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Abstract

An experimental study of heat transport in the interaction region between the wake of a cylinder and a turbulent
boundary layer is presented in this work. The cylinder was placed parallel to a flat plate and normal to the flow. Its
position was selected above the boundary layer edge, so that the lower part of the wake was interacting with the
boundary layer. Heat was supplied to the boundary layer flow by means of a line heat source. Presence of surface
roughness on the cylinder resulted in the deviation of the velocity power spectrum scaling region from the —5/3 power
law which is characteristic of three-dimensional turbulence. Point measurements of the instantaneous values of two
velocity components and temperature have been taken using hot-wire anemometry. Two turbulent scalar flux com-
ponents and a Reynolds shear stress component have been obtained directly from the experimental data. Results were
assessed in conjunction with the periodic coherent structures in the wake (a von Kdrman vortex street) using a phase-
averaging technique that provided a clear picture of the heat transport procedures involved. © 2002 Elsevier Science

Ltd. All rights reserved.

1. Introduction

Mass transfer between interacting flows is an issue of
primary importance in many engineering applications
and in environmental flows. It is related directly to
processes like heating and cooling, progress of a chem-
ical reaction, aerodynamic behavior and also, to atmo-
spheric dispersion of gaseous pollutants, etc. Mass
transfer is the direct result of entrainment and mixing
phenomena taking place in the interaction region. The
mechanism that produces such phenomena is associated
to the particular features of the interacting flows. It has
been established that entrainment originates primarily
from large-scale engulfment and the subsequent mixing
and diffusion are related to small-scale perturbations
[1,2]. In the present experimental work, the wake of a
circular cylinder was interacting with a turbulent
boundary layer on a flat plate. The large-scale, highly
organized structures inside the wake, the von Karman
street of vortices, are expected to play a major role in the
entrainment process. They also have a significant impact

* Corresponding author.

on mixing and diffusion because they are involved with
intensive turbulence production due to vortex stretching
[3]. Hussain and Hayakawa [4] investigated extensively
the topological features and properties of adjacent von
Kédrman vortices and proposed a detailed model for this
flow.

For the complex flow of a cylinder wake interacting
with a turbulent boundary layer, the limited number of
experimental works published refer usually to the case of
a cylinder totally immersed in the boundary layer
(classified as a “boundary layer manipulator”, [5,6]).
However, numerical simulations of vortex interactions
with solid surfaces have received more attention [7-9].
Usually in numerical studies, a single two-dimensional
vortex is considered, traveling in a free-stream and
passing closely to a wall, interacting with the boundary
layer. Reliable experimental validation of such numeri-
cal methods is not feasible because of the difficulty in
producing in the laboratory an isolated two-dimensional
vortex. Usually, a von Kdarman street of vortices is
generated, which has a quasi two-dimensional character,
but essentially, it is three-dimensional. The term two-
dimensional flow implies that one fluctuating velocity
component is suppressed compared to the other two (in
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the case of a von Kdrmdn vortex street, the velocity
component parallel to the axis of the cylinder). Another
flow characteristic associated with two-dimensionality is
the deviation of the scaling region of the velocity power
spectrum from the —5/3 power law, which is charac-
teristic of isotropic, three-dimensional turbulence. The
classical theoretical result for two-dimensional turbu-
lence is —3 [10,11]. Typical examples of real flows with
distinctive two-dimensional turbulence characteristics
are the atmospheric flow at high altitude (above the
earth’s boundary layer) and the sea currents in the open
oceans. In these cases, velocity variations are significant
only on horizontal planes of motion, but not in the
vertical direction. An extensive discussion on two-di-
mensional real flows may be found in [11].

The original motivation for the present experimental
work was the simulation in a wind tunnel of quasi two-
dimensional environmental flows. Furthermore, such a
simulation can serve for a qualitative validation of re-
lated numerical models. For that reason, particular ef-
fort was given to enhancing the two-dimensional
character of the wake in the present flow.

Experimental results, obtained in an earlier investi-
gation of ours, have been used here for that purpose
(some results have been presented by Sideridis et al.
[12]). It has been observed that if the Reynolds number
based on the cylinder’s diameter D is within the range
1500 < Rp < 3000, the velocity power spectrum scaling
region deviates from the —5/3 power law in the inter-
mediate wake (20 < x/D < 40). Using a cylinder with
rough surface at the same Rp values, the range for
scaling region deviation expands to 10 <x/D < 40.
Hence, in the present work, R, was chosen close to 2000
and a circular cylinder covered with sandpaper was used
(details about the experimental conditions will be given
in the next section).

