout the streamwise extent of the simulated
mixing layer.

The visual thickness of the mixing layer can be determined from the
superposition of many spanwise-average passive scalar flow images. With the
upper and lower edges of the mixing layer defined by spanwise-averaged scalar
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values of 〈ξ〉z = 0.01, 0.99 respectively, a measure of the visual thickness
analogous to the 1% thickness of the mixing layer [44] is obtained. The
visual growth of a turbulent plane mixing layer is expected to follow the
relationship

δviz
x− x0

= kvR (1)

where x0 is the virtual origin, and kv is a constant. The computed values
of kv from each simulation are shown in Table 2, and it is evident that kv is
not universal. The growth rate reduces by approximately 14% between cases
RRM-L and RRM-H, and there is a clear trend of a reduction in mixing layer
growth rate with increasing high-speed side boundary layer fluctuation level.
This trend of reduction in growth rate with elevated levels of boundary layer
fluctuations in a two-stream mixing layer has been observed experimentally
[33]. The computed growth rates are within the range of values reported
experimentally [1].

An alternative measure of the integral thickness of the mixing layer can
be obtained from the momentum thickness, defined as

θ =
1

∆U2

∫
∞

−∞

(U1 − 〈ūt〉z)(〈ūt〉z − U2)dy (2)

and is not a momentum deficit in the usual sense. The normalised mo-
mentum thickness distributions from each simulation are shown in Figure 5,
along with the reference experimental data. The tailing-off of the momen-
tum thickness curves is typical of simulations of shear flows [19, 39], and is
caused by the passage of continuously growing coherent structures through
the outflow plane. Each simulation produces reasonable agreement with the
experimental momentum thickness distirbution, with Case RRM-L offering
the closest agreement with the reference data. There are, however, clear
differences in the evolution of the momentum thickness in each case. The
self-similar region of the mixing layer is characterised by a linear slope in
the momentum thickness distribution. The streamwise location at which a
linear gradient is achieved differs in each simulation. Case RRM-L attains
similarity at x/θi ≈ 350, Case RRM-M achieves similarity at x/θi ≈ 450,
and Case RRM-H attains similarity at x/θi ≈ 600. In addition, the gra-
dient of the linear slope differs between the simulations. The growth rate
dθ/dx, is computed for each simulation to be 0.02376 for RRM-L, 0.022 for
RRM-H, and 0.0204 for RRM-H. Case RRM-L offers the best agreement with
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the experimental value, when R is based on the inflow values [32]. For Case
RRM-M the momentum thickness growth rate is under-predicted by 8%, and
for Case RRM-H it is under-predicted by 14%.

When considered individually, the flow statistics based on the mean ve-
locity field would lead to the conclusion that all of the three simulations
performed in this study are a good representation of the experiment. The
disparity in the spectra in Figure 4, and the computed rms velocity statistics
of Figures 2b - c, demonstrate that differences in the flow evolution do exist
between the simulations, and that each simulation attains a different self-
similar state. These statistics indicate that the magnitude of the high-speed
stream boundary layer fluctuations have a definite influence on the evolution
of the mixing layer flow. The effect that these changes in inflow conditions
have on the vortex structure in the mixing layer, with a particular emphasis
on the streamwise vortex structure, is outlined below.

4.2. Flow Visualisation

Large-scale coherent structures were first observed in the mixing layer us-
ing schlieren and shadowgraph imagery. These techniques produce averaged
representations of the flow along the direction of interrogation of the optical
beam. The uniform density nature of the present calculations prevents direct
use of numerical schlieren but it has been shown that the passive scalar can
be used to visualise structures in the mixing layer [19], and this approach is
adopted here.

