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Abstract

A conditional averaging technique has been used for the analysis of experimental data obtained from heat ¯ux

measurements in the region of interaction of a cylinder wake with a boundary layer. The circular cylinder was
placed normal to the ¯ow and parallel to a ¯at plate, just outside of the boundary layer. The surface of the cylinder
was intentionally rough, following our observation that in this way the velocity power spectrum in the intermediate
wake could be forced to acquire some quasi two-dimensional turbulence characteristics, namely to display a scaling

region deviation from the ÿ5/3 power law which is characteristic of homogeneous, three-dimensional turbulence.
The streamwise and the normal (to the plate) velocity components, as well as the temperature at the same position,
have been recorded simultaneously, using hot wire anemometry. Time variations of the relevant Reynolds shear

stress and heat ¯uxes were evaluated directly from the experimental data. These results were then conditionally
averaged according to the quadrant splitting analysis technique. It was found that in the boundary layer region, a
particular ¯uid motion (`ejections', in the quadrant splitting analysis terminology) dominate the ¯ow. That motion is

the main carrier of hot ¯uid from the boundary layer to the wake. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Complex ¯ows similar to the present one of a turbu-

lent wake interacting with a boundary layer, may be

encountered in many engineering applications. The as-

sociated entrainment and mixing processes in¯uence

directly phenomena like heating and cooling, chemical

reaction progress, aerodynamic performance, dis-

persion of atmospheric pollutants, etc. The primary

mechanism of entrainment is large-scale engulfment.

This is followed by mixing and di�usion which are re-

lated to small-scale perturbations [1,2]. Large-scale

coherent structures present in a turbulent wake play an

important role in both entrainment and mixing. This is

because these structures are associated with large-scale

motions and also with small-scale turbulence pro-

duction due to vortex stretching [3]. Mass transport

resulting from such phenomena is di�cult to measure

directly. For that reason, mass transport may be simu-

lated 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 di�usivities

are of the same order.

The turbulent wake examined in the present work is

that of a circular cylinder. The strong coherent struc-

tures present in the wake, the von KarÂ maÂ n vortices,

have attracted the interest of researchers for many

years [4,5]. An extensive description of their topologi-

cal details and properties has been presented by

Hussain and Hayakawa [6]. They reported that the

von KaÂ rmaÂ n vortices retain their well-de®ned stag-

gered organization, their strong coherent nature, and

their periodicity throughout the intermediate wake (10
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< x/D < 50, D=cylinder diameter). Further away

from the cylinder, the vortices start to break up, pro-

ducing a ¯ow with di�erent type and degree of organ-
ization in the wake [7]. Rather few experimental

studies of the case of a cylinder wake interacting with

a boundary layer, in either isothermal or non-isother-

mal conditions, may be found in the literature.

Usually, the cylinder is immersed in the boundary
layer and vortex formation characteristics are exam-

ined [8,9]. In non-isothermal conditions, most exper-

imental research works present temperature and heat

¯ux measurements in the far wake of a slightly heated

isolated cylinder [10,11]. Matsumura and Antonia [12]
examined the contribution from the coherent motion

to the time-averaged momentum and heat ¯uxes and

they provided detailed description of the topology of

the velocity and temperature ®elds. In addition,

Wroblewski and Eibeck [13] measured turbulent heat
¯uxes and Reynolds stresses in a heated boundary

layer disturbed by an embedded streamwise vortex.

Numerical simulation of a vortex interacting with a

¯at plate boundary layer have been considered much

more extensively [14]. Usually, a single, two-dimen-

sional vortex is examined, travelling in a free stream

and passing close enough to a wall to interact with the
boundary layer [15]. It is very di�cult to produce such

`pure` ¯ows in the laboratory for validation of numeri-

cal methods. Usually, a series of vortices is produced

(e.g. a von KaÂ rmaÂ n street of vortices) which have

some two-dimensional characteristics, but essentially,

they are three-dimensional. It is generally accepted

that quasi two-dimensional turbulence is characterized

by the existence in the velocity power spectrum of a

scaling region following a power law with exponent

deviating from the value ÿ5/3, which is typical for iso-

tropic, three-dimensional turbulence. For quasi two-

dimensional turbulence, this value is ÿ3 [16]. An

example of a real ¯ow with such velocity power spec-

trum characteristics is the high-altitude atmospheric

¯ow [17].