The spanwise velocity component w(¢) has not been
measured systematically. A few exploratory measure-
ments in the wake indicated a 30% lower rms value
compared to the other two velocity components. The
significant presence of w(¢) implies that there might be
important three-dimensional effects present in the flow.
It is noted here that the present experimental configu-
ration in its final form may also be used for the simu-
lation of flows in numerous practical situations, in
addition to the environmental flows mentioned earlier.
For example, the flow behind a tube in an engineering
apparatus, the surface of which has been deformed by
some chemical action (e.g., excessive corrosion, deposi-
tion of chemical substances, etc.). Similarly, the flow
downstream of an underwater pipe, installed parallel to
the sea bed, the surface of which has been colonized by
marine life.

Mass transport in complex flows like the present one,
is difficult to be measured directly. It can be simulated,
however, by heat transport based on the fact that the

Prandtl and Schmidt numbers for gases are both close to
one. Consequently, the mass and heat diffusivities are of
the same order. In the present flow, heat was supplied to
the boundary layer flow by a line heat source (details are
given in the next section) and it is traced through the
interaction region. Present analysis of experimental data
is an extension of the analysis presented in Sideridis
et al. [13]. That work resulted in the determination of the
particular directions along which heat was transferred
towards the wake. The present analysis is focused on the
investigation of the role of the wake coherent motion in
the heat transport process.

2. Experimental procedure

An open-return, suction-type wind tunnel was used
for the present experimental work. The size of the test
section was 0.3 x 0.3 x 2 m® and the free-stream turbu-
lence level was less than 0.4%. The experimental set-up
for the present measurements is shown in Fig. 1(a). The
flat plate with sharp leading edge and rounded tip was
installed in the test section with its top surface parallel to
the main flow in order to avoid flow separation phe-
nomena. The boundary layer was tripped near the lead-
ing edge for fully turbulent flow development along the
plate. The type of the tripping device was that suggested
by Hama [14]. It consisted of a row of thin triangular
patches pasted on the surface of the plate. As Hama
showed in his paper, a spiral motion was promoted in the
space between neighboring triangles, producing contin-
uous three-dimensional vortex shedding. Tripping was
occurring in a very short distance, without significant
interference effects to the boundary layer flow.

The cylinder with diameter D = 7.6 mm was placed
at a distance /4. from the surface of the plate equal to 5D.
As the local boundary layer thickness was dy ~ 3D, the
ratio h./d, is approximately equal to 1.6. Therefore, the
von Karman vortex street initiated at a location in
the free stream well above the boundary layer edge, but
close enough for interaction to occur at a streamwise
distance from the cylinder of about 10D.

The surface temperature of the electrically heated
wire providing heat to the boundary layer flow was es-
timated to 150 °C. It was producing a peak temperature
rise at the measurement station of about 1.5 °C. The flat
plate surface remained at isothermal conditions, at am-
bient temperature.

All measurements presented here were taken using
hot-wire anemometry. The triple-wire probe shown
schematically in Fig. 1(b) was used. It was formed by an
X-type double-wire probe for the measurement of the
streamwise and vertical velocity components and a sin-
gle (cold)-wire probe for the simultaneous recording of
the instantaneous temperature. It was operated by a
multi-channel anemometer unit, type AN-1003 of A.A.
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Lab Systems. The anemometer unit output signals were
digitized by an 8-channel, 16-bit analog to digital con-
verter, type Data Translation DT-2809. The sampling
frequency was 4 kHz and 163 800 samples were recorded
per channel. Digital signals were then supplied to a
personal computer for processing. The computer pro-
gram used was developed with the LabVIEW pro-
gramming  software of National Instruments
Corporation.

A brief description of the triple-wire probe calibra-
tion procedure is given below (a detailed report of the
technique can be found in Papanicolaou et al. [15]). The
probe was placed near the exit of an electrically heated
jet of air. Keeping the jet velocity at the exit constant,
the electric power supplied to the heating device was
increased in steps. As soon as the jet reached a steady
state after each increment, the cold-wire output voltage
was recorded and plotted against the jet temperature
provided by a thermocouple. The cold-wire calibration
law (a straight line) was thus determined. For the cali-
bration of the hot-wire X-probe, the jet was heated
gradually, at constant mass flow rate monitored by a
flowmeter located upstream of the heating element.
Electrical power was supplied to the jet-heating element
gradually in order to raise the jet temperature about
10 °C, over a period of 10 min. During this period, the
cold- and hot-wire outputs were recorded simulta-
neously. The jet temperature was evaluated using the
cold-wire calibration law. The corresponding jet velocity
was then determined as follows. First, the flowmeter
indication was recorded and the corresponding jet ve-
locity at the current ambient temperature was obtained
from the flowmeter calibration curve. Assuming atmo-
spheric pressure at the jet exit and applying the perfect
gas law in the form p ;) = (T./T)p(r,y (Where p = air
density, T = jet temperature (in K) and suffix « denotes
ambient conditions), the jet velocity at the current jet
temperature, Ur) can be evaluated as shown below.