Figures 6a–c show instantaneous, spanwise-averaged passive scalar maps
from Cases RRM-L, RRM-M, and RRM-H respectively. These images are
typical of those observed throughout each calculation. It is apparent that
each simulation contains coherent vortex structures that persist along the
entire streamwise extent of the computational domain. Whilst these images
share similar features, there are some qualitative differences in the appear-
ance of the structures in the simulations. In Case RRM-L (Figure 6a) the
vortex cores are clearly visible, with tightly packed scalar lines angled to the
horizontal indicating the interconnecting braid regions between the primary
structures. In Cases RRM-M and RRM-H, however, the structures are some-
what less obvious - the structure cores are apparent from the ‘bumps’ on the
upper and lower edges of the mixing layer, and the scalar lines in the inter-
connecting braids are much less tightly packed. As noted above the visual
thickness growth rate decreases by 15% from Case RRM-L to Case RRM-H.
Tracing a wedge defined by the upper and lower edges of the mixing layers
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shown in Figures 6a–c demonstrates this change in the growth of the flow
between the calculations.

Close-up images of typical pre-transition vortices obtained from each sim-
ulation are shown in Figure 7. For all three vortex structures the centre
of rotation of the vortex lies in the vertical plane of x/θi = 108. At this
streamwise location the local Reynolds number of the flow is approximately
12,000. The flow would typically be in a laminar state at this local Reynolds
number, as a triggering interaction between the primary vortices has yet
to occur [26]. The spanwise-averaged scalar distribution in Case RRM-L,
shown in Figure 7a has the familiar ‘swiss-roll’ distribution typical of a lam-
inar Kelvin-Helmholtz (K-H) vortex, where a central core of mixed fluid is
surrounded by two tongues of fluid from the freestreams penetrating into the
layer from the high- and low-speed side in the downstream and upstream
braid regions respectively. Figure 7b shows that a similar scalar distribution
is present for the vortex obtained in Case RRM-M, but the tongues of fluid
from the freestreams appear to mix out more rapidly than in Case RRM-L.
In Case RRM-H, however, the scalar distribution is markedly different; the
well-mixed core region is not present, and the scalar lines in the braids are
much less tightly packed. The spectrum recorded at this streamwise loca-
tion, shown in Figure 4c, indicates that Case RRM-H is turbulent, and the
scalar distribution in this region is very similar to that found in the coherent
structures further downstream.

The spanwise averaging of passive scalar data to produce these side-view
images necessarily smears out any inherent three-dimensionality in the vor-
tex structures. A qualitative assessment of the three-dimensional nature of
the structures present in the flow can be made through recording cross-plane
data at selected streamwise locations in the domain. These streamwise mea-
surement stations are detailed in Table 3, with the locations expressed in
terms of raw distance, normalised distance x/θi, and the pairing parameter,
x∗

i
= Rx/30θi [26]. The vortices shown in Figure 7 were recorded at an

instant when they convected through measurement station 2, and the cor-
responding y − z cross-plane scalar distribution through the vertical plane
of this measurement station are shown in Figure 8. The scalar distribution
in the vortex core from Case RRM-L is shown in Figure 8a. There are two
clear rows of mushroom-shaped features in the core of the structure, which
reside on the upper and lower edges of the structure respectively. The spac-
ing of these features is fairly regular across the span on both edges of the
mixing layer. These mushroom-shaped formations are indicative of the pres-
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ence of streamwise vortices in the mixing layer. Analysis of time series of
the cross-plane images from RRM-L shows that the streamwise vortices are
wrapped around the primary spanwise structure in a manner matching that
proposed by Bernal & Roshko [10]. The scalar distribution in the vortex core
from Case RRM-M, presented in Figure 8b, is qualitatively similar to that
of RRM-L. Two rows of mushroom-shaped features are present, but they
do not occupy the entire span; instead the spanwise region of 30 ≤ z/θi ≤
100 contains a single row of mushroom-like features, which is indicative of a
braid region [10]. This implies that the primary spanwise vortex structure is
bodily warped, and not aligned parallel to the span. Time series of the flow
passing through the cross-plane shows that the streamwise vortices are not
regularly spaced across the span throughout the sample. In Case RRM-H an
irregular pattern of mushroom-like features is present in the vortex core, as
shown in Figure 8c. The time series data shows that this streamwise vortex
pattern is irregular in Case RRM-H. Regardless of the regularity, or other-
wise, of the mushroom-like features in the scalar field, all three simulations
show evidence for some form of streamwise structure in the near-field of the
mixing layer.

