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ABSTRACT
An artificial turbulent spot is simulated in a zero free-stream

turbulence base flow and a base flow with organised streaks. Six
identification methods are used in order to isolate the turbulent
spot from the surrounding non-turbulent fluid. These are (i) in-
stantaneous wall-normal velocity, v′, (ii) instantaneous spanwise
velocity, w′, (iii) instantaneous turbulent dissipation, (iv)λ2 -
criterion, (v) Q - criterion and (vi) gradient of the Finite Time
Lyapunov Exponent. All methods are effective in isolating the
turbulent spot from the streaks. The robustness of each technique
is determined from the sensitivity of the maximum spot dimen-
sions to changes in threshold level. The Q− criterion shows the
least sensitivity for the zero free-stream turbulence case and the
instantaneous turbulent dissipation technique is least sensitive in
the organised streaks case. For both cases the v′ technique was
the most sensitive to changes in threshold level.

∗brendan.rehill@ul.ie

NOMENCLATURE
FST free-stream turbulence
Re Reynolds number
u instantaneous streamwise velocity
U∞ free-stream velocity
v instantaneous wall-normal velocity
v′ instantaneous wall-normal fluctuating velocity
w instantaneous spanwise velocity
w′ instantaneous spanwise fluctuating velocity
x streamwise coordinate
y wall-normal coordinate
z spanwise coordinate
δ ∗

0 displacement thickness at beginning of computational do-
main

ν dynamic viscosity
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INTRODUCTION
The transition region in boundary layers is important in

many engineering applications. In particular, in gas turbine en-
gines, transition-to-turbulence can occupy up to 70% of the axial
chord in the low-pressure stages of the turbine [1] and can be
promoted by the adverse pressure gradient condition in the com-
pressor stages [2, 3]. The transitional boundary layer consists
of juxtaposed zones of turbulent and non-turbulent flow. Em-
mons [4] was the first to identify these localised patches of turbu-
lence, termed turbulent spots. They were observed to appear ir-
regularly in time and space with significantly different flow prop-
erties than the surrounding non-turbulent fluid [4]. Thus, turbu-
lent spots were established as an essential feature in the transition
to turbulent flow. Understanding the evolution of these spots is
key to increasing the efficiency of such systems in terms of heat,
mass and momentum transport and may have important implica-
tions for the development of improved transition models to pre-
dict heat transfer and losses for turbine blades.

There are two distinct paths to boundary layer transition, and
both involve the appearance of turbulent spots. The first is natu-
ral, or classical, transition and is observed when the free-stream
turbulence intensity is very low. Disturbances appear in the lam-
inar boundary layer in the form of two-dimensional Tollmien-
Schlichting waves. Downstream, the instability develops into
three-dimensional waves and vortices emerge. In regions of high
local vorticity, bursts of turbulence occur in the form of turbulent
spots [5]. The second type is termed bypass transition and occurs
where there is free-stream turbulence greater than approximately
1%, the case of interest in examining transition in gas turbines.
Jacobs & Durbin [6] identified some important aspects of bypass
transition such as the laminar boundary layer buffeted by free-
stream turbulence. Low-frequency modes from the free-stream
turbulence penetrate the boundary layer [7] leading to elongated
streaks of high and low-speed fluid [8]. These streaks then break
down into turbulent spots characterised by a region of intermit-
tent spot formation. The spots grow and eventually coalesce to
form the fully turbulent boundary layer.

Schubauer & Klebanoff [9] were the first to describe the
growth characteristics of turbulent spots such as leading and trail-
ing edge velocities, which scaled with free-stream velocity, and
the typical arrowhead shape of these spots. They used hot-wire
anemometry to analyse an artificial turbulent spot in an other-
wise laminar boundary layer. Identifying the spot was done by
examining the rapid change in the hot-wire signal at the leading
edge of the spot. Gad-el-hak & Riley [10] established some gen-
eral characteristics of turbulent spots in laminar boundary lay-
ers, such as the leading edge turbulent region overhanging non-
turbulent fluid closer to the wall. Sankaran et al. [11] differen-
tiated and squared the hot-wire signal in order to emphasize the
high frequency components. Singer [12] examined an artificial
turbulent spot generated by an injection of air through a blowing
slot. The leading and trailing edges of the turbulent spot were de-

fined along the centreline as the furthest point downstream and
upstream where|∂u/∂x| ≥ 0.02. The spanwise extent of the spot
is defined as the maximum z location, for all x and y, where
|∂u/∂x| ≥ 0.02. Ching & LaGraff used the heat flux at the wall
to identify naturally occurring turbulent spots [13]. Jocksch &
Kleiser [14] used the spanwise vorticity in examining the shape
of the turbulent spot, setting a threshold of|ωz|= 0.1.