Since

7] m
Utrs P(m)A7 U P(T)A7 M

(b)

Fig. 1. (a) The experimental set-up for the present measurements, (b) schematic presentation of the triple-wire probe used.

where m is the air mass flow rate (recorded by the
flowmeter), 4 is the cross-sectional area at the exit of the
jet,we have

U,
(7) _ P(r2) (2)
Urey P

and therefore

Mn:wm£~ 3)
The procedure was repeated at several jet mass flow
rates, thus providing a hot-wire calibration databank
covering a predetermined temperature range.

During the present experiments, the triple-wire probe
recorded simultaneously at any point, the streamwise
and the vertical velocity components U(t) = U + u(t),
V(t) =V +v(t) and temperature T(t) =T + T'(¢t) (an
overbar denotes overall time-averaged values and a
lower case letter or a prime, denotes fluctuations). The
estimated error in the measurement of the velocity
components and temperature was +2.5% and +1%, re-
spectively. The heat flux components u7"(¢) and vI'(¢)
and the momentum flux uv(¢) were also evaluated, by a
digital post-processing methodology. The estimated
error in these calculations was of the order of £4%. The
nominal free-stream velocity was Uy = 3.5 m/s, which
gives Rp = 1820. The friction velocity U, referred to the
plate and obtained from a (U, — U))/U; vs. y/do
Clauser plot, was U, = 0.175 m/s.

The turbulent Prandtl number Pr,

_eddy diffusivity of momentum, &,
B eddy diffusivity of heat, &,

has been evaluated using the following relations for

€m, En:
uv v

bp=———, G =——. 4

dU/dy’ " dT/dy @

A representative value for Pr, ¢ for the present flow is 1.4.

The turbulent Reynolds number R;, based on the

Taylor’s microscale 4 (estimated to 3.4 mm) was found
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equal to 820 for the present flow. The length 1 was ob-
tained from the relation

— 12
i [7} | )
(Ou/ox)

Using Taylor’s hypothesis

236

relation Eq. (5) simplifies to
> 1/2

A= |u?
(0u/ort)?

(6)

The probe was traversed from a point well within the
free stream to a distance of 4 mm from the surface of the
plate, at the locations: x/D = 15, 25 and 35.

3. Results
3.1. The mean flow

Typical profiles of the streamwise mean velocity
U/ U, for the present flow are plotted in Fig. 2(a) against
the normalized distance from the plate y© (= U,y/v,
where v = 1.465 x 107> m?/s, the kinematic viscosity of
air). The streamwise mean velocity distribution at
x/D =25, normalized by the friction velocity U, is
plotted in Fig. 2(b) against y* on a logarithmic scale and
compared to a logarithmic law, typical of fully turbulent
boundary layer flow. Also shown in Fig. 2(b) is the mean
velocity distribution at the same x/D location with the
cylinder removed, i.e., without the wake. It is evident
from Fig. 2(b) that the mean velocity distribution in the
free boundary flow case coincides with the logarithmic
law, denoting fully turbulent flow. Its momentum
thickness has been found equal to 2 mm and the Rey-
nolds number based on that equal to 500. The complete
configuration velocity profile follows the logarithmic law
in its lower part, in the boundary layer region, whereas
in its upper part, it displays a well-defined velocity de-
fect, as expected within the wake of the cylinder.

Fig. 2(c) presents mean temperature profiles nor-
malized by the ambient temperature 7,. In Fig. 2(d) the
complete configuration T /T, distribution at x/D = 25 is
compared to the corresponding mean temperature dis-
tribution in the free boundary layer. The complete
configuration profile has a lower peak, shifted to higher
y* values, thus indicating the important role the cylinder
wake plays in the vertical heat transport.

The maximum mean velocity defect Uy and the
maximum mean temperature excess 7., which will be
used later for normalization, are defined at every x/D
station as follows: Uy = Uy — Upin (Upin = minimum

velocity in the wake, refer to Fig. 2(a)), T. = Thax — To
(Tmax = maximum temperature behind the heated wire,
refer to Fig. 2(c)). Values of Uy/U, and T, = T, for the
present flow are given in Table 1.