The underlying three-dimensionality of typical post-transition structures
are shown in Figure 9. These cross-plane scalar images are captured when
the centre of rotation of a post-transition vortex structure is passing through
sampling plane 5. The local Reynolds number at this station is approximately
85,000, and the flow is fully-turbulent at this location in each simulation. In
Case RRM-L, shown in Figure 9a there are two clear rows of mushroom-
shaped features in the core of the structure. These features reside on the
upper and lower edges of the structure respectively. The spacing of these
features is fairly regular across the span on both edges of the mixing layer.
These mushroom-shaped formations are indicative of the presence of stream-
wise vortices in the fully turbulent mixing layer. The scalar distribution in
the core and braid regions of the post-transition structure in Case RRM-L
are similar to that observed in its pre-transition counterpart in Figure 8a.

Qualitatively the scalar distributions shown for Cases RRM-M and RRM-
H, shown in Figures 9b–c respectively, share similar features with those found
in Case RRM-L; two rows of mushroom-shaped features are present, but
their distribution across the span is rather irregular. All three visualisations
produce cross-plane scalar images, however, that resemble the high Reynolds
number cross-plane Laser Induced Fluorescence visualisations of the flow
structure obtained experimentally [9], and indicate that a streamwise vortex
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structure survives into the high Reynolds number turbulent flow.
The visualisations shown above indicate that each simulation contains a

vortex structure that is orientated in the streamwise direction, in addition
to the primary spanwise coherent structures. No assessment of the quanti-
tative nature of this streamwise structure can be made from these images.
Numerical simulation allows simultaneous access to the scalar and velocity
fields in the simulations, and hence quantitative statistical information on
the streamwise structure can be obtained.

4.3. Streamwise Vortex Structure

At each measurement station the flow is sampled at a rate of 1.67kHz, and
up to 1560 planes are recorded in all three simulations. From these data the
mean cross-plane flow field is computed at every measurement station, and
higher-order statistics are obtained. Previous experimental [23] and compu-
tational [31] research has shown that cross-plane statistics can be distorted
by the presence of a spatially stationary streamwise vortex structure, and
that the secondary shear stress, u′w′, can be used to infer the presence of
this structure. The analysis presented here follows that of a previous study
of the simulated mixing layer [30].

Contour maps of secondary shear stress u′w′ from four measurement sta-
tions are shown in Figures 10, 11, and 12 for Cases RRM-L, RRM-M, and
RRM-H respectively. The secondary shear stress is normalised by the square
of the velocity difference across the layer, ∆U2. Note that the axes extents
and contour levels differ between sub-figures. At station 1 in Case RRM-L
(Figure 10a) there are clusters of secondary shear stress present in the flow.
At a given spanwise location these clusters contain three regions of u′w′ with
two like-sign patches sandwiching a region of opposite sign. This pattern
alternates along the spanwise direction. At station 3 (Figure 10b) these clus-
ters have evolved into a single row of alternating sign secondary shear stress.
It is straightforward to trace the structures present at station 3 back to the
clusters present at station 1, and shows that the upstream flow conditions
provides anchor points for the initial streamwise vortex structure. At sta-
tion 5 (Figure 10c) the number density of the structures across the span has
decreased, and the spacing between them has consequently increased. The
spacing of the structures continues to increase at station 6, as shown in Fig-
ure 10d. An interaction between the streamwise vortices visible at station 5
in the region of 210 ≤ z/θi ≤ 300 has completed by station 6; two like-signed
vortices are enveloping a structure of opposite sign at station 5, and a single
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streamwise vortex structure of the same sign as its two like-signed parents
has taken their place at station 6. These contour maps demonstrate that
there exists a spatially stationary streamwise structure in Case RRM-L, and
the maps shown here demonstrate a similar evolution of this quantity to that
obtained experimentally [23].