In recent years, much work has focused on trying to identify
coherent structures in both fully developed turbulence and tran-
sitional flows. Some of these techniques can be used to identify a
turbulent spot which is a collection of coherent structures. Green
et al. [15] compared some Eulerian techniques to the Lagragian
technique of using Direct Lyapunov Exponents (DLE) to iden-
tify coherent structures in a single isolated hairpin vortex and a
fully developed turbulent flow. While the DLE was computa-
tionally more expensive, it did provide several advantages such
as greater detail in that the DLE can be evaluated on a finer grid
than the original velocity field. They also noted that the outer
shape of the structures did not change with increased integration
time, just the detail of the structure.

Volino et al. [16] performed experiments on turbulent spots
generated with free-stream turbulence of 8% which showed that
there were significant differences in the mean velocity profiles
between the turbulent and non-turbulent zones in the transi-
tion region. Volino et al. [16] also showed significantly higher
wall-normal fluctuations and turbulent shear stress in the turbu-
lent spot with the skin friction being as much as 70% higher
within the spot than in the non-turbulent zone. Mean velocities
within artificial turbulent spots were found to significantly dif-
fer from both the surrounding non-turbulent flow and fully tur-
bulent profiles [17]. These observations that the turbulent spots
show significant differences from non-turbulent flow and fully
turbulent flow highlight the limitations of traditional transition
models which assume either laminar or fully turbulent states,
or fail to treat the turbulent and non-turbulent parts separately.
It also highlights the importance of a robust technique to avoid
contamination of the spot from the non-turbulent flow. Statis-
tics and other quantities from the isolated turbulent spot may
give insight into how turbulence develops and sustains itself. To
obtain these statistics, the turbulent spot must be treated inde-
pendently from the surrounding non-turbulent flow and this ap-
proach is known as conditional sampling. Many techniques have
been used to conditionally sample the flow including derivatives
of the instantaneous streamwise velocity fluctuations,u′, or in-
stantaneous turbulent shear stress,−u′v′ [16]. With many differ-
ent identification techniques come variations in spot properties.
While Schubauer & Klebanoff [9] observed trailing edge con-
vection speed of 0.5Ue, Gutmark & Blackwelder [18] reported
0.58Ue, and Singer [12] reported 0.63Ue. This variation could be
attributed to the difference in identification techniques and moti-
vates the need for a robust identification technique.

The ultimate goal is to examine naturally occurring spots in
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a transitional boundary layer subject to free-stream turbulence.
The current work aims to examine artificial turbulent spots and to
assess the robustness of the methods used for detecting them. Di-
rect numerical simulations of a single turbulent spot, artificially
generated by a vortex pair, are studied under two different free-
stream conditions; 1) a zero free-stream turbulence Blasius base
flow and 2) a base flow of organised streaks. Simliar vortex pair
disturbances have previously been used to trigger turbulent spots
in direct numerical simulations [14,19]. Six different methods of
spot identification are employed where thresholds are set for: (i)
instantaneous wall-normal velocity,v′, (ii) instantaneous span-
wise velocity,w′, (iii) instantaneous turbulent dissipation, (iv)
λ2− criterion, (v) Q− criterion and (vi) Finite Time Lyapunov
Exponent (FTLE) gradient. The sensitivity of the spot dimen-
sions to changes in threshold level is used to assess the robust-
ness of the identification techniques. The need for filtering and
smoothing post application of threshold level is also to be taken
into account.

NUMERICAL METHOD
A zero-pressure gradient laminar boundary layer flow with

artificially triggered turbulent spots is examined. Direct nu-
merical simulations of a flat plate boundary layer were per-
formed using a code developed at KTH Mechanics [20].
The three-dimensional, time-dependent, incompressible Navier-
Stokes equations are solved using spectral methods. The compu-
tational domain is periodic in the streamwise and spanwise direc-
tions, and is discretised using Fourier series. In the wall-normal
direction Chebyshev polynomials are used. Time integration is
performed using a third order Runge-Kutta method for the advec-
tive and forcing terms and a Crank-Nicolson method for the vis-
cous terms. The inflow is at Reynolds numberReδ ∗

