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ABSTRACT

A single stream shear layer (SSSL) is bordered by
two entraining boundaries: i) parallel entrainment on the
high speed (Up) side and ii) perpendicular entrainment on
the low speed (V,) side. The present study provides de-
tailed PIV-based information on: i) the non-vortical/vortical
boundary locations including the associated velocity mag-
nitudes and the lengths of the convoluted borders and ii)
the vortical properties and the stochastic width of the vis-
cous super layer (VSL) for the low speed side as well as iif)
the intermittency distribution. Access to the well resolved
transverse vorticity values has avoided the problematic use
of the “Non-Turbulent/Turbulent” designations to represent
the border and the intermittency factor.

INTRODUCTION

A free turbulent shear flow (a domain of vortical fluid
with a characteristic cascade of turbulent kinetic energy to
the dissipative scales), that is bounded by an external free
stream, will exhibit a propagating front where the external
fluid is added to the sheared (vortical) fluid. Representative
examples include: axisymmetric and planar jets and wakes.
The present subject flow: a single stream shear layer, is
distinctive since its boundaries involve parallel (high speed
side at Up) and perpendicular (low speed side at V,) entrain-
ment. As shown below, the present flow is further distinc-
tive in that its low speed side entrainment fluid is opera-
tionally irrotational .

A typical laboratory SSSL (see Hussain and Zaman, 1985;
Liepmann and Laufer, 1947; Wygnanski and Fiedler, 1970;
Dziomba and Fiedler, 1976; Foss, 1977) involves a prime mover
that delivers the primary flow to the test section. Turbulence ma-
nipulators (Loehrke and Nagib, 1972)) in this flow path will deliver
the high speed free stream fluid with a low free stream turbulence
level. In contrast, the entrainment stream in these experiments was
delivered to the test section with the residual turbulence level as-
sociated with the recycled shear layer fluid at the same pressure
as that of the laboratory ambient. That is, manipulators cannot be
added into the entrainment flow path without an auxiliary power
source.
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The vorticity transport equation (in the absence of non-
barotropic effects):

Dw/Dt = ®-VV +VvVie (1)

shows that an initially non-vortical fluid dynamic particle
can only gain vorticity by the direct action of viscosity.
This fundamental observation led Corrsin (1943) followed
by Corrsin and Kistler (1955) to identify the non-vortical to
vortical transition as being associated with the physical phe-
nomenon that he termed the “viscous super layer (VSL)”.
Since high Reynolds number implies small v, he further
reasoned that the length scale of the V2 operator would be
small. That is, that there would be a sharp front between
the exterior and the interior fluid domains. The terminology
adopted for this communication is to specify that sharp front
as the border of the VSL; hereafter, border. (Explicitly, the
border exists between the non-vortical and the vortical fluid
domains.) It is a two-dimensional feature of the flow which
will be realized as a one-dimensional entity when revealed
by a laser light sheet. The three-dimensional VSL is real-
ized as a two-dimensional entity given its identification by
the light sheet.

These considerations provide the essential context for
the present paper. Five thousand particle image velocime-
try (PIV) realizations of the low speed region of a large
Reynolds number SSSL have been used to identify the bor-
der and the properties of the VSL in that subject flow. For
emphasis, it is noted that the terminology: “Turbulent/Non-
Turbulent Interface” is explicitly not used in the present
communication albeit it is in common usage in technical
publications. Such usage (see Attili et al., 2014; Watanabe
et al., 2016; Da Silva and Taveira, 2010; Khashehchi et al.,
2013; Westerweel et al., 2002) is considered to be problem-
atic given the absence of a universally acknowledged def-
inition of “turbulent”. From an experimental standpoint,
if the entrained fluid is not irrotational, then a more nu-
anced designation would be required to represent the bor-
der and the VSL. However, that new designation will not
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Figure 1: Plan view schematic of the single stream shear layer facility used for these experiments (uniform height
of 2m). Noteworthy components as well as the PIV data regions are identified; (#) see Loehrke and Nagib, 1972.

be “turbulent/non-turbulent” without further criteria being
given.

As a final introductory note, identifying the SSSL as
an independent canonical free shear flow, independent from
the two stream shear layer as U, approaches zero, was
the subject of the investigation reported by Schmitt et al.
(1986).

