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Turbulence Production and Transport in Quasi-Two-Dimensional
Wake/Boundary-Layer Interaction
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The turbulent Kinetic energy aspects related to production and transport in the wake of a cylinder interacting
with a boundary layer have been investigated experimentally. Using a simple but efficient technique, the velocity
power spectral characteristics in the intermediate wake were modified to comply with the requirements for quasi-
two-dimensional behavior, i.e., to display a scaling region deviating from the — % power law, which is typical of
homogeneous, three-dimensional turbulence. The cylinder was placed parallel to the plate and normal to the flow,
with its wake developing just outside of the boundary layer but with its lower part in contact and interacting
with it. The streamwise and normal-to-the-plate velocity components have been recorded simultaneously in the
intermediate wake using hot-wire anemometry. In addition to the calculation of kinetic energy production, third-
order correlations of the two velocity fluctuation components, denoting streamwise and lateral transport of the
corresponding Kinetic energy terms, have also been evaluated. There is significant reduction of kinetic energy
production in the lower half wake, in contact with the boundary layer, as compared to the upper half on the
freestream side. This is associated with a considerable buildup of kinetic energy production within the boundary-
layer flow. The transport mechanisms in the present flow have been investigated and are discussed to provide a
basis for formulation and refinement of numerical models and methodologies.

I. Introduction

NTERACTING flows, such as those in the present case of a tur-

bulent wake and a boundary layer, are encountered in many and
very diverse engineering applications as well as in environmental
flows. Their properties, and especially the associated entrainment
and mixing processes,influence directly phenomenasuch as heating
and cooling, chemical reaction development, aerodynamic perfor-
mance, dispersion of atmospheric pollutants, etc. It has been es-
tablished that the primary mechanism of entrainment is large-scale
engulfment, whereas mixing and diffusionare related to small-scale
perturbations.:? The large-scale organized structures present in a
turbulent wake play a very important role in both entrainment and
mixing, in the sense that these structures are associated with vor-
tex stretching and, therefore, with intense turbulent production?
Turbulent kinetic energy is transported away from regions of high
turbulence as new fluid from the surrounding flow is entrained. A
measure of such a kinetic energy flux is provided by the triple prod-
ucts of the velocity fluctuationterms. Very few works on this subject
can be found in the literature, and these refer to the case of a cylinder
wake in a free flow.* Fabris® reported that considerable variations
exist among the lateral and streamwise transport intensities of the
kinetic energy terms.

In the present experimental work the wake of a circular cylinder
formed in a free flow was interacting with a boundary layer develop-
ing along a flat plate. The large-scalestructures presentin the wake,
the von Karman vortices, have received considerable attention from
many authors®7 An extensive description of their topological de-
tails and properties can be found in a publication by Hussain and
Hayakawa,? who reported that except for an overall reduction of
their strength with streamwise distance the von Karman vortices
retain their well-defined staggered organization, their strong coher-
ent nature, and their distinct periodicity in the intermediate wake
(10 < x/ D < 50, D = cylinder diameter). Rather few experimental
studies of the case of a cylinder wake interacting with a boundary
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layer may be found in the literature. Usually, the cylinder is im-
mersed in the boundary layer at various heights from the surface,
and vortex formationcharacteristicsare examined.” '! However, nu-
merical simulations of vortex interactions with solid surfaces have
been considered much more extensively.!> '3 In numerical studies a
singletwo-dimensionalvortex is examined,travelingin a freestream
and passing close to a wall, close enough to interact with the bound-
ary layer." It is very difficult to produce such pure flows in the
laboratory for validation of numerical methods. Usually, a series of
vortices is produced (e.g., a von Kérmdn street) that have a two-
dimensional character, but essentially, they are three dimensional.