0
=U∞δ ∗

0/ν =

300, whereδ ∗
0 is the displacement thickness at the beginning of

the computational domain,U∞ is the free-stream velocity andν
is the fluid viscosity. All velocities and lengths are nondimen-
sionalised with respect toU∞ andδ ∗

0 . The coordinatesx, y andz
refer, respectively to the streamwise, wall-normal and spanwise
directions, withu, v andw the corresponding velocity compo-
nents. A fringe region is employed in the streamwise direction
where the flow is smoothly forced to the desired inflow veloc-
ity. Two different prescribed velocity fields will be examined in
this paper, namely Blasius base flow with zero free-stream turbu-
lence and a base flow of organised steady streaks. In addition, a
vortex pair disturbance is added to the velocity field at a stream-
wise position ofx = 60δ ∗

0 . This disturbance breaks down into
an artificial turbulent spot. The dimensions of the computational
domain are 700δ ∗

0 , 30δ ∗
0 and 300δ ∗

0 in the x,y and z directions re-
spectively, with corresponding resolutions of 768, 121 and 384.
Streamwise velocity in an x-z plane at a wall-normal position of
y/δ ∗

0 = 4 is shown in Fig. 1 for each flow scenario. The first is a
single turbulent spot in a Blasius base flow with zero free-stream
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FIGURE 1. STREAMWISE VELOCITY IN AN X-Z PLANE AT
A WALL-NORMAL POSITION OF y/δ ∗

0 = 4. (a) ZERO FREE-
STREAM TURBULENCE (b) ORGANISED STREAKS

turbulence, Fig. 1 (a). The second is a single turbulent spot in
the presence of organised streaks which have been forced in the
fringe region, Fig. 1 (b). For all flow cases the spot is artificial in
that it is generated by the vortex pair disturbance. The amplitude
of the organised streaks was chosen at a level to ensure turbulent
spot formation through streak breakdown did not occur within
the domain.

IDENTIFICATION TECHNIQUES
The methods of identification employed in the current study

are setting threshold levels for:
(i) instantaneous wall-normal velocity,v′

(ii) instantaneous spanwise velocity,w′

(iii) instantaneous turbulent dissipation
(iv) λ2− criterion
(v) Q− criterion
(vi) Finite Time Lyapunov Exponent gradient. (FTLE)

Techniques (i) - (v) are derived from the instantaneous ve-
locity field and its gradient and are considered Eulerian while
technique (vi) is a Lagragian method. It is known that there
are significant streamwise velocity fluctuations in regions out-
side of the turbulent spot due to the organised streaks and also
due to free-stream turbulence. Streak amplitudes of over 30%
of the mean flow have been reported in laminar boundary lay-
ers [21,22]. While the streamwise velocity may be most suitable
for identifying a turbulent spot in a zero free-stream turbulence
case, it was deemed unsuitable as an identification technique
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once additional disturbances were introduced. Instantaneous tur-
bulent dissipation is calculated based on the dissipation function
described by the equation [5]

φ = 2
[( ∂u

∂x

)2
+
(∂v

∂y

)2
+
(∂w

∂z

)2]
+

+
[( ∂u

∂y +
∂v
∂x

)2
+
(∂u

∂z +
∂w
∂x

)2
+( ∂v

∂z +
∂w
∂y

)2]
.

(1)

The streamwise terms of the above equation are eliminated
to yield Eqn.2 which is used to calculate the instantaneous turbu-
lent dissipation in the current study where the reference threshold
is set at 1% maximum value.

φ = 2
[( ∂v

∂y

)2
+
(∂w

∂z

)2]
. . .

+
[( ∂v

∂x

)2
+
(∂w

∂x

)2
+
(∂v

∂z +
∂w
∂y

)2]
(2)

The Q-criterion locates regions where rotation dominates
strain [23] and is based on the velocity gradient tensor,∇V. The
velocity gradient tensor is divided into symmetric,S, and anti-
symmetric parts,Ω, given in Eqn. 3.

S= 1
2

[

∇V +(∇V)T
]

Ω = 1
2

[

∇V − (∇V)T
]

(3)

The Q-criterion is given byQ= 1
2

(

∥

∥Ω
∥

∥

2
−
∥

∥S
∥

∥

2
)

, where
∥

∥.
∥

∥ is

the Euclidean matrix norm. The reference threshold for the Q-
criterion was set at 1% maximum value. Theλ2-criterion identi-
fies vortex cores as pressure minima in a 2-D plane perpendicular
to the vortex core [24]. It is defined as the second largest eigen-
value ofS2 +Ω2. The reference threshold for theλ2-criterion
was set at 1% of its maximum value. The Finite Time Lyapunov
Exponent (FTLE) provides a measure of the rate of separation
of neighbouring particle trajectories [15, 25]. Unlike the other
methods this is a Lagrangian technique in that particle trajecto-
ries must be calculated.