EXPERIMENTAL SETUP & METHODS
The Flow System

Figure 1 shows the experimental facility. The upstream
fetch of the boundary layer plate was 5.74 m and the far-
ther upstream (7.74m) turbulence manipulators for the pri-
mary flow were located where the flow path was 2.0 m
wide. The uniform height of the facility was 2.0 m. The
primary flow entered the test section with a width of 1.0
m and a velocity of 7.4 m/s. A 10 cm turbulent boundary
layer (R(6(0)) = 4.93  10*) was present at the separation
lip. The entrainment flow was delivered into the test section
using 4, 1.2 m diameter, fans followed by a honey comb and
3 screens, per the advice of Loehrke and Nagib (1972). The
efficacy of this flow “smoothing” is evident in the vorticity
observations. As documented in Morris and Foss (2003),
the time-mean flow field was self-preserving by x/6(0) =
200. A rectangular domain, centered at 3906(0) and de-
scribed in the next section, was used for the PIV observa-
tions. The PIV seed was introduced upwind from the en-
trainment fan that “fed” the imaged area.

The entrainment fans were controlled to deliver the en-
trainment velocity, V,, at the self-preserving level: V, /Uy =
d6(x)/dx = 0.035. Given the apparent origin for 0(x) from
Morris and Foss (2003), the 6(x) values were known in the
discussion of the vorticity observations presented below.

PIV Measurements

A two-camera imaging system was used to collect the
PIV data. This system was comprised of two LaVision Im-
ager SCMOS cameras (5.5 MP, 16-bit) and a 200 mJ Quan-
tel Evergreen double-cavity Nd:YAG laser. The cameras
were placed side-by-side to extend the effective field-of-
view (FOV) for the measurements. This configuration re-
sulted in two independent measurement planes that had an
overlapped region between them. The flow was seeded us-
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ing Di-Ethyl-Hexyl-Sebacat (DEHS) in a standard Laskin
nozzle seeder that provided 1 —2um particles. Data were
acquired at 15 Hz and collected in 4 ensembles of 1250 im-
age pairs resulting in 5000 independently measured PIV re-
alizations for each of the two different camera configura-
tions.

The data were processed using DaVis 8 (LaVision),
which allows for multi-pass PIV correlations (deformed
interrogation regions of decreasing size), as described in
Smith and Neal (2016). The final pass used interrogation
windows that were 32 x 32 pixels and 75% overlap, yield-
ing a measurement cell size of (1.56 mm)z; hereafter “cell”.
The initial vector maps were post-processed using a univer-
sal outlier detection filter (Westerweel and Scarano, 2005).
No additional smoothing or interpolation operations were
implemented and any location where a vector was miss-
ing was left blank (i.e. no “filling” for missing vectors).
The two individual vector maps were processed (and post-
processed) individually and then stitched together by map-
ping the two vector maps onto a common grid and averag-
ing the values in the overlapped region. The stitched vector
maps resulted in a single FOV that was 700 mm x 500 mm
with a vector grid of 320 x 449 vectors. The overlapped
region was approx, 140 mm x 500 mm, or nominally 28%
of the total measurement area.

Extraction of the ©, Values

The regular grid of velocity values (each cell) makes
it possible to obtain @, from the circulation (I') defined for
the 3x3 array of cells that surround the subject location; this
technique is made explicit in Bade and Foss (2010). The
cyclic integral of V - ds around the 8 incremental lengths
surrounding the subject location is equated to the spatially
averaged @, value over the area bounded by those 8 incre-
ments. That spatial average is then assigned to the center
cell. The algorithm is repeated for all interior cells of the
rectangular domain. The initial measurement represents @,
for an area of 4 cells. Collapsing that to one cell can sup-
press maximum positive and negative @, values. However,
that result is preferred with respect to the errors in a deriva-
tive based computation of @, that can be in error since it
is unknown where in the cell the inferred velocity actually
resides. As a result, each cell is represented by u,v, ;.
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Figure 2: Mean streamwise & spanwise ve-
locity and intermittency profiles;  1;50=-2.62,
M(T]150)/U0=0.0941 , and V(T]]5())/U0=0.0219.

VSL Border Identification Strategy

Equation 1 suggests the basis for the identification
strategy. Namely, the algorithm will identify those locations
in the @, field where the translating fluid dynamic particle
can gain vorticity by viscous diffusion: vVZ@;. A non-zero,
but a minimum value for that quantity is, of course, a nec-
essary but not a sufficient condition for a border location.
The present discussion will consider that quantity in its di-
mensional form since it represents the present experiment
and not a universal quantity.