Profiles of the root-mean-square values of the
streamwise and vertical velocity components in the
present flow are shown in Figs. 3(a) and (b), respectively.
The continuous reduction with downstream distance of
peak values in the wake region is expected and attrib-
uted to the weakening of the coherent vortices [16]. The
irregularities in the profiles in Fig. 3(a) near y™ = 170
(which are significant at x/D = 15, but non-existing at
x/D = 35) are due to the presence of the thermal wake
behind the heating wire. In both Figs. 3(a) and (b), all
complete configuration profiles coincide with the typical
free boundary layer profile close to the plate (y* < 100),
thus indicating the extent of the influence of the wake to
the boundary layer flow.

The r.m.s. temperature profiles for the wake—
boundary layer configuration (Fig. 3(c)) show clearly the
progressive spreading of heat in the vertical direction, as
a result of the interaction between the two flows. Fig.
3(d) supports this argument, where a complete configu-
ration profile and a free boundary layer profile at
x/D = 25 are compared.

3.2. Velocity power spectral characteristics

As mentioned in Section 1, a specific aim of the
present work was the enhancement of the quasi two-
dimensional characteristics of the cylinder wake flow by
establishing experimental conditions at which the ve-
locity power spectra would follow a power law with
exponent other than —5/3. This was accomplished by
using a cylinder with rough surface and selecting a value
for the Reynolds number within the range
1500 < Rp < 3000 (i.e., Rp = 2000). The effect on the
vertical velocity power spectral density (PSD) distribu-
tion appears in Fig. 4(a). At experimental conditions
other than the above (e.g., Rp = 4000, smooth surface)
the velocity power spectrum is typical of a three-di-
mensional flow: a scaling region exists with constant
slope equal to —5/3. At the specific conditions
Rp = 2000, rough surface, there is a clear decrease of the
slope of the scaling region, i.e., there is a deviation from
the n = —5/3 power law to one with higher negative
exponent.

Fig. 4(b) shows a typical normal velocity power
spectrum distribution in the wake of the present flow
(n = 0 curve). This curve displays two distinct features:
(a) a peak at the Strouhal frequency (= S,U,/D= 97 Hz,
where S; = 0.21, the Strouhal number), thus indicating
the presence of strong von Karman vortices, and (b) a
scaling region starting just after the peak frequency. The
following method has been used for the determination of
the slope of the scaling region [17]. The ordinates of the
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Fig. 2. (a), (c) Mean velocity and temperature profiles along the vertical direction for the combined wake-boundary layer flow. (b), (d)

Comparison with the free boundary layer case at x/D = 25.

spectrum distribution curve were multiplied by /", where
1 denotes the corresponding values of frequency and n,
the anticipated slope of the scaling region. The effect of
this transformation is that the part of the spectrum that
follows a power law with exponent —n appears hori-
zontal. The values n =5/3 and n =3 have been con-
sidered in Fig. 4(b). It is evident that the scaling region
of the normal velocity spectrum starts with a short sec-
tion with slope —5/3 (in the range 100-250 Hz) which is
followed by a main section (in the range 250-800 Hz)

Table 1

Values of maximum mean velocity defect, Uy, maximum mean
temperature excess, 7. and vortex convection velocity, U,, at the
measurement stations

x/D Us/ Uy T./Ty U, /Uy
15 0.169 0.108 0.915
25 0.130 0.041 0.935
35 0.111 0.027 0.944

with slope close to —3, the theoretical value for two-
dimensional turbulence.

The velocity PSD distribution in Fig. 4(b) has been
obtained at the first measurement station, the one closest
to the cylinder (x/D = 15). Hence, the spectrum peak
and the extent of the scaling region with slope —3 are
most noticeable. At larger x/D values the spectrum peak
is lower and the frequency range of the scaling region of
interest is shorter; at x/D = 35, it is 300-650 Hz (Fig.
4(c)). Both events reflect the weakening of the large-scale
von Karmén vortices with streamwise distance and the
resulting dominance of the small-scale, three-dimen-
sional fluctuations in the flow.

3.3. The coherent flow

One of the dominant features of the present flow is the
presence of the von Kdarméan vortices in the wake. Their
main characteristics are: (a) a large-scale coherent nature
(hence the term coherent flow refers to the flow field
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Fig. 3. Profiles of the r.m.s. values of the streamwise and vertical velocity components and temperature for both the wake-boundary

layer and the free boundary layer configurations.

associated with these structures), (b) steady shedding
frequency, (c) small dispersion in transverse location,
strength and shape, and (d) production of large normal
velocity fluctuations v(¢), especially near the center of the
wake [3,6]. Hence, a coherent structures education
method may not necessarily be based on the instanta-
neous vorticity distribution, as the vortical nature of the
structures implies, but on a phase-averaging technique
utilizing a conditioning signal derived from the time
history of v(¢). In the present work, a phase-averaging
method similar to that used by Matsumura and Antonia
[16] and Kiya and Matsumura [18] was adopted. A brief
description is presented in the following section.