Threshold levels for techniques (i) and (ii) must be varied
in the wall-normal direction and were based on streamwise- and
spanwise-averaged velocity fluctuations. These thresholds need
to be low near the wall in order to capture the spot signature in
this area. The thresholds for techniques (i) and (ii) are shown in
Fig. 2. The averaged velocity fluctuations have a peak at approx-
imatelyy = 5δ ∗

0 andy= 3δ ∗
0 for the wall-normal and spanwise

velocity respectively. Once this peak is reached the threshold is
set at this level for the remaining wall-normal positions.

There are four main steps to the identification process out-
lined in Fig. 3 using criterion (i) as an example. The instan-
taneous wall-normal velocity in an x-z plane at a wall-normal
position ofy = 4δ ∗

0 is shown in Fig. 3 (a). Figure 3 (b) shows

0 10 20 30
0

0.005

0.01

0.015

0.02

y/δ
0
*

Th
re

sh
old

 

 

v’

w’

FIGURE 2. THRESHOLD LEVELS BASED ON STREAMWISE-
AND SPANWISE-AVERAGED VELOCITY FLUCTUATIONS

the turbulent spot identified by the threshold where black rep-
resents values above the selected threshold. This representation
of the spot includes white regions or holes within the turbulent
spot which need to be removed in order to determine the edge
of the spot. Filtering and smoothing are used to remove these
holes within the turbulent spot which results in Fig. 3 (c) show-
ing a clearly defined turbulent spot surrounded by non-turbulent
flow. For each cell of the computational domain, the filtering
process determines how many of the neighbouring cells are tur-
bulent and how many are non-turbulent. If more turbulent cells
than non-turbulent cells are in the vicinity then the original cell
is switched to turbulent. The edge of the identified turbulent spot
is then superimposed on to the original instantaneous spanwise
velocity plot as shown in Fig. 3 (d) where the black line indicates
the edge of the turbulent spot. The same procedure is used for
all techniques with filtering required for all identification meth-
ods used in this study. The Lagrangian FTLE method alone fails
to elucidate the turbulent spot from the surrounding streaks. It
was not possible to set a sensible threshold that would eliminate
the streaks while retaining the features of the turbulent spot. The
problem with the FTLE method is highlighted in Fig. 4 (a) in that
streaks are detected. Due to the presence of streaks in the flow
the particles on the boundary of the high and low-speed streaks
will have significantly different trajectories, hence the FTLE field
will highlight this as seen in Fig. 4 (a). This would suggest that it
is a poor method for identifying natural turbulent spots in a tran-
sitional flow as the technique cannot isolate the spot region from
the surrounding streaks. However, the gradient of this method,
Fig. 4 (b), which clearly isolates the spot from the surrounding
streaks, could be used.

RESULTS AND DISCUSSION
The identification techniques were applied to a single tur-

bulent spot with zero free-stream turbulence and zero pressure
gradient base flow. Visualisations of the spot shape at a wall-
parallel plane,y/δ ∗

0 = 4, are shown in Fig. 5, with the spot edge
denoted by the solid black line. Differences can be seen in the
spot shape depending on identification technique used. Thew′
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FIGURE 3. VISUALISATION OF WALL-PARALLEL PLANE AT
y/δ ∗

0 =4 SHOWING TYPICAL IDENTIFICATION PROCEDURE. (a)
INSTANTANEOUS WALL-NORMAL VELOCITY, (b) THRESHOLD
APPLIED, BLACK DENOTES REGIONS ABOVE THIS THRESH-
OLD (c) FILTERING AND SMOOTHING TO REMOVE HOLES
WITHIN THE SPOT (d) EDGE OF TURBULENT SPOT DE-
NOTED BY BLACK LINE SUPERIMPOSED ON ORIGINAL WALL-
NORMAL VELOCITY IMAGE

and FTLE gradient method identify the spot extending further in
the streamwise direction than the other methods. This indicates
high levels of spanwise velocity at the leading edge. Also, the
FTLE method is heavily influenced by the streamwise velocity
component. As can be seen in Fig. 1 two high streamwise ve-
locity regions appear at the leading edge of the spot. Singer [12]
observed similarly strong streamwise velocity just off the cen-
treline in his DNS data of an artificial spot. Seifert et al. [26]
also identified the leading edge flow being dominated by signif-
icant streamwise and spanwise fluctuations in their experiments
on an artificial turbulent spot in a laminar boundary layer. The
spot identified by the dissipation technique does not include this
area of the flow. This can be explained by the elimination of the
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FIGURE 4. VORTEX PAIR + ORGANISED STREAKS: (a) XZ
PLANE OF FTLE FIELD AT WALL-PARALLEL PLANE AT y/δ ∗