The strategy was implemented by first computing the
V2®, magnitude (central difference method) at each inte-
rior location for each realization. Separate threshold levels
(T.L.) of 1.0, 1.5, 2.0,... were then used to replace V2@,
with an indicator function: IV, where IV = 0O indicates a
value below the T.L. and IV = 1 indicates a value >T.L.
The objective, at this stage of the strategy-implementation,
was to determine candidate locations for the border.

Every cell for each realization was assessed by its IV
value and those of the surrounding 8 cells. A candidate cell
was established if 4, 5, or 6 of the 9 cells (3x3 grid) had
IV values of 1. A greater count suggested an “interior” cell
whereas a lesser count suggested an “outer” cell. This initial
sorting was followed by the definitive operation: establish
the border for that realization as the longest contiguous path
through the candidate locations that spanned the distance
from Xpj, t0 Xmax. This step eliminated interior “lakes” and
exterior “islands”.

EXPERIMENTAL RESULTS & DISCUSSION
Basic Results

Figure 2 is for the reader’s orientation. It presents the
ensemble averaged (5,000 realizations) non-dimensional x
and y component velocities and the intermittency function
(I) as a function of 1 (where 11 = (y —;/2)/0(x)). These
data were obtained from the entire rectangular domain.
(The I(n) result is clarified below.)

Figure 3 provides one realization of the vorticity field.
Using the experiment’s length and velocity scales for the
non-dimensionalization, @} = ®,6(0)/Up. The indicated
values are representative of all 5000 realizations in that: 7)
an apparent border is present and ii) that relatively large val-
ues of @, are present. The small red square at the lower left
corner of Figure 3 is a representative 2x2 array of interro-
gation cells. Their perimeter represents the integration path
for I Note that the u,v,@, values have been determined
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Figure 3: A representative vorticity field with an exam-
ple 2x2 cell grid to demonstrate the spatial resolution
of the PIV data.

for each cell that is 1/4™ the area of the 2x2 square. The
border finding algorithm presented in the previous section
was utilized for this and a number of other realizations with
a common result as shown in Figures 4a-c. At a threshold
level (T.L.) of 1 and 1.5, it is evident that the algorithm has
found the residual vorticity from the manipulators; note es-
pecially that the T.L. 1.5 border trends toward the screens.
This inference is substantiated with the data of Figure 5 that
shows the ensemble average value of the vorticity-variance
at the resolved border for each T.L value. The monotonic
increase of the ordinate with increasing T.L. values supports
the selection of T.L. = 2 for further processing of the PIV
data. That is, the higher levels of the Figure 5 ordinate show
that the border is too far into the vortical domain when T.L.
> 2.

Characteristics of the Border and the VSL

The known border locations for the 5000 images al-
low a composite histogram of the @, values at the border
to be defined; see Figure 6. Its small mean value is self-
consistent with the understanding that vorticity propagates
by diffusion from the interior to the border where it meets
the convected irrotational fluid of the entrainment stream.
The width of the distribution of the w, values (shown by
the variance that is 12.2 times the mean value) indicates
that both signs of @, are strongly present at the border. On
average, both the border and its vorticity filaments will be
aligned in the z-direction for this planar flow field.

The known border locations also allow the in-plane ve-
locity magnitude values to be known. Figure 7 presents the
histogram of the border values: q,/V, = (u® +12)1/2 V.
Given that an inviscid streamline can be traced from each
border point back to the third screen of the manipulator, it
is evident that the sink effect of a low static pressure is re-
sponsible for the more than three-fold acceleration of the
entrainment velocity. It is understood that the shearing ef-
fect at the border is responsible for the fluid removal that re-
sults in the low pressure. This behavior is clearly an impor-
tant part of the entrainment process. The positively skewed
distribution of values in Figure 7 show that some border
locations experience quite low static pressure values.

Each border trajectory will cross the mid-x location
(390 6(0)). In the event of more than one crossing, the
following is carried out using only the central location. The
n value of the crossing for that realization provides a ref-
erence condition for the relative length of the border: Ly.
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Figure 4: A representative vorticity field with the bor-
der located using a T.L.. of a) 1.0, b) 1.5, and ¢) 2.0.