3.3.1. The phase-averaging methodology

The stability of the shedding frequency and the small
dispersion of the coherent vortices permitted the use of
the local (at the measurement point) v(¢) signal in order
to increase the sensitivity and accuracy of the education
method. This signal was initially band-pass filtered with
the center frequency of the filter adjusted at the von

Karmadn vortex-shedding frequency, f;. The value of f;
was obtained from the normal velocity power spectrum
peak (typical power spectra for the present flow have
been shown in Fig. 3). The filter output signal v¢(¢) was
used as a reference signal for the detection of the time
instants satisfying simultaneously both conditions
ve(t) =0 and dve/ds > 0. These instants mark on the
time-scale the starting points of the vortex-shedding
periods (the average distance between two consecutive
points is equal to the average vortex-shedding period,
T, = 1/f;). Each shedding period was divided into 40
classes of equal width (= 9°, or n/20 rad). Next, a phase
time signal ¢(¢) was created with values ranging from 0
to 2m, having ¢(¢) = 0 at the beginning and ¢(¢) = 2m at
the end of each shedding period. It is noticed here that
v(¢) and ¢(¢) as well as the time signal of any other
parameter measured, e.g., O(¢) (= U(¢), V(¢), T(¢)) are
all synchronous time signals with the same time length
(= sampling period = 40.95 s). Hence, every instant in
Q(¢) corresponds to an instant in ¢(¢), and furthermore,
every point of signal Q(¢) falls into one of the 40 classes
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Fig. 4. (a) Effect of Reynolds number R, and cylinder surface roughness on the normal velocity power spectral density distribution in
the intermediate wake of an isolated cylinder in a free stream at x/D = 15. (b) Typical normal velocity power spectrum in the wake of
the present flow (n = 0 curve). Determination of sections in the scaling region which follow a —5/3 power law (n = 5/3 curve) and a —3
power law (n = 3 curve). x/D = 15, y* = 500. (¢) Normal velocity power spectrum at x/D = 35, y* = 500.

assumed for ¢(¢). All O(¢) points that corresponds to the
same ¢(¢) class were ensemble-averaged, thus providing
a single value for that ¢(¢) class. The collection of values
for all classes provides the phase-averaged distribution
of the parameter Q(¢) over a shedding period. Phase-
averaged results refer to the periodic component of the
original signal Q(¢), because any random component
disappears by definition. Hence, the application of a
phase-averaging method implies that

o(1) :@+qc+qrv (7

i.e., the original signal Q(¢) consists of a time-mean value
0, a periodic (coherent) fluctuation component ¢, and a
random (incoherent) fluctuation component ¢, (this is the
so-called triple decomposition of a time signal, Reynolds
and Hussain [19]), Fig. 5 presents a typical application of
the phase-averaging method to the temperature signal
T(¢): item (a) shows the normal velocity signal v(¢), item
(b), the band pass filter output signal v¢(¢) and item (c), the
distribution over a shedding period of the phase-averaged
T'(t), denoted by (7”). From now on, angular brackets ( )
will denote phase averaging.
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Fig. 5. (a) Normal velocity fluctuation signal v(¢), (b) band-pass filtered signal v¢(¢), derived from v(¢), (c) typical distribution over one

shedding period of the phase-averaged temperature fluctuation.

The evaluation of the coherent and incoherent parts
of the product of two fluctuating terms ¢s(¢) (¢ and s can
be any of the terms u(¢), v(¢) and 7”(¢)) was carried out
according to the following relations:

coherent part of gs(f) = q. - sc, (8)
incoherent part of gs(t) = (gs) — gc - Sc = {qvS:)- 9)

3.3.2. Coherent flow contribution to conventionally aver-
aged quantities

Following the isolation of the coherent flow by the
method presented in the previous section, the proportion
and hence, the significance of this motion compared to
the conventionally time-averaged flow was investigated.
For that reason, the coherent flow contributions to the
global time-averaged values of the Reynolds stress
components w2, v2, uv, the temperature variance 772 and
the heat flux components of the u7’ and vI’ were de-
termined by averaging over one shedding period the
phase-averaged values of these parameters. The coherent
quantities are denoted in general terms by g.s. (e.g.,
coherent contribution to shear stress = u.v,).

Distributions of gs (the overall time-average) and gcs.
across the wake, normalized by the velocity defect Uy and
the temperature excess 7, are presented in Figs. 6 and 7.