By the term two-dimensionalit is implied that one fluctuating ve-
locity component is suppressed compared to the others; in the case
just mentioned it is the velocity component along the axis of the
cylinder generating the vortex street. Another characteristic associ-
ated with quasi-two-dimensional turbulence is the existence in the
velocity power spectrum of a scaling region following a power law
with the exponentdeviating from the value —%, which is typical for
isotropic, three-dimensional turbulence. A generally accepted ex-
ponent value for quasi-two-dimensional turbulence is of the order
of —3. An example of a real flow with such turbulence characteris-
tics is the high-altitude atmospheric flow.!* In this case quasi-two-
dimensional turbulence displays itself by motion planes parallel to
the Earth’s surface. Air moves primarily along these planes but not
in a perpendiculardirection to them. An extensive discussionon the
differences between two- and three-dimensional turbulent flows is
presented in Ref. 16.

To produce in the present study experimental results that can be
used for numerical model validation and also for a qualitative in-
vestigation of the atmospheric flow, particular attention was given
to enhance the two-dimensional characteristics of the present flow.
During an earlier work,!? the observation was made that a cylin-
der with rough surface produced a wake with velocity power spec-
tra with exponent close to —% in a region bounded by the lim-
its y//D < £2,10< x/ D < 40, and with a Reynolds number R
within the range 1500 < R < 3000 (' is measured from the span-
wise plane of symmetry). For that reason a circularcylindercovered
with high-grade sandpaper was used for the present experiments.
The spanwise velocity component w (i.e., that along the cylinder’s
longitudinal axis) has not been measured systematically. A few ex-
ploratory measurements in the wake at x/ D =25 indicated a 30%
lower rms value of w relative to the other velocity components. This
still significant presence of w implies that there might be important
three-dimensionaleffects presentin the flow.
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Fig.1 Sketch of the experimental configuration.

II. Experimental Setup

The present experimental work was contacted in an open-return,
suction-type wind tunnel. The dimensions of the test section were
0.3 X 0.3 X2 m, and the freestream turbulence level there was less
than 0.4%. The configuration used is shown in Fig. 1. Special care
was given to position the plate in the test section with its top surface
parallel to the main flow to avoid flow separationat the sharp leading
edge. The boundarylayer was trippednear the leadingedge to ensure
fully turbulent flow developmentalong the plate. A tripping device
like the one proposed by Hama'® was used. It consisted of a row of
thin triangular patches pasted on the surface of the plate. A spiral
motion is promoted in the space between two neighboringtriangles,
resulting in consistent three-dimensional vortex shedding, which
tripped the boundary layer.

The cylinder with diameter D =7.6 mm was placed at a height
above the plate h, =5D. The local boundary-layer thickness was
& =~ 3D, and consequently (h./&) = 1.6. The value of h, was
selected such that the wake of the cylinder and the associated
von Kdrmdn vortices were formed and developed initially in the
free flow, well above the boundary layer, but close enough for in-
teraction to occur at a streamwise distance of about 10D.

Hot-wire anemometry was used throughout the present measure-
ments. An X-type, double-wire probe (DANTEC 55P61) was em-
ployed, operated by a multichannel anemometer system, type AN-
1003 of A. A. Lab Systems, Ltd. A low-overheat ratio (30%) was
selected to avoid thermal interference between the wires. The probe
output signals were digitized by an 8-channel 16-bit analog to dig-
ital converter (Data Translation DT-2809), and then they were fed
to a personal computer for processing. Sampling frequency was 4
kHz per channel, and 163,000 samples were taken per recording.

The probe recorded simultaneously, at any point, the stream-
wise and the normal velocity components U(#) =U + u(t) and
V(t) =V +v(t). (An overbar denotes time-averaged values, and
lowercase letters denote fluctuations.) The estimated error in the
measurement of the velocity components is *2.5%. Through-
out the present experiments the freestream velocity was U, =
3.5m/s, giving Rp =1820. The friction velocity U, referred to
the plate and obtained from a [Uy — U1/ U; vs y/& Clauser
plot, was U, =0.175 m/s. The turbulence Reynolds numbers R,
and R;, based on Kolmogorov’s length / estimated to 0.2 mm
and Taylor’s microscale A, estimated to 3.4 mm, were evaluated
to 50 and 820, respectively. The length / was deduced from the
relation: [ =[V?/&]"*, where v=1.465-10"° the kinematic vis-
cosity of air and € =energy dissipation rate. The latter was eval-
uated using the isotropic turbulence relation: &, =15v(0u/dx)?,
which simplified to &, =(15v/U?)(du/dt)? by invoking Taylor’s
hypothesis. The term (du/0t)> was deduced from the stream-
wise velocity fluctuation time series. The length A was obtained
from_the relation A =[u2/(du/dx)*]"2, which also simplified to
A=[u?-U?/(0u/dt)*]"? using similarly the Taylor’s hypothesis.