In order to produce experimental results in the pre-

sent study that can be used for validation of numerical

models and perhaps for a qualitative investigation of

the atmospheric ¯ow, particular attention was given to

the promotion of the two-dimensional characteristics

of the present ¯ow. During an earlier work [18], it was

found that a cylinder with a rough surface produced a

wake with a velocity power spectrum displaying an

exponent ÿ7/3 in a region bounded by the limits: y '/D
<22, 10<x/D<40 at a Reynolds number RD within

the range: 1500 < RD < 3000 (D is the cylinder diam-

eter, y ' is measured from the wake centerline). For

that reason, the experimental results reported in this

Fig. 1. The experimental set-up and the triple-wire probe used.
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Fig. 2. Mean streamwise velocity and mean temperature pro®les for both the wake±boundary layer and the boundary layer alone

con®gurations.
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work were produced using a circular cylinder covered
with high-grade sand paper.

2. Experimental procedure

The present experimental work was conducted in an

open return, suction type wind tunnel. The dimensions
of the test section were 0.3 � 0.3 � 2 m and the free
stream turbulence level was less than 0.4%. The con-

®guration used is shown in Fig. 1. Special care was
devoted to position the plate in the test section with its
top surface parallel to the main ¯ow in order to avoid
¯ow separation at the sharp leading edge.

Nevertheless, the boundary layer was tripped near the
leading edge to ensure fully turbulent ¯ow develop-
ment along the plate. A tripping device like the one

proposed by Hama [19] 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 neighboring triangles, resulting in consist-
ent three-dimensional vortex shedding, which tripped
the boundary layer.
The diameter of the cylinder used was D=7.6 mm

and it was located at a height above the plate, hc=5D.
The local boundary layer thickness was do 03D. (do is
de®ned as the length normal to the surface within

which the local mean velocity U( y ) varies from 0 to
99% of the free-stream velocity.) Hence, (hc/do) 01.6.
The value of hc was such that the von KaÂ rmaÂ n vortices

were formed within the free stream, well above the
boundary layer, but close enough for interaction to
occur at a streamwise distance of about 10D. Heat was

supplied to the boundary layer ¯ow by means of an
electrically heated wire with diameter 0.1 mm, as it is
shown in Fig. 1. It was producing a peak temperature
rise in the ¯ow of about 1.58C. The ¯at plate was an

isothermal surface.
Hot-wire anemometry was used throughout the pre-

sent measurements. The triple-wire probe, shown in

Fig. 1, was used. It consisted of an X-wire probe for
the measurement of the instantaneous values of two
velocity components and a single (cold) wire probe, for

the simultaneous recording of temperature. The cold
wire was placed 1 mm apart and 1.5 mm ahead of the
double hot wire probe, in order to avoid thermal inter-
action. The probe was operated by a multi-channel

anemometer system, type AN-1003 of A.A.
Laboratory Systems Ltd. The probe output signals
were digitized by an 8-channel 16-bit analog to digital

converter (type 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 acquired per channel.
The triple wire probe was calibrated as follows (a

detailed description of the technique may be found in

a publication by Papanikolaou et al. [20]): The probe
was placed in a jet of air that could be heated electri-

cally. Keeping the jet velocity 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 pro-
vided by a thermocouple. Four such data points were

su�cient to determine the cold wire calibration curve
(a straight line). For the calibration of the hot wire X-
probe, the jet was heated gradually, at constant mass