0 =4,
(b) STREAMWISE GRADIENT OF FTLE FIELD AT THE SAME
WALL-PARALLEL PLANE. THIS ISOLATES THE SPOT FROM
THE SURROUNDING STREAKS.

streamwise components from the dissipation equation (Eqn. 2).
The high streamwise velocity region or calmed region, a char-
acteristic of these artificial turbulent spots [10], can be seen at
the trailing edge of the spot in Fig. 1. Low-velocity streaks from
the turbulent spot extend into the calmed region similar to spots
observed by Schröder & Kompenhans [27]. Two low-velocity
streaks can be observed at the wingtips which are well identified
by theλ2 andQ− criterion in Fig. 5. These wingtips are also
similar to the artificial spot identified by Singer [12]. Schröder
& Kompenhans [27] suggest that these streaks from the turbulent
spot extending into the calmed region may be the principal mech-
anism for turbulence generation and therefore an identification
method which clearly identifies them would be of critical impor-
tance, thereby placingλ2 andQ as good techniques for capturing
important aspects of the turbulent spot.

The identification techniques were then applied to the single
turbulent spot in the presence of organised streaks. Again the
shapes vary depending on which technique is used. The effect of
the streaks is pronounced at both the leading and trailing edges
of the spot as seen from the streamwise velocity components in
Fig. 1. At the leading edge of the spot where there were two dis-
tinct high streamwise velocity regions either side of the centre-
line, there is now a high velocity streak at the centreline with low
velocity streaks to either side. The effect of this is highlighted in
the FTLE gradient method and also indicated less obviously by
thev′, w′, λ2 andQ methods shown in Fig. 6. The streak inter-
action with the rear of the spot is also clearly visible showing a
lack of a clear calmed region in Fig. 1. The region is distorted by
the low-speed organised streaks and low-speed streaks from
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FIGURE 5. VORTEX PAIR + ZERO FST: VISUALISATION OF
WALL-PARALLEL PLANE AT y/ δ ∗

0 =4 SHOWING EDGE OF TUR-
BULENT SPOT DENOTED BY THE BLACK LINE FOR EACH
IDENTIFICATION METHOD. (i) v′, (ii) w′, (iii) TURBULENT DIS-
SIPATION, (iv) λ2-CRITERION, (v) Q-CRITERION AND (vi) FTLE
GRADIENT. FLOW DIRECTION IS FROM LEFT TO RIGHT.
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FIGURE 6. VORTEX PAIR + ORGANISED STREAKS: VISU-
ALISATION OF WALL-PARALLEL PLANE AT y/ δ ∗

0 =4 SHOWING
EDGE OF TURBULENT SPOT DENOTED BY THE BLACK LINE
FOR EACH IDENTIFICATION METHOD. (i) v′, (ii) w ′, (iii) TURBU-
LENT DISSIPATION, (iv) λ2-CRITERION, (v) Q-CRITERION AND
(vi) FTLE GRADIENT. FLOW DIRECTION IS FROM LEFT TO
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within the turbulent spot. All identification methods show a re-
duced spot length at the location of the low-speed streak while an
elongation in the spot at the high-speed streak. This is observed
at the outer wingtips of the spot. The wing tip identified in the
zero free-stream turbulence case atz/δ ∗

0 ≈−20 in Fig. 5 shows a
dramatic reduction in length due to the presence of the low-speed
streak as shown by the identification methods in Fig. 6. The dif-
ferent shape characteristics in artificial and naturally-occurring
turbulent spots under high free-stream turbulence conditions as
studied experimentally by Matsubara & Alfredson [28] and com-
putationally by Brandt et al. [17, 20] could be explained by the
streak interactions with the turbulent spot, elongating certain re-
gions of the spot while reducing it in others. The identification
methods used can indicate the flow characteristics within the tur-
bulent spot. It appears that dissipation is concentrated to the rear
and centre of the spot. Volino et al. [16] observed near zero dis-
sipation in non-turbulent zones which is also seen in the current
study with dissipation focused in the spot for both a zero pressure
gradient case and the organised streak case. Hence, if the objec-
tive is to examine turbulent statistics then this method may prove
the best, since otherwise the analysis would result in averaging
regions where turbulence is small.