The probe was traversed from a point well inside the free flow toa
distance of 4 mm from the surface of the plate. Four measuring sta-
tions have been consideredin the streamwise directionat x/ D =20,
25,30, and 35.

III. Results
A. Mean Flow
Profiles of the mean streamwise velocity U/ U across the present
interacting flows as well as across the boundary-layer flow alone,
without the presence of the wake, are shown in Fig. 2. Normal-
ized velocity is plotted against normalized distance from the plate
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Fig.2 Logarithmic distribution of the mean streamwise velocity mea-
sured across the interacting wake and boundary-layer flows and, also,
across the boundary-layer flow in the absence of the wake.

y* (=U,y/v). A logarithmic scale has been used to compare the
velocity profiles to a logarithmic law, typical of fully turbulent
flow. As indicated in Fig. 2, the lower part of the velocity pro-
files (30 < y* < 200) coincide with the logarithmic law, denoting a
fully turbulent boundary-layer flow. The upper part of the profiles
(200 < y* < 800) displays a velocity defect, as expected within the
wake of the cylinder. This is defined at every streamwise location as
follows: Uy = Uy — Uy (Upin = minimum velocity in the wake).

B. Velocity Power Spectral Characteristics

Figures 3a and 3b show the normal velocity power spectra at the
first and the last measuring station, respectively. In each figure two
pairs of curves are shown. The lower pair displays actual velocity
spectrum plots at a distance of two diameters on each side of the
cylinder’s spanwise plane of symmetry (y'/D = =2). The upper-
half wake curve has been shifted upward by 2.9 X 1073 for clarity.
The upper pair of curves has been produced by multiplicationof the
ordinates of the actual spectraby f”, where f is the corresponding
values of frequency and n is the anticipated slope of the scaling
region; at present, n = % The effect of this transformation is that
it forces the part of the spectrum, which follows a power law with
exponent —n, to become horizontal!® Horizontal lines have been
drawn in each figure to facilitate the determination of the horizon-
tal section of each of the compensated spectral distribution. There
is some difficulty involved in this task as the final outcome is pri-
marily a matter of judgement. The results presented in Figs. 3a and
3b, marked by broken lines, are certainly subject to the preceding
conditions. However, we do believe that they indicateregions in the
velocity power spectra that follow a power law with exponent close
to —%. Steeper turbulence decay rates, close to —4, are present at
higher frequencies.

Figure 3a shows that at x/ D =20 both velocity spectrum plots
display well-defined peaks at the Strouhal frequency (=100 Hz),
indicating the presence of strong von Kdrmdn vortices. Also, both
plots have scaling regions with slope close to —%, extending from
about 200 to 600 Hz. Hence, at x/ D =20 there are not any great
differencesbetween the upper and the lower half wakes, presumably
because the interaction with the boundary layer has not been devel-
oped considerablyyet. Figure 3b shows thatat x/ D =35 the peak at
the Strouhal frequency, although weaker, is still well defined in the
upper-half wake. On the contrary, in the lower-half wake, a peak at
the Strouhal frequency is merely identifiable. Figure 3b also shows
that there is a scaling region in the upper-half wake with slope close
to —% extending over the same frequency range as in Fig. 3a. In the
lower-half wake, however, the correspondingpart has been reduced
significantly. Hence, it can be argued that the lower-half wake has
been affected extensively by the interaction with the boundary layer
througha drasticreductionof the strengthof the large-scalevortices.