The pattern of secondary shear stress observed in Case RRM-M (Figure
11a) is markedly different to that of Case RRM-L. In RRM-M there is no
obvious clustering of u′w′. At measurement station 3 (Figure 11b), however,
some alternating bands of u′w′ are visible. These bands are quite irregular,
and have a peak secondary shear stress magnitudes that are approximately
a factor of two lower than that found in Case RRM-L. At station 5 (Figure
11c) there is again some evidence for weakly banded secondary shear stress,
but this banding is not consistent across the span. A large region of posi-
tive secondary shear stress is present in the region of 0 ≤ z/θi 160, which
subsequently disappears at station 6 (Figure 11d). The banding present at
station 5 has also weakened significantly at station 6, which implies that
any stationary streamwise vortex structure that is present in Case RRM-M
is extremely weak at this far downstream location. The streamwise vortex
structure in Case RRM-M can therefore be considered as weakly spatially
stationary.

In Case RRM-H Figure 12 shows that there is no evidence for any spatially
stationary streamwise structure. The secondary shear stress is irregularly
distributed at station 1, as shown in Figure 12a, and subsequently there is an
absence of any regular banding in the u′w′ contours at all other measurement
stations. This lack of banding of the secondary shear stress demonstrates
that the streamwise vortex structure in RRM-H is not, in a statistical sense,
spatially stationary.

The presence of a spatially stationary streamwise vortex structure in the
mixing layer causes bodily wrinkling and distortion of the flow. The wrinkling
of the mixing layer can be quantified through plotting the mean streamwise
velocity across the span in the horizontal plane of the splitter plate (y = 0).
These profiles are plotted in Figure 13 for all three cases. The velocity profiles
are normalised by the value of each profile at mid-span of the domain. The
profiles from Case RRM-L are shown in Figure 13a. At station 1 there are
noticeable wiggles in the velocity profile. These are caused by the transfer
of weak streamwise vorticity from the upstream laminar boundary layer into
the mixing layer. Further downstream a regular variation in the velocity
profile is present at stations 3–7. A clear spanwise wavelength exists in
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each of these profiles, and the maximum peak-to-peak amplitude is 20%.
This value is comparable to other simulation data [30], and is in the range
reported experimentally [23], [24]. The peaks and troughs in these profiles
align with the interfaces between the streamwise vortices noted in Figure
10 - a peak is an interface between two streamwise vortices with a common
upflow, and a trough is an interface between two streamwise vortices with
a common downflow. This regular pattern in the velocity profiles provides
further evidence of a spatially stationary streamwise structure in Case RRM-
L, which serves to bodily wrinkle the mixing layer. The number of peaks and
troughs in the profiles decreases with increasing downstream distance from
station 3, which indicates that the streamwise vortex structure evolves as the
flow proceeds downstream. The amplitude of the variations decreases with
increasing streamwise distance at the furthest downstream station the profile
is reasonably flat, but some low-amplitude peaks and troughs are still visible.
This pattern of evolution is consistent with experiments [23], and previous
simulation work [30].

The velocity profiles extracted from Case RRM-M have a somewhat differ-
ent character to those extracted from Case RRM-L. A very large variation in
the velocity profile at station 1 is present, and this is caused by the unsteady
behaviour of the upstream high-speed side boundary layer. At stations 3–5
some peaks and troughs in the profiles are visible, and these also align with
interfaces between the banding of alternating sign u′w′ seen in Figure 11.
These peaks and troughs appear to be positioned at isolated locations across
the span, and the maximum amplitude variation is 8% - considerably lower
than that observed in Case RRM-L. The value of 8 % is, however, within the
range reported experimentally [23, 45]. The amplitude of the variations also
decreases with increasing streamwise distance, until the profile at station 7
is effectively flat.

The profiles extracted from Case RRM-H are effectively flat and par-
allel at each measurement station. These profiles demonstrate that, in a
mean sense, there is little wrinkling of the mixing layer. Coupled with the
secondary shear stress maps presented in Figure 12, it is clear that Case
RRM-H is devoid of any statistically stationary streamwise structure, and
the mean flow is effectively statistically two-dimensional.