SENSITIVITY ANALYSIS
In order to determine the most suitable identification tech-

nique, the robustness of each is examined using a sensitivity
analysis. The analysis was based on the changes in the maxi-
mum dimensions of the spot with change in threshold level. The
threshold level was varied±20% around the reference threshold
and the maximum width, length, height and volume of the spot
were recorded to determine which was least sensitive to changes
in threshold. Figure 7 shows the change in maximum spot dimen-
sions with variation in threshold level for the single turbulent spot
with zero free-stream turbulence whereL, H, Wid andVol re-
fer to length, height, width and volume of the spot, respectively.
These are normalised by the spot dimensions at the reference
threshold denoted by the subscriptR. The maximum volume of
the spot gives an indication of the average change in spot dimen-
sions with change in threshold level and therefore would reflect
the overall robustness of each method. Looking at the maximum
volume, the most sensitive to changes in threshold level is the
v′ method. The least sensitive is theQ− criterion which shows
a 14% change in maximum spot volume for a±20% change in
threshold level compared with a 43% change for thev′ method
for the same change in threshold.

Figure 8 shows the results of the sensitivity analysis per-
formed on the single turbulent spot in the presence of organised
streaks. The most sensitive to changes in threshold level in this
case is again thev′ method. The least sensitive for the organised
streaks case is the dissipation technique with a 10% change in
maximum volume of the spot for a±20% change in threshold

level. The Q-criterion also works well for this case with a 15%
change in maximum spot volume. While giving a good idea of
how robust the techniques are, the sensitivity analysis can also
give an insight into the aspects of the flow around the spot. As a
lower threshold value will include more of the flow and therefore
a larger spot, while the higher thresholds would naturally exclude
more of the flow. The difference then between the minimum and
maximum thresholds can be thought of as the outer regions of
the spot, a portion of the flow outside and a portion of the flow
within the spot is captured using this analysis.

Figures 9 and 10 give more insight into the nature of the spot
change with changing threshold. Spot shapes at a wall-parallel
plane,y/δ ∗

0 = 4, and a wall-normal plane,z/δ ∗
0 = 0, are shown

for the dissipation,Q− criterion and FTLE gradient techniques.
The spot edges for the reference threshold and±20% threshold
are overlayed on top of each other. The rear and sides of the spot
show very little variation with changing threshold level. Most of
the changes to the spot shape occur at the leading edge of the
spot. Denton et al. [29] reported elevated dissipation levels fo-
cused near the wall. This is observed in the current study with
the dissipation in the wall-normal plane (Fig. 9) showing a sig-
nificant increase in the spot length close to wall. An overhang
region can be seen at the front of the spot in the wall-normal
plane, a typical turbulent spot characteristic [10]. Figure 9 in-
dicates why the FTLE gradient method performed so poorly in
the sensitivity analysis based on length in Fig. 7. Both the wall-
parallel and wall-normal planes show significant changes in the
leading edge of the spot with changes in threshold level. In the
presence of streaks (Fig. 10) both the Q-criterion and dissipa-
tion techniques show only slight changes in shape with changing
threshold. With the FTLE gradient method, regions of the flow
at the leading edge of the spot become isolated as the threshold
is increased. The streaks seem to increase the amount of turbu-
lent flow in the overhang region which can be seen especially in
the FTLE gradient method with a significant increase in the spot
length at the front of the spot away from the wall. The length-
ening of the spot front is also shown to a lesser extent with the
dissipation and Q-criterion. Overall both the dissipation and Q-
criterion show only slight variations in spot shape due to thresh-
old variations with most changes occurring close to the leading
edge of the spot.

CONCLUSIONS
Direct numerical simulations of turbulent spots in two base

flows were examined in order to determine the most suitable way
to identify and isolate them from the surrounding fluid flow. Six
identification methods were used and yielded differences in spot
shapes. A sensitivity analysis of maximum spot dimensions with
changes in threshold level indicated that theQ− criterion and
dissipation methods work well in identifying the turbulent spot.
They show the least sensitivity to changes in reference threshold.
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These techniques work well in the presence of streaks. The most
sensitive to changes in threshold level was thev′ method in both
cases. The effect of streaks on the shape of an artificial turbulent
spot was examined with low- and high-speed streaks elongating
and reducing the spot, respectively.
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