C. Turbulent Kinetic Energy Production and Distribution

The usual turbulent kinetic energy production term —uv(dU/
dy*) has been evaluated across the wake and the boundary layer
at all measuring stations. The uv Reynolds-stress component was
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Fig. 3 Normal velocity power spectrum at y'/D =+ 2 and ata) x/D =
20 and b) x/D=35 (y' is measured from the wake centerline). Lo-
wer pair: actual velocity power spectrum. Upper pair: (ordinate) X
(frequency)” 3 vs (frequency).

determined from the directly measured momentum flux uv(y, t).
The slope (dU/dy*) was calculated from the mean velocity pro-
file, using a central difference approximation method. Profiles of
—uv(dU/dy*), normalized by the local maximum velocity defect
in the wake U,, are shown in Fig. 4a. Three distinct areas of inten-
sive energy production exist, corresponding to the upper-half wake
(440 < y* < 750), the lower-half wake (270 < y* < 440), and the
boundary layer (y* < 270). In the upper-half wake there is no sig-
nificant streamwise variation in energy production distribution. At
every measuring station considered energy production peaks at a
lateral distance of about one diameter from the cylinder (i.e., at
y* =~ 530). This distance corresponds to the location of the saddle
points in the coherent flowfield model proposed by Hussain and
Hayakawa® According to that model, saddle points are associated
with maximum shear stress caused by vortex stretching and con-
sequently, with intensive energy production. As noted in Fig. 4a,
there is a gradual reduction of peak kinetic energy productionin the
streamwisedirection. This is attributed to a reduction of the strength
of the coherent vortices as they move downstream.

In the lower-half wake there is significant reduction of peak en-
ergy production with increasing values of x/D. It seems that at

e 0.0020 -
5:’ b wake ¥/D
=g 1 centerline —e— 20
}0.00152 w35
\% io —e— 30
* 1 —— 35
‘; 0.0010

0.0005 -

0.0000 - R ——

0 100 200 300 400 500 600 700 800 900 1000

y+
a) Across the wake and the boundary layer

o
=
D 6.0+
\ | wake <D
'”S 504 centerline 25
*
:_‘ ) —X— 35
2 4.0
= bold symbols: b. 1. alone
=] |
* 3.0
B
= 2.0
1.0
0.0 B e

0 400 500 600 700 800 900 1000
y+

0 100 200 30

b) Effect of the presence of the wake
Fig.4 Turbulent Kkinetic energy production.

x/D =20 and 25 the kinetic energy production distribution is the
mirror image of that in the upper-half wake up to the peak value
(y* = 360). After that, energy production reduces steeply to zero
close to the undisturbed boundary-layer outer limits (y* =~ 270).
That implies that the kinetic energy production mechanism in the
lower-half wake (i.e., vortex stretching) has been weakened, which
is in accordance with the comments based on Figs. 3a and 3b. It
was mentioned there that the strength of the large-scale vortices in
the lower-half wake reduces as they move downstream because of
their interaction with the boundary layer. Figure 4a shows the dras-
tic effect of this interaction process on the turbulent kinetic energy
production.

A substantial and also very steep increase of kinetic energy pro-
ductionis observedcloseto the plate (y* < 160). For a more detailed
investigation of that region, the turbulent kinetic energy produc-
tion curves for x/D =25, 35 have been plotted again in Fig. 4b,
together with corresponding curves obtained with the cylinder re-
moved from the flow. All curves in Fig. 4b have been normalized
with the freestream velocity U, for compatibility. The effect of the
presence of the wake is apparent. An overview of the kinetic energy
production distribution in the present flow indicates an important
interaction between the lower-half wake and the boundary layer.