Further evidence of the wrinkling of the mixing layer can be obtained
from the spanwise variation of the mixing layer thickness. At each mea-
surement station the mixing layer thickness is computed across the entire
span, and the standard deviation of the spanwise averaged mean thickness
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is computed. The mixing layer thickness is computed from the velocity
field, and is obtained from the vertical distance between the locations where
U0.01 = U2 + 0.01(U1 − U2), and U0.99 = U2 + 0.99(U1 − U2). The stream-
wise evolution of the thickness variation is shown in Figure 14, with the
streamwise distance presented in terms of the pairing parameter [26], to fa-
cilitate comparison with experimental data obtained from a mixing layer of
comparable Reynolds number [23]. The thickness variation of each case is
shown in Figure 14. The trend of Case RRM-L agrees well with the exper-
imental data; an initially low variation rapidly increases to a maximum at
station 2 (x∗

i
= 2.4), and then subsequently decays to approximately 3% in

the far-field. The peak variation is just downstream of the roll-up of the
flow into primary vortices, which occurs on average at x∗

i
≈ 2.4. The roll-up

of the flow results in an amplification of the residual streamwise vorticity
into a row of alternating sign streamwise vortices [23], and has also been
observed in mixing layer simulations developing from initially laminar condi-
tions with low-level, physically-correlated inflow fluctuations [30]. For Case
RRM-M a qualitatively similar trend is observed, in that a peak in the vari-
ation is reached at stations 2–3, downstream of which the variation decays
to approximately two-dimensionality. The magnitude of the peak variation,
however, is considerably lower than both the experimental data, and that of
Case RRM-L. The lack of clustering of the streamwise vortex structures in
the initial region of the mixing layer effectively dampens the formation of a
row of alternating sign streamwise vortices following the roll-up of the mix-
ing layer into primary spanwise vortices. The weak statistically stationary
streamwise vortices that do occur in isolated regions across the span do not
wrinkle the flow as significantly as those in Case RRM-L. In Case RRM-H a
very low amplitude peak is observed at station 2, but its magnitude is little
larger than the far downstream variations obtained in the other two cases. At
all locations Case RRM-H is effectively statistically two-dimensional, as the
absence of a stationary streamwise vortex structure results in no significant
deviations in the thickness across the span.

5. Discussion

The simulation results presented here demonstrate that both the forma-
tion and the evolution of the streamwise vortex structure in the plane mixing
layer are heavily influenced by the mixing layer initial conditions. The hy-
persensitivity of the simulated mixing layer to the nature of the imposed

17



boundary layer fluctuations has been studied elsewhere [30] - a simulation
originating from laminar inflow conditions with low-level white noise distur-
bances fails to produce a spatially stationary streamwise vortex structure,
whilst physically correlated fluctuations of the same magnitude produces
a simulated mixing layer that does contain a stationary streamwise vortex
structure. In the present study it has been shown that the streamwise vortex
structure displays a hypersensitivity to the magnitude of the physically cor-
related fluctuations; low-level fluctuations produce a stationary streamwise
vortex structure, whilst increasing levels of fluctuations serve to markedly
alter its evolution, or to remove the stationary streamwise structure from
the mixing layer entirely.