Fig. 6 shows that the coherent motion has a much
larger contribution to ¥? than to #?. Even at the fur-
thermost measurement station (x/D = 35, Fig. 6(f)), v_g is

significant whereas the distribution of u? at the same
station is almost negligible (Fig. 6(c)). It must be noticed
here that since the reference signal in coherent structure
education method has been derived from v(¢), the con-

tributions to 2, wv and u7” are likely to be underesti-
mated relatively to the contributions to v2 and v7'.
Therefore, the results presented in Figs. 6 and 7 should
be viewed with this fact kept in mind.

Fig. 6(d)—(f) indicate a gradual immersion of the
coherent motion in the boundary layer flow, as the v2
distribution curves expand gradually to smaller values of
y*. Global and coherent shear stress distributions (Fig.
6(g)—(1)) have the same sign everywhere across the flow.
Although the boundary layer—wake interaction causes
major changes in uv, the effect on oy, is relatively minor.
Hence, it may be deduced that one of the primary effects
of the interaction process is a significant weakening of
the incoherent component in the lower half wake flow,
associated with a substantial generation of incoherent
flow in the boundary layer.

Distribution of the temperature variance T2 and its
coherent 772 across the wake indicates that heat is
transferred mainly by the action of the incoherent flow
(Fig. 7(a)—(c)). There is, however, a definite amount of
heat moved by the coherent flow towards higher y*
values also shown in Fig. 7(a)-(c). Coherent streamwise
heat flux is present only together with the negative part
of the global heat flux distribution (Fig. 7(d)—(f)). Global
and coherent normal heat flux distributions have the
same general shape and sign at all three measurement
stations (Figs. 7(g)—(i)). They both expand continuously
with streamwise distance towards higher y* values.

3.3.3. Topological features of the present flow field
Contour maps of various phase-averaged quantities

associated with the coherent and incoherent components

of the present flow are presented in this section. The con-
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tour maps refer to the phase, ¢ — y* plane. The horizontal
scale can be transformed from phase (i.e., time) to
streamwise distance coordinates, since 2n corresponds to
onewavelength = U, - T, where Ty is the Strouhal period
and U, is the convection velocity of the von Kdrman
vortices, taken equal to the value of mean velocity at the
half velocity defect point [4]. The U, values thus obtained
at the measurement stations considered, are given in
Table 1. Two vortex-shedding periods are displayed on the
horizontal axis of each contour map for completeness. The
phase scale is in reverse order, i.e., with increasing values
from left to right in order to denote a flow direction in that
sense. The same length scale has been used in both axes in
order to represent the physical space correctly. Figs. 8(a)—
(c) show the phase-averaged non-dimensional spanwise
vorticity (w)D/Uy contours at the three measurement
stations, determined from the following relation:

(AT +v)  d(U +u)
(o) = (g - S5, (10)

Taylor’s hypothesis has been used for the calculation
of the streamwise gradient d/dx = —U~'d/d¢. For the
structure propagation velocity U, the present flow vor-
tex convection velocity U, was utilized, as suggested in
the literature [4]. Since U, was evaluated at each mea-
surement station, a short time and distance validity of
Taylor’s hypothesis was thus assumed.

At the first measurement station, x/D = 15, Fig. 8(a)
shows that there are discrete vortical structures behind
the cylinder (the cylinder was located at y* = 430) with a
specific distribution in space and time, typical of a von
Karmadn vortex street. Boundary layer vorticity does not
appear to be influenced to any great extent by the
presence of the vortex street. Hence, it may be assumed
that the interaction process is still in an initial stage. At
x/D =25 (Fig. 8(b)) the same vortex organization is
present. Peak vorticity have lower values compared to
those at x/D = 15. Boundary layer vorticity has been
generally increased everywhere near the surface. Fur-
thermore, a local expansion of vorticity towards larger
y* values can be observed at ¢ =0 (and at ¢ = £360)
which may be seen as a boundary layer vorticity flux in
the vertical direction. All the above events have been
further developed at the last measurement station (Fig.
8(c)). The appreciable distortion of the coherent vortices
between x/D = 15 and x/d = 35 should not be attrib-
uted to the interaction process exclusively, since vortex
distortion has been observed and reported in the case of
an isolated cylinder in cross-flow, as well [4]. The
(w)D/ Uy = £0.65 contours appear in dashed lines in all
subsequent figures in order to mark the location of the
vortices in the ¢ — y* plane.