Figures 5a and 5b show the distribution of the turbulent kinetic
energy components across the wake and the boundary layer. As
it can easily be observed, peak values of u? in the wake are very
little affected by the streamwise distance, but peak values of v?2
decrease considerably as x/ D increases. This effect is also shown
in the distribution of the kinetic energy parameter s2 (=u? + v2),
shown in Fig. 5c. The quantity s> appears to be concentrated at the
wake centerline region, although there is no production there (refer
to Fig. 4a). This leads to the conclusion that the kinetic energy
in that region originates from the cylinder’s shear flow. The fact
that it diminishes with streamwise distance supports this argument.
Furthermore, the kinetic energy distribution curves become wider
as x/ D increases. This is attributed to the energy production, which
takes place in each half of the wake, especially in the upper half.
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Fig.5 Turbulent kinetic energy distribution normal to the plate.

Although the peak values of v2/ U3 in the wake are in good
agreement with the correspondingexperimental values found in the
literature®® peak values of u2/U? are about 30% higher. This is
attributed to the surface roughness effect of the cylinder, which has
been found also to have some connections to the two-dimensional
character of the flow. The fact that the surface roughness of the
cylinderaffects preferably the streamwise velocity fluctuationsmay
offer an explanation, in physical terms, of the enhancement of the
two-dimensional character of the flow. Referring again to the co-
herent flowfield model of Hussain and Hayakawa,? the argument
can be made that the enhanced streamwise small-scale fluctuations
(dissipation) introduced to the wake by the cylinder’s shear flow
have an adverse effect on the streamwise vortical structures (the
ribs, in Hussain and Hayakawa’s terminology), which are located
in between the transverse large-scale vortices (the rolls). A direct
result of a reduction in the strength of the ribs is the weakening
of the turbulence production mechanism (vorticity stretching) and,
hence, the dominance of the rolls, which definitely have a quasi-
two-dimensional character.
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Fig. 6 Effect of the wake on the kinetic energy distribution normal to
the plate.

The effect of the presence of the wake on normal distribution of
the kineticenergy componentsu? and v2 is shown in Fig. 6. Figure 6a
shows that the influence of the wake on the streamwise componentis
limited to y* = 100, whereas the influence to the normal component
extends closer to the plate.

D. Turbulent Kinetic Energy Transport -
__The energy transport terms u3, u?v, v2u, v3, as well as u?s and
v2s, havebeen evaluated.Because,u?,v2, and s? are always positive,
the sign of the transport terms determine the sign of the associated
velocity component and, hence, the direction of energy transport.

1. Lateral Transport of the Kinetic Energy Components u_2 Vz

Results for the more importantlateral energy transportare shown
in Figs. 7a and 7b. Both components of turbulent kinetic energy
u? and v? are transported in the wake by the normal velocity fluc-
tuations away from the centerline (vZu and v3 are positive in the
upper-half wake and negative in the lower-half wake). Considering
the energy productiondistribution plot (Fig. 4a), one can easily de-
duce thatturbulencetransportskineticenergy away from the regions
of intensive production. Although energy production in the lower-
half wake has been drastically affected by the interaction with the
boundary layer, turbulent energy transport in the lateral direction
has only slightly been affected. The most significant difference be-
tween the distributionof the v2u and v? in the two halves of the wake
is a more pronounced decline of peak values along the streamwise
directionin the lower-half. Figures 8a and 8b indicate that the lateral
transport of both kinetic energy components in the boundary-layer
region is significant only in the presence of the wake.

2. Streamwise Transport of the Kinetic Energy Compnnentsﬁ, V2 _

The transport of the turbulent kinetic energy components u>
and v? by the streamwise velocity fluctuations u(t) is presented
in Figs. 9a and 9b. Referring to Figs. 7a and 7b, the deduction can
be made that streamwise transport of kinetic energy in the wake is
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Fig. 9 Streamwise transport of the turbulent kinetic energy compo-
nents.

appreciably weaker compared to lateral transport. Figure 9a shows
that there is strong upstream (relative to the local mean velocity)
transport of the u> component in the upper-half wake. The abso-
lute peak values of ¥/ U} increase with streamwise distance. At
the wake centerline u®/ U} tends to zero, whereas in the lower-half
wake it takes negative values again, but of much lower magnitude.
Figure 9b shows clearly that the wake/boundary-layer interaction
has very limited effect on the streamwise transport of v2. Strongest
transport (in the streamwise direction) appears in the vicinity of the
wake centerline. There are also two peaks of upstream transport
of v2 at a distance of about 1.6D on either side of the centerline.
Within the boundary layer the streamwise transport of #? only has
appreciable magnitude either with or without the presence of the
wake (Figs. 10a and 10b).