The sensitivity of the stationary streamwise structure to upstream flow
conditions has been recognised in experiments. Changes in the flow screens
[10], swapping the legs in which the freestreams are fed into the test section
[25], and small nicks in the splitter plate [24] have all been shown to af-
fect the spanwise locations at which streamwise vortices occur. Experiments
performed months apart to the same mean flow conditions in the same rig
produced no change in the spanwise locations of the streamwise structure [26].
All of the experiments described above were performed in wind tunnels where
attempts were made to minimise the upstream disturbances, and it is reason-
able to make the initial conditions as ‘two-dimensional’ as possible. Where
the streamwise velocity fluctuation profile of the high-speed side boundary
layer has been measured, the magnitude of the fluctuations is comparable to
those imposed in RRM-L [32], [33]. Very few experiments have attempted
to study the plane mixing layer originating from initially laminar conditions
with high-level fluctuations [2], [33], [44], and those that have did not de-
termine the streamwise vortex structure in the flow. The findings of this
simulation study suggest that elevated inital fluctuations leads to the elimi-
nation of the spatially stationary streamwise structure from the mixing layer.
Interestingly this phenomenon has been observed in experiments of the plane
mixing layer originating from a turbulent high-speed side boundary layer [28].
For the initially-laminar flows considered here, it seems likely that the pres-
ence of unsteady small-scale motions in the initial region of the mixing layer
prevents the process of amplification of residual upstream streamwise vor-
ticity into alternating streamwise vortices by the braid instability once the
mixing layer rolls up into primary vortices. Further experiments will need to
be performed, however, to confirm this hypothesis.

The simulations presented here clearly demonstrate a dependency of the
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growth rate on the mixing layer initial conditions. Mixing layer initial condi-
tions are typically documented by the freestream velocities, integral bound-
ary layer parameters such as the momentum thickness, and a freestream
turbulence intensity. Some studies do document the mean streamwise veloc-
ity of the upstream boundary layers, but documentation of the fluctuation
profiles is exceedingly rare. By any classical measurement of the mixing layer
initial conditions, all three simulations considered here originate from iden-
tical initial conditions, as outlined in Table 1. The growth rates obtained
from these simulations, however, vary by up to 15%, with the growth rate re-
ducing with increasing boundary layer disturbance magnitude. The growth
rates obtained from the current simulations are within the range reported
experimentally [1]. In two-stream mixing layer experiments where the high-
speed side boundary layer fluctuations were measured, [33, 46], this trend of
reducing growth rate with increasing fluctuation level was also observed. It
is postulated here that a possible explanation for the wide range of growth
rates reported in the literature is that the lack of documentation of the initial
conditions resulted in the influence of the initial fluctuations in the boundary
layer being neglected.

The current findings have an impact on the role of numerical simulation
in improving our understanding of turbulent flows. Direct Numerical Sim-
ulation is free from errors introduced by the modelling of turbulent scales
of motion, but that does not mean that a DNS of the mixing layer will be
unaffected by the imposed inflow condition. None of the reported DNS of
the mixing layer displayed any evidence of spatially stationary streamwise
vortices [16], [17], and this is owing to the fact that the initial fluctuation
environment of these simulations were based on pseudo-random white noise.
It can be expected that, when a physically-correlated inflow condition is em-
ployed, a DNS of the mixing layer will display the sensitivity to the imposed
inflow condition as that presented here. This then raises a question as to
what is the purpose of DNS? If DNS is to gain insights into ‘real’ turbulence,
then the imposed flow conditions must accurately match the ‘real’ flow. As
described above small changes to mixing layer initial conditions can produce
changes in the streamwise vortex structure [24, 25], and hence a successful
DNS of the real flow should be able to both capture and provide physical
insights into so-called experimental uniqueness. This will require the use of a
physically-correlated inflow, which necessarily demands adequate documen-
tation of the initial conditions of experiments. If, on the other hand, DNS
serves to provide insights into idealised flows that are free from experimen-
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tal uniqueness, it must be recognised that these idealised conditions may
produce a simulated flow that contains features which are not necessarily
representative of the mixing layer found in the laboratory [31].

Recent simulations have attempted to assert the effectiveness of two-
dimensional simulations at describing the salient physics of the laboratory
mixing layer [47]. Any simulation bound to two dimensions, regardless of
numerical method, is singularly incapable of capturing the streamwise vor-
tex structure that is known to exist in the mixing layer [7, 10, 23]. Differing
interpretations of the turbulent coherent structures that exist in the mixing
layer have been mooted. One interpretation views the turbulent structures as
quasi-two-dimensional, on top of which a secondary structure rides passively
[48]. A differing interpretation views the large-scale turbulent structures as
the largest in a continuous cascade of three-dimensional motions [4]. Regard-
less of the true dynamics of these coherent structures, the inclusion of the
third dimension in order to capture the physics of the streamwise structure
is essential. The simulations presented here clearly demonstrate that the
streamwise structure is altered by increased levels of upstream fluctuations,
and it is not clear how this effect could be captured by a two-dimensional
simulation method.