¯ow rate. This was performed by applying a suitable
electric power over 10 min to raise the jet temperature
by about 608C above the ambient. During this period,
the cold and hot wire outputs were recorded simul-

taneously. The jet temperature was evaluated using the
cold wire calibration curve. From that, the jet velocity
was determined, using the perfect gas law. The pro-

cedure is repeated at several jet mass ¯ow rates, thus
providing a hot-wire calibration databank.
During the present experiments, the triple-wire

probe recorded simultaneously the streamwise and the
normal velocity components U(t )=U+u(t ),
V(t )=V+v(t ) and temperature T(t )=T+T '(t ) (an

overbar denotes time-averaged values and lower-case
letters or a prime, denote ¯uctuations). The estimated
maximum error in the measurement of the velocity
and temperature ¯uctuation terms is 2.5 and 1%, re-

spectively. Time variations of the two heat ¯ux com-
ponents uT '(t ), vT '(t ) and the momentum ¯ux uv(t )
were evaluated by digital post-processing. Throughout

the present experiments, the free stream velocity was
Uo=3.5 m/s, giving RD=1820. The friction velocity
Ut, referred to the plate and obtained from a

(UoÿU( y ))/Ut vs y/do Clauser plot, was Ut=0.175 m/
s. 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 four measuring stations in the

streamwise direction: x/D=20, 25, 30 and 35.

3. Results

3.1. Mean ¯ow

Pro®les of the normalized mean velocity U/Uo and
temperature T/To (To=ambient temperature) plotted

against normalized distance from the plate y+ (=Uty/
n, where Ut is the friction velocity and n=0.146� 10ÿ6

m2/s, the kinematic viscosity of air), are shown in Fig.

2. Included with the mean velocity pro®les for the pre-
sent experimental con®guration (Fig. 2a), there is a
pro®le measured at the same experimental conditions

but with the cylinder removed from the set-up. A
single pro®le of the mean velocity distribution from
the isolated boundary layer case is shown, because it
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was found that all pro®les at the aforementioned x/D

locations collapse onto each other. A logarithmic scale

has been used in the velocity pro®les plot for compari-

son with a logarithmic law, typical of fully turbulent

¯ow. As indicated in Fig. 2(a), the lower part of the

velocity pro®les (30< y+<200) coincide with the log-

arithmic law, denoting a fully turbulent boundary

layer ¯ow without signi®cant e�ects from the cylinder.

The upper part of the pro®les (200< y+<800, in the

complete con®guration) display a velocity defect, as

expected within the wake of the cylinder. The maxi-

mum velocity defect is de®ned at every streamwise lo-

cation as follows: Ud=UoÿUmin (Umin=minimum

velocity in the wake). The mean temperature excess Te

behind the heated wire remains appreciable at all

measuring stations (Fig. 2b). Here, Te=TmaxÿTo,

where Tmax is the maximum temperature behind the

heated wire. Representative mean temperature data for

the boundary layer alone case and the corresponding

pro®les for the complete con®guration are compared

in Fig. 2c. It is evident that the complete con®guration

pro®les have lower peaks which are shifted towards

higher y+-values. Also, these pro®les expand towards

higher y+-values more than the isolated boundary

layer pro®les. These results give a clear indication of

the important role of the cylinder wake in heat trans-

port away from the plate.

Fig. 3 presents r.m.s. velocity and temperature ¯uc-

tuation pro®les for both con®gurations considered.

Peak values of both velocity ¯uctuation components in

the cylinder wake region decrease with distance down-

stream as a result of the continuous weakening of the

von KaÂ rmaÂ n vortices. The irregularities in the pro®les

near y+=170 are due to thermal cross-talk in the

wake of the heated wire. Close to the plate ( y+ <

100) all complete con®guration pro®les coincide with

the representative boundary layer alone pro®le, indi-

cating in this way the extent of the e�ect of the wake

onto the boundary layer. The r.m.s. temperature pro-

®les for the wake±boundary layer con®guration (Fig.

3c), show clearly the progressive spreading of heat nor-

mal to the plate, presumably as a result of the wake

Fig. 3. Pro®les of the r.m.s. values of two velocity components and temperature for both the wake±boundary layer and the bound-

ary layer alone con®gurations. In (a) and (b) the boundary layer data shown were measured at x/D=20 but they are identical at

any other station.
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interaction. This argument is supported by the data
appearing in Fig. 2d, where corresponding r.m.s. tem-

perature ¯uctuation pro®les are compared.