Thatis, Ly is the length along the constant 1) trajectory from
Xmin tO Xmax Within the data domain. The border length, L,
for that realization is then made non-dimensional by Ly and
the histogram of those values (L = L;/Ly) is presented
in Figure 8. Three moments of the associated population:
mean, variance and skewness, are considered to be instruc-
tive in identifying the characteristics of the border.

By definition, the border is a two-dimensional surface
(one-dimensional in the plane of the PIV image) and the
VSL (that is bordered) is a three-dimensional domain. The
PIV image plane allows a two-dimensional representation
of the VSL. The statistical width of the VSL was obtained
by: i) locating 5 in-line border locations (either x or y)
that defined a planar front to the border and then march-
ing inward to form an ensemble of the vorticity values per
marching step. The ensemble mean and variance of those
values for the 5,000 realizations is shown in Figure 9. The
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“plateau” in the variance values is understood to provide a
clear indication that the VSL exists between the border and
the “plateau”. It is further assumed that the “plateau” region
represents the fully turbulent region where the measured
; is but one-component of the three-dimensional vortic-
ity vector. The indicated nominally homogeneous condi-
tion then allows the dissipation of turbulence kinetic energy
to be estimated:

e=v(w- o) (2)

If the vortical motions were isotropic in the plateau region,
then the Kolmogoroff microscale was (v /v 3(@?))%2 or

Nk = c1(v/@;)" 3)

where ¢; = 3702 & 0.76. Conversely, if the vorticity vec-

tor has but one component (@;), then the Kolmogoroff mi-
croscale was larger; namely,

N = (v/@.)"° @)

These estimates of 7, allow two more abscissa scales to be
added to Figure 9.

The peak in the @, variance is understood to represent
a transition between the dominance of that component and
the three components of the plateau region. With that un-
derstanding, and with the consideration that the VSL exists
between the border and the plateau, it is seen that the VSL
is nominally 20 Kolmogoroff lengths wide.

SUMMARY

The present experiment is distinctive, if not unique, in
terms of providing an irrotational entrainment stream at the
border of the vortical shear layer. This feature allows the
in-principle designation: vortical/non-vortical (cf the prob-
lematic “Turbulent/Non-Turbulent” designation) to identify
the border of the VSL (viscous super layer) on the low speed
side of a high Reynolds number single stream shear layer.

Five thousand PIV realizations of u,v,®, at each cell
were obtained. The PIV field represented 449320 cells
per image, in y and x respectively, which was demonstrated
to provide very good spatial resolution (see Figure 3).

Minimum values of Vza)Z (namely, 2 [mZs]~!) were
identified as candidate locations for the VSL border (see
Figures 4 and 5). The border was then identified as the
longest contiguous path from min-to-max streamwise loca-
tions of the PIV image. The two-dimensional border was
revealed as a one-dimensional length in the PIV plane.

The border lengths were scaled on the diagonal length
of the self-preserving mean velocity distribution (constant
1 (x/60(0) = 390 for each realization) in order to character-
ize the border convolutions. The mean, variance and skew-
ness values of the normalized length, L;, were: 2.98, 1.14
and 1.33 (see Figure 8).

The entrainment fluid accelerates from its “large” dis-
tance beyond the active shear layer to the border. The nor-
malized velocity magnitudes at the border, g;,/V,, for each
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realization were collected into a histogram with the prop-
erties: mean, variance and skewness = 3.29, 2.04 and 1.39
(see Figure 7).

The three-dimensional VSL is revealed as two-
dimensional region in the plane of the PIV images. It is
identified by a distinctive rise in the variance of the vortic-
ity from the border to a “plateau” region of nominally ho-
mogeneous turbulence. The latter allows an estimate of the
Kolmogoroff length scale: 1. The width of the VSL was
determined to be nominally 207,. The vorticity variance
in the homogeneous region was nominally 2.5 times larger
than that at the border with a non-dimensional magnitude
of @, = @,0(0) /Uy = 0.068.

The conventional intermittency factor (1 if vortical, 0
if non-vortical) was obtained and added to the ensemble
mean velocity distributions. The target value for the self-
preserving entrainment velocity (as driven by the entrain-
ment fans) V, = 0.035U,, was obtained with very good pre-
cision. Figure 2 shows that the average border location is
located at n=-2.62.
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