6. Conclusions

Simulations of the plane turbulent mixing layer have shown that the pre-
dicted streamwise vortex structure is dependent on the magnitude of the
fluctuations present in the upstream high-speed side boundary layer. Low-
level fluctuations lead to a mixing layer that contains a spatially stationary
streamwise structure. Increases in the magnitude of the boundary layer fluc-
tuations leads to either a weakening of this stationary streamwise structure,
or its removal from the flow entirely. The changes in the streamwise vortex
structure with increasing high-speed boundary fluctuation level are accom-
panied by a reduction in the mixing layer growth rate of up to 15%. Each
simulation presented here also attains a different self-similar state, suggesting
that the large spread in reported mixing layer data may be accounted for by
the influence of the initial conditions. Better documentation of experimental
initial conditions is required to confirm this hypothesis.
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U1(ms−1) θ1 (mm) U2(ms−1) θ2 (mm) R
25.6 0.457 5.2 0.86 0.66

Table 1: Flow Parameters.

Case kv
RRM-L 0.366
RRM-M 0.34
RRM-H 0.32

Table 2: Visual thickness growth rate constants obtained from the simulations.

Station x(m) x/θi x∗

i

1 0.02 44 0.96
2 0.05 108 2.4
3 0.1 217 4.8
4 0.15 326 7.2
5 0.3 652 14.4
6 0.45 978 21.5
7 0.6 1304 28.8

Table 3: Cross-stream measurement locations.
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(a) Mean streamwise velocity.

(b) RRM-L.

(c) RRM-M.

(d) RRM-H.

Figure 1: High-speed side inflow conditions for the simulations.27



(a) Mean streamwise velocity

(b) Streamwise velocity fluctuation.

Figure 2: Flow statistics obtained at x/θi = 1000.
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Figure 3: Variation of maximum velocity fluctuation with streamwise distance in the
simulations.
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(a) RRM-L

(b) RRM-M

(c) RRM-H

Figure 4: Power spectral density distributions of streamwise velocity fluctuations.
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Figure 5: Normalised mixing layer momentum thickness.
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(a) RRM-L.

(b) RRM-M.

(c) RRM-H.

Figure 6: Typical instantaneous, spanwise-averaged passive scalar distributions.
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(a) RRM-L.

(b) RRM-M.

(c) RRM-H.

Figure 7: Typical vortex structures passing through measurement station 2.

33



(a) RRM-L.

(b) RRM-M.

(c) RRM-H.

Figure 8: Instantaneous cross-plane scalar distributions through the cores of the vortex
structures shown in Figure 7.
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(a) RRM-L.

(b) RRM-M.

(c) RRM-H.

Figure 9: Instantaneous cross-plane scalar distributions, recorded at an instant when a
structure core passes through measurement station 5.
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(a) Station 1.

(b) Station 3.

(c) Station 5.

(d) Station 6.

Figure 10: Cross-plane mean secondary shear stress contours in Case RRM-L. Note the
changes in axes extent, and changes in contour levels, between images.36



(a) Station 1.

(b) Station 3.

(c) Station 5.

(d) Station 6.

Figure 11: Cross-plane mean secondary shear stress contours in Case RRM-M. Note the
changes in axes extent, and changes in contour levels, between images.37



(a) Station 1.

(b) Station 3.

(c) Station 5.

(d) Station 6.

Figure 12: Cross-plane mean secondary shear stress contours in Case RRM-H. Note the
changes in axes extent, and changes in contour levels, between images.38



(a) RRM-L.

(b) RRM-M.

(c) RRM-H.

Figure 13: Spanwise variation of mean streamwise velocity in the plane of the splitter
plate.
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Figure 14: Standard deviation of mixing layer thickness. Comparable data of Bell &
Mehta [23] shown for reference.
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