3.2. Velocity power spectra

Fig. 4 displays typical normal velocity power spectra

for the present ¯ow. Both curves shown were obtained
at y+=260. They were found to be the same through-
out the width of the wake at the corresponding stream-

wise locations. At x/D=20, a well-de®ned peak at the
Strouhal frequency (98 Hz) indicates the presence of
strong von KaÂ rmaÂ n vortices. Also, it can be seen that

a scaling region exists with slope ÿ7/3, extending from
about 250 to 600 Hz (marked by broken lines), imply-
ing a quasi two-dimensional ¯ow. It has been observed
that these characteristics become weaker as the stream-

wise distance from the cylinder increases. That occurs
much earlier in the lower half-wake than in the upper,
presumably due to the interaction with the boundary

layer. It may be noted here that the aforementioned
characteristics are still distinguishable in the upper half
wake at x/D=40.

There is no evidence in the normal velocity power
spectrum distribution at x/D=60 of the existence of
von KaÂ rmaÂ n vortices in the ¯ow. Furthermore, there is

no part in the scaling region with slope close to ÿ7/3.
At the lower frequencies, the scaling region has slope

equal to ÿ5/3. At the higher frequencies, the slope
attains values much higher than ÿ7/3.

3.3. Conventionally time-average momentum and heat
¯uxes

Conventional time-averages of momentum and heat
¯uxes uv( y+), uT '( y+), vT '( y+), normalized by Ud

and Te (in order to locate self-similar evolutions within

the wake), are presented in Fig. 5. uv( y+) displays
two peaks, one at each half-wake, with considerable
di�erence in their absolute values. The smaller peak, in

the lower half-wake, is the direct result of the inter-
action with the boundary layer. It may also be
observed that all curves except that for x/D=35, co-

incide with each other, indicating self-similarity of the
¯ow, almost up to x/D=30. Close to the plate, the dis-
tinct troughs near y+=170 at x/D=20, 25 are attribu-
ted to thermal cross-talk in the wake of the heated

wire. Streamwise heat ¯ux appears to be con®ned to
the undisturbed boundary layer thickness (of about
300 y+-units, Fig. 5b). On the contrary, normal heat

¯ux expands continuously along the y+-direction (Fig.
5c).
The e�ect of the wake on uv, uT ' and vT ' may be

seen in the plots presented in Fig. 6. Here, Uo and To

have been used for normalization since the boundary
layer ¯ow region is of interest. Fig. 6a shows that the
wake in¯uences the boundary layer ¯ow much closer

to the plate than the mean and r.m.s. velocity data
have indicated (Figs. 2a and 3a,b). Fig. 6b and c
shows clearly that the presence of the wake has very

little e�ect on uT ' and a very drastic e�ect on vT ',
thus con®rming the conclusion mentioned earlier that
uT ' is con®ned to the undisturbed boundary layer

thickness and that vT ' expands rapidly above the
undisturbed boundary layer thickness.
In order to examine these observations in greater

detail and also the associated mechanisms of scalar
transport, a conditional analysis technique was
applied, described in the following section.

3.4. Quadrant splitting analysis

This method is based on splitting the instantaneous

uv(t ) signal into four sectors (or `quadrants'). Each
one is associated with one of the four possible combi-
nations of the instantaneous values of u(t ) and v(t ) in

terms of their signs [21], i.e.:

u>0, v>0: 1st quadrant (outward interactions)

u>0, v>0: 2nd ÿ/ÿ (ejections)
u>0, v>0: 3rd ÿ/ÿ (wallward interactions)
u>0, v>0: 4th ÿ/ÿ (sweeps)