Also shown in Figs. 8(d)—(f) are plots of the coherent
velocity vector U. defined as follows:

U = (U +uc = Ui+ (V + ve)j, (11)

where i and j are unit vectors along the x-axis and the y-
axis, respectively. 7 is very small in the present flow and it
has been neglected in the calculations. The main topo-
logical features of the present coherent flow field can be
observed in Fig. 8(d): the location of adjacent large-scale
vortices (typical of a von Karman vortex street, as men-
tioned earlier), the position of the structure centers (de-
noted by letters ¢) and the position of the saddle points
(denoted by letters s). As implied by Eq. (11), the frame of
reference moves with velocity U,, following the coherent
structures motion. Hence, the free-stream flow (y* > 650)
appears to move faster, and the boundary layer flow
(y" < 200) appears to move slower. In Figs. 8(e)—(f), al-
though the topological features mentioned above are
present in the upper half-wake (on the free-stream side),
they are missing in the lower half-wake, especially in Fig.
8(f). This is attributed to the fact that as the wake-
boundary layer interaction proceeds in the streamwise
direction, the traveling speed of the vortices in the lower
half-wake decreases. Hence, in a reference frame that
follows the motion of the upper half-wake vortices, the
appearance of the lower half-wake vortices is obscured.

Fig. 9 presents contours of the phase-averaged
streamwise and normal velocity components, normal-
ized by Uy. The appearence of the contours in the wake
region is similar to that reported for the case of an iso-
lated cylinder in cross-flow [4,16]. The interaction with
the boundary layer seems to create a very limited dis-
tortion of the contours at low y™ values (y* < 300) in the
form of an extension towards the surface, without any
marked effects of particular importance.

The same comments, in general, apply to Figs. 10(a)-
(f). These figures show contours of the phase-averaged
coherent and random shear stress components in nor-
malized form. Furthermore, it may be observed that
peak values of random (incoherent) shear stress in the
lower half-wake decrease with x/D much more rapidly
than peak values in the upper half-wake (Figs. 10(d)—
(f)). On the contrary, —(u,v;) within the boundary layer
increases very rapidly with streamwise distance. It is
reminded here that this behavior was first observed in
Figs. 6(g)—(i) (Section 3.3.2), where it was attributed to
the wake-boundary layer interaction process which ap-
parently had a much more significant effect on the ran-
dom flow than on the coherent flow. It may be added
here that according to the coherent structures model
behind a cylinder in cross-flow, proposed by Hussain
and Hayakawa [4], —(u,v,) contours are associated and
aligned with the primary mechanism for random tur-
bulent kinetic energy production, termed the “ribs”. The
interaction process in the present flow appears to have a
significant effect on the ribs in the lower half-wake and
consequently, on the turbulent kinetic energy produc-
tion in that region. This issue has been investigated in a
separate work. Related results have been published in a
paper by Sideridis et al. [20].
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3.3.4. Heat transport results

All experimental results related to the distribution
and transport of heat in the present flow fields are shown
in Figs. 11 and 12. First, contour plots of the normalized
coherent temperature fluctuations 7,/7. at the three
measurement stations appear in Figs. 11(a)-(c). It is
evident that discrete hot and cold regions exist in the
¢ — y" plane that grow rapidly with x/D. It is reminded
here that the terms hot and cold refer to temperatures
higher and lower, respectively, than the local mean
temperature. Each shedding period is divided in two
halves: one predominantly hot, located at 0° < ¢ < 180°
and another, predominantly cold, located at
180° < ¢ < 360°. Both regions expand faster in the y*
direction than in the ¢-direction. The hot region in each
shedding period seems to be associated with the up-
going alleyway between adjacent vortices (refer to
Figs. 8(d)—(f)). Similarly, the cold region seems to be
associated with the down-going alleyway. These facts
imply that the coherent motion transferred hot fluid
behind the heat source upwards, away from the surface
and cold fluid downwards, towards the surface. Both
these motions appear to have been implemented by the
combined action of positive and negative vorticity.

Figs. 11(d)—(f) show contour maps of the coherent
streamwise heat flux component. At the first measure-
ment station (Fig. 11(d)), u.T./UsT. has very small
magnitude and it is limited to the area behind the line
heat source (y™ ~ 150). In each shedding period, two
discrete regions with negative values are present. Their
peak values are considerably larger further downstream,
reaching a maximum at x/D = 25. Both regions expand
with streamwise distance in both ¢- and y"-directions.
Furthermore, two new regions, both with positive
ucT!/UsT. values, appear in each shedding period at
x/D = 25 and expand on the ¢ — y* plane with x/D.

Each half-shedding period in Figs. 11(d)—(f) contains
a large negative region and, at locations downstream of
x/D =15, two additional positive regions. Considering
now the fact that the first half of each shedding period is
associated with hot fluid and the second half with cold
fluid (as deduced from Figs. 11(a)—(c)), the direction of
the coherent streamwise heat flux may be determined as
follows. In the first half period, in the region of negative
ucT!, u is negative (since 77 is positive) and in the region
of positive u.T,, u. is positive. In the second half period,
in the region of negative u.T, u. is positive (since T is
negative) and in the region of positive u .7}, u. is nega-
tive. (These results may be verified from the plots in
Figs. 9(a)—(c)).