3. Transport ofs_2 =uZ 432

Figures 11a and 11b summarize the streamwise and lateral
transport characteristics of turbulent kinetic energy, presented in
Secs. III.D.1 and III.D.2. In the wake lateral transport is more in-
tense than streamwise transport, whereas in the boundary layer the
latterdominates. The wake/boundary-layerinteractionprocesshas a
significant adverse effect on u2s, whereas its effect on v2s becomes
appreciable only at the larger x/ D values. Lateral transportin both
halves of the wake occursin a directionaway from the wake center-
line. Streamwise transport changes sign at some point in each half
wake. Close to the centerline, energy transportoccurs in the down-
stream direction. In the outer region energy transport takes place in
an upstream (relative to the mean flow) direction. Combining the
informationgivenin Figs. 1 1aand 4a, the deductionis made that the
pointof streamwise transportreversal is in the vicinity of maximum
kinetic energy production.

Consideringu?s and v2s at every point in the present flowfield as
the magnitudes of the energy flux vectors along the horizontal and
vertical directionsrespectively, turbulentkinetic energy transportis
presented in Fig. 12 in vector form, according to the relation
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centerline; P, points of peak energy production in the wake; and B,
undisturbed boundary-layer thickness.

Qr =/ UDi+ (v /UDJ e
wherei andj are unit vectorsalong the streamwise (x—) and normal
(y* —) directions, respectively. Qr is thus the kinetic energy flux
vector in the x—y* plane. u2s and vZs have been calculated using
the velocity fluctuation components u(¢) and v(t). Hence, energy
flux vectorsmay appearin Fig. 12 pointingin the upstreamdirection
(i.e., from right to left) because they are referenced to the local
mean velocity. Close to the centerline, transportof the kineticenergy
originating from the cylinder’s shear flow diminishes rapidly as
x/ D increases. After the points of peak energy production caused
by vortex stretching (Sec. III.C), locally produced kinetic energy is
directedupstream (relative to the local mean flow). In the upper-half
wake energy flux does not change significantly with x/ D, either
in magnitude or direction, presumably because of the significant
local production. In the lower-half wake energy transport toward
the boundary layer weakens progressively with streamwise distance
becauseof the continuousreductionoflocalenergy production. Well
within the boundary layer, considerable energy flux occurs toward
the wake because of the intensive energy production in that region.

IV. Conclusions

The experimental results of this work suggest that in the present
complex flow with enhanced quasi-two-dimensionalcharacteristics
the large-scale flow organizationin the cylinder wake has the domi-
nantrole in turbulentkinetic energy productionand transport. Apart
fromtheregioncloseto the wake centerline,where the kineticenergy
originatesfrom the cylinder’s shearlayer, the intenseenergy produc-
tion recorded in both halves of the wake is attributed to large-scale
vortex stretching. The wake/boundary-layerinteraction process has
a significant adverse effect on the strength of the vortices and the
kinetic energy production process in the lower-half wake, causing
considerablereductionof turbulentkinetic energy productionin that
region. On the other hand, a large increase of kinetic energy pro-
duction has been observed in the boundary-layerflow, as a result of
the presence of the wake. Regarding energy transport, there is inten-
sive transport toward the freestream in the upper-half wake, where
the coherent vortices are least affected by the wake/boundary-layer
interaction process at all streamwise locations considered. In the
lower-half wake, however, energy flux toward the plate diminishes
rapidly as streamwise distance increases. This is accompanied by a
nearly constant flux of kinetic energy from the boundary layer to-
ward the wake, indicating a significant exchange of kinetic energy
between the two flows. As the wake/boundary-layerinteraction de-
velops, the energy exchange proceeds clearly in favor of that from
the boundary layer.
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