Fig. 4. Typical normal velocity power spectra at x/D=20, 60.
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(The names of the four quadrants correspond to
visually observed wall structures in fully developed

pipe and channel ¯ows.) The time-average of uv(t ) in
each quadrant is ®nally calculated, thus providing at
each measuring point four conditionally averaged

values for the momentum ¯ux.
We have extended the application of this method by

treating each of the uT '(t ) and vT '(t ) signals in the
same way as uv(t ). Hence, the magnitudes of uT ' and
vT ' at every measuring point were in e�ect analyzed
into contributions from each of the four elementary
¯uid motions. Angular brackets hi in Figs. 7±10 have

been used to denote this conditional averaging.
During a preliminary investigation, the e�ect of

using some threshold for each of the u(t ) and v(t ) sig-

nals was examined. Two threshold values have been
tested: 1 and 0.1 times the r.m.s. values of u(t ) and
v(t ). Representative results are shown in Fig. 7, where

the distribution normal to the plate of the con-
ditionally averaged momentum ¯ux is presented. The
shape of the curves does not appear to be a�ected ap-

preciably by the threshold value. Furthermore, certain
characteristics of the curves shown, e.g. peaks, are
more clearly discriminated at the higher threshold

value. Hence, the latter has been retained for the
remaining calculations. Because of that thresholding, it
may be argued that the quadrant splitting analysis

results in the wake are related primarily to the periodic
motion, whereas in the boundary layer region, they
refer to the strong coherent motions.

3.4.1. Conditionally averaged momentum ¯ux

Distributions of conditionally averaged momentum
¯ux are shown in Fig. 8 for various streamwise pos-
itions. It is noted here that the magnitude of huvi at

Fig. 5. Distributions of conventionally time-averaged momentum and heat ¯uxes.
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each y+-location is indicative of the relative strength

of the four elementary ¯uid motions. Hence, as it can

be seen in Fig. 8, the strongest motions within the

boundary layer are ejections and sweeps. The magni-

tude of sweeps is nearly constant with both y+ and x/

D, whereas the magnitude of ejections increases very

rapidly approaching the wall and as the streamwise

distance x/D increases. It must be emphasized, how-

ever, the fact that the streamwise development of ejec-

tions has been exaggerated due to the normalization

method chosen (the velocity defect Ud decreases with

x/D ). If the elementary ¯ows in the wake region are

referred to the wake center line (the line y+=440),

they can be distinguished into two types: those point-

ing towards it and those pointing away from it, either

in an upstream or downstream direction relative to the

mean ¯ow. Fig. 8 shows that in that sense, ejections

may be related to wallward interactions and sweeps, to

outward interactions. The combined distribution of

each pair is symmetric about the wake center line.

There is no appreciable development in the streamwise

direction of either the distribution or the magnitude of
the elementary ¯ows. Most a�ected are sweeps and
outward interactions which have been subjected to an

overall reduction of their magnitudes. Hence, it may
be concluded that in each half-wake, the strongest
motion is in the outward (relative to the wake center-

line) and upstream (relative to the mean ¯ow) direc-
tions.

3.4.2. Conditionally averaged heat ¯uxes

The conditionally averaged heat ¯ux components in
the streamwise and normal directions are presented in
Figs. 9 and 10, respectively. Each plot shows the con-

tribution of each of the elementary motions.
Furthermore, by looking at the sign of the heat ¯ux
components at any y+-location, and the sign of the as-

sociated velocity component, it can be deduced
whether that heat ¯ux is related to the transport of hot
or cold ¯uid (in the present work, cold refers to a tem-

Fig. 6. The e�ect of the wake on the momentum and heat ¯uxes distributions.
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perature lower than the mean temperature). It is evi-

dent from Figs. 9 and 10 that the events with primary

contributions to heat ¯ux are ejections and sweeps. At

y+>150, i.e. above the thermal wake of the heated

wire, ejections are associated with hot ¯uid and sweeps

with cold. The contribution from the wallward inter-

actions, which are associated with cold ¯uid transport,

although negligible at x/D=20, it becomes progress-

ively more appreciable further downstream. Its signi®-

cance lies in the fact that it has opposite sign to that

of the streamwise heat ¯ux contributions of sweeps

and ejections, causing the overall time-averaged uT ' to
appear con®ned to the boundary layer ¯ow (refer to

Section 3.3 and Fig. 5). The contribution of the out-

ward interactions, associated with hot ¯uid transport,

is present only at x/D=30, 35 and at y+>200. Below

the thermal wake of the heated wire, i.e. at y+<150,

the only contribution to the streamwise and normal

heat ¯uxes are from ejections and sweeps. It can easily

be deduced from the examination of the signs of the

parameters involved that these motions have

exchanged their roles: ejections carry cold ¯uid and

sweeps, hot.