The appearance of the coherent normal heat flux
contour plots (Figs. 12(d)—(f)) is similar to the corre-
sponding contour plots of the streamwise heat flux,
presented in Figs. 11(d)—(f). In each half-shedding pe-
riod, there is one main region of positive u 7, values.
Associating these regions with the discrete regions of hot

and cold fluid in Figs. 12(a)—(c), it is concluded that hot
fluid moves upwards (v.7, >0, 7. >0, hence v. > 0)
through the up-going alleyway between adjacent vorti-
ces. Cold fluid moves downwards (v.7, >0, T, <0,
hence v, < 0) through the down-going alleyway (refer to
Figs. 9(d)—(f) and Figs. 8(d)-(f)). Also present in each
half-shedding period there is a small region with much
lower negative v.T! values, (except at x/D = 35, where
this region has become too small to be shown). Associ-
ating again these regions with the corresponding regions
of the T contour plots (Figs. 11(a)—(c)), it can be de-
duced that at 0° < ¢ < 180° the negative v.7, region
denotes an upward motion of cold fluid (v, > 0, 7 < 0)
through the thermal wake of the line heat source (lo-
cated at y* = 150). At 180° < ¢ < 360° the negative v. T,
region denotes a downward motion of hot fluid (v. < 0,
7. > 0).

All results obtained from Figs. 11 and 12 regarding
the direction of heat transport have been utilized in Fig.
13 to create a schematic presentation of the coherent
motion of hot and cold fluid in relation to the large-scale
coherent structures of the present flow. It is implied in
Fig. 13 that the frame of reference moves with the co-
herent structure transport velocity U,. Consequently,
hot fluid orginating from the thermal wake region, ap-
proaches structure A in an upstream direction. Close to
that structure, the hot fluid direction changes to down-
stream, following the rotational motion imposed by the
structure. Cold fluid (i.e., fluid at ambient temperature)
is driven downwards, through the thermal wake, under
the combined action of structures A and C. It may be
noticed in Fig. 13 that although the cold fluid motion
covers the whole down-going alleyway between vortices
A and C, as deduced from Figs. 11 and 12, hot fluid is
directed preferentially to vortex A where it may be
argued that it is “captured” by the vortical motion.

Itis also noted that the aforementioned kind of motion
of low-momentum fluid in the upward direction is dom-
inant in the near-wall region (ejections, [13]) of an un-
disturbed boundary layer. Hence, a close relationship is
envisaged between the events taking place in the near-wall
region of the present boundary layer and the coherent
flow. In a similar way, cold fluid observed in the present
flow moving towards the plate through the alleyway be-
tween adjacent coherent structures in the wake, ought to
relate at some location near the plate to the strong
movement of high-momemtum fluid towards the wall
(sweeps, [13]) present in an undisturbed boundary layer.

The data presented in Figs. 11 and 12 indicated two
additional motions in the coherent flow field close to the
surface: (a) hot fluid moving towards the surface, which
is presumably part of the cold fluid mentioned above
and which is heated as it passes through the thermal
wake, and (b) cold fluid being driven away from the
surface, through the thermal wake, contributing to the
up-going hot fluid discussed above.
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Fig. 13. Schematic presentation of the coherent motion of hot
and cold fluid relative to the large-scale coherent structures.
Frame of reference moves with the structures convection velocity.

4. Conclusions

The analysis of the present experimental data based
on a phase-averaging technique has provided valuable
insight into the coherent flow field structure and the
associated heat transport mechanisms of the present
flow. Large-scale coherent vortices with a strongly pe-
riodic organization and enhanced quasi two-dimen-
sional characteristics were identified in the flow. Their
interaction with the adjacent boundary layer affected
mainly the lower part of the vorted street and in par-
ticular, its incoherent flow component. Only one par-
ticular motion in the coherent flow field was found to
transport hot fluid, the motion directed from the plate
towards the lower half-wake vortices at a streamwise
velocity lower than the local time-mean velocity.

Hot fluid reaching the vicinity of the lower half-wake
vortices pursued their vortical motion. This fact may be
interpreted as entrapment of hot fluid by the coherent
vortices. Since this is a continuously developing process
in the streamwise direction, the implication is that scalar
accumulation should be expected which might reach
significant levels. In a real situation, e.g., an industrial
accident involving leakage of a harmful substance, co-
herent structures in the atmosphere may create locally
dangerous concentrations of that substance.

In the present work, only the initial stages of the en-
trapment process were examined. Further research fo-
cused on the evolution of this process would be very useful.
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