It is also evident from the plots in Figs. 8 and 9 that

the distribution of huT 'i and hvT 'i due to ejections and

sweeps, except of a moderate overall reduction of their

magnitudes with x/D, they retain their original features

in the streamwise direction. This fact, attributed to the

normalization method chosen, denotes that there is no

drastic evolution of hot and cold ¯uid transport in the

streamwise direction by ejections and sweeps.

Furthermore, it may also be concluded that there is no

direct dependence to the wake±boundary layer inter-

action process. On the other hand, there is a well-

de®ned streamwise evolution of the heat ¯ux contri-
butions due to the wallward and outward interactions.

That, together with the fact that this evolution takes
place in the vicinity of the wake±boundary layer inter-
action region, leads to the conclusion that this heat

¯ux is a direct result of activities emanating from that
region.

3.4.3. Heat ¯ux vector plot
Considering the sections of the conditionally aver-

aged heat ¯ux distribution which are related to hot
¯uid transport only (denoted by subscript h) and

regarding huT 'ih and hvT 'ih at every point in the pre-
sent ¯ow as the magnitudes of the heat ¯ux vectors
along the horizontal and vertical directions respect-

ively, hot ¯uid transport is presented in Fig. 11 in vec-
tor form, according to the relation:

~Qh � �huT 0ih=UdTe�i� �hvT 0ih=UdTe� j �1�

where i and j are unit vectors along the streamwise x/

D-and normal y+-directions, respectively. ~Qh is thus
the heat ¯ux vector in the x/Dÿy+ plane, depicting
hot ¯uid transport only, according to the information
presented in Figs. 9 and 10. It is noted here that in the

calculation of huT 'ih and hvT 'ih, the velocity ¯uctu-
ation components u(t ) and v(t ) have been used.
Consequently, ~Qh is referred to the local mean velocity

and therefore, it may appear in Fig. 11 pointing in the
upstream direction.
The following sequence of events may be deduced

from the Fig. 11: ejections originating near the plate
(i.e. at very small y+ values), initially carry cold ¯uid
through the hot region created by the heated wire

Fig. 7. The e�ect of the threshold value on the conditionally averaged momentum ¯ux.
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(marked in Fig. 11 by the dotted lines). This newly

heated ¯uid is then carried away, again by ejections,

towards higher y+ values (motion A in Fig. 11). At x/

D=30, 35 and at 200 < y+ < 350 another hot ¯uid

motion appears (motion C), which is attributed to

large-scale activities in the wake. In a similar manner,

sweeps coming from large y+ values, well within the

wake, move cold ¯uid through the hot region and

then, they carry the hot ¯uid just produced towards

the plate (motion B).

An independent phase-averaging analysis indicates

that ¯uid motions carrying heat away from the wall

region are related to ¯ow structures induced by the

passage of the von KaÂ rmaÂ n vortices [22].

4. Conclusion

The present experimental results suggest that in the
¯ow under investigation, two basic processes have
major contributions to the heat ¯ux observed. These

¯ows are ejections and sweeps, in the quadrant split-
ting analysis terminology. Ejections carry hot ¯uid
from the boundary layer region to the wake and

Fig. 8. Distributions of the conditionally averaged momentum ¯ux. The cylinder is located at y+=440.
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sweeps transport cold ¯uid from the wake towards the

boundary layer. These activities appear to be part of a

continuous process, without signi®cant evolution in the

streamwise direction, except for a well-de®ned spread-

ing in the normal direction to the plate. Minor heat

¯ux contributions, however, due to the ¯ows classi®ed

as outward and wallward interactions, are related to

processes that evolve in the wake±boundary layer in-

teraction region and hence, they can be regarded as

direct results of that interaction.
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