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Abstract

For more than a century the wake flow behind a cylinder has been the subject of many investigations. Most attention has been

focussed on the first instability and the transition towards 3D for the flow around an unheated cylinder. The wake stability for a

heated cylinder has until now received very little attention compared to the forced convection case. After a review of the literature on

the wake flow behind an unheated and heated cylinder, in this paper the 2D wake behaviour and the 3D flow transition behind a

heated cylinder are described. In the analysis performed, the Reynolds number is set around ReD ¼ 100 and the Richardson number

is varied between RiD ¼ 0 (forced convection case) and RiD ¼ 1:5 (mixed convection case). From the results it is seen that for a

relatively small heat input (RiD < 1) the vortex street undergoes a negative deflection, i.e. downwards, caused by a strength difference

between the upper and lower vortices which, in turn, is induced by baroclinic vorticity production. This strength difference also

results in a rotational drift of the lower vortex around the upper vortex. For a higher heat input (RiD > 1) an early 3D transition is

observed. Mushroom-type structures appear on top of the upper vortex row. This flow transition is initiated by the occurrence of 3D

flow structures at the rear end of the cylinder.

� 2003 Elsevier Science Inc. All rights reserved.

1. Literature review

The configuration studied in this paper consists of a

horizontal heated cylinder with constant wall tempera-

ture T1, which is exposed to a uniform horizontal cold

cross-flow with velocity U0 and temperature T0. The

cylinder has an outer diameter D and a length L, re-
sulting in an aspect ratio A equal to L=D. The flow is
determined by the fluid properties (expressed by the Pr
number Pr ¼ m=j), the strength of the forced main flow

(expressed by the Reynolds number ReD ¼ U0D=m) and
the heat-induced buoyancy effects (expressed by the

Grashof number GrD ¼ ðT1 � T0ÞD3gb=m2). The relative

importance of the forced and buoyant effects is indicated

by the Richardson number (RiD ¼ GrD=Re2D). In the

definition of the above dimensionless numbers, j de-
notes the thermal diffusity, m the kinematic viscosity, g
the gravity constant and b the thermal expansion coef-

ficient.

1.1. Unheated cylinder

Over the last decade, a number of studies have fo-

cussed on the wake stability for an �unheated� cylinder in
the low Reynolds number range (ReD < 300) (see e.g.

Wu et al., 1996; Williamson, 1996; Zhang et al., 1995).

For a forced-convection flow with Reynolds numbers

between 50 and 190, the flow is 2D and behaves as fully
periodic. This periodicity is created by the sequential

shedding of vortex structures originating in the shear

layers at both the upper and lower sides of the cylinder.

These vortex structures form a street of 2D vortices

consisting out of two vortex rows (Fig. 1:left): one row

of clockwise rotating structures (negative vorticity)

positioned above a row of counter-clockwise rotating

structures (positive vorticity). The vortices in both rows
form a staggered pattern, in which vortices in the upper

row are shifted about half a streamwise vortex spacing

with respect to the vortices in the lower row. For a

forced-convection flow, this staggered pattern appears

to be very stable and is most frequently referred to as the

von K�aarm�aan vortex street. The alternate arrays of eddies

were sketched by B�eenard (1908). von K�aarm�aan and

Rubach (1912) discovered that this vortex street could
only be stable for a well-defined configuration (a=b ¼
0:28056, see Fig. 1:left). To that end, he introduced a
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point-vortex street in which he considered an eddy as a

single point-vortex (von K�aarm�aan and Rubach, 1912).

The dynamics of the vortex street have drawn a lot

of attention. Many researchers have investigated the

forced-convection vortex street for a wide range of

Reynolds numbers by means of visualisation experi-
ments and hot-wire anemometry. For ReD < 4 a creep-

ing flow around the cylinder is observed in which

viscous effects dominate. For this particular situation an

analytical solution can be derived. A further increase of

ReD results in a flow in which a stable pair of vortices

can be observed in the cylinder near wake. For ReD � 50

this twin vortex configuration becomes very sensitive to

disturbances, leading to a flow where vortices are shed
sequentially at upper and lower sides of the cylinder.

This sequential shedding of 2D vortex structures causes

the wake flow to behave as fully periodic, with a natural

frequency f . The non-dimensional representation of this

frequency, the Strouhal number (St ¼ fD=U0), starts

initially at St � 0:11 and then gradually increases as ReD
increases (Fig. 1:right).

By performing detailed particle tracking velocimetry
(PTV) experiments, the vortex formation and shedding

processes were investigated thoroughly (Green and

Gerrard, 1993). It turned out that for 50 < ReD < 100

the vortex formation and shedding process is dominated

by shear phenomena and that for higher Reynolds

numbers inertia takes over. These observations suggest

that the shedding mechanism is dependent on ReD, es-
pecially in the regime where the shedding process is 2D.
This can also be seen from the dependency of the

Strouhal number on the Reynolds number. By increas-

ing ReD, viscous effects become less important. This

decrease of viscous effects then causes the vortex shed-

ding mechanism to depend more on convection, result-

ing in an almost constant St number. This appears to

happen for ReD � 500.

The measurements for small ReD show some irregu-
larities around ReD ¼ 60 and 100. It turns out that these

irregularities are due to oblique vortex shedding, which

implies that the vortex tubes are slanted with respect to

the cylinder axis. This oblique shedding is caused by the

end effects of the cylinder (Slaouti and Gerrard, 1980).

For a very large cylinder aspect ratio, A > 150, oblique

shedding almost does not occur in the interior region.

By installing proper cylinder ends, as for example end

plates or diameter thickening, the oblique shedding can
be suppressed (Williamson, 1989). By increasing ReD
above 200, 3D modes arise in the cylinder wake

(Eisenlohr and Eckelmann, 1989; Karniadakis and Tri-

antafyllou, 1992).

Over the last 10 years, a lot of attention has been paid

to the three-dimensional vortex dynamics behind a cyl-

inder. Experimental and theoretical studies of 3D wake

transition have made a lot of progress (Williamson,
1996; Barkley and Henderson, 1996). Direct numerical

simulations (Mittal and Balachandar, 1996) have con-

tributed significantly to the understanding of 3D wake

flows. The transition to three-dimensionality in the wake

can be conveniently illustrated using a relationship of

the Strouhal–Reynolds number (Fig. 1:right).

The 3D wake transition is originally described by

Roshko (1954), based on the measurement of velocity
spectra. A visualisation of the flow by Hama (1957)

showed that the instability in the wake transition region

takes the form of a three-dimensional waviness of the

von K�aarm�aan vortices. It is essentially what Gerrard

(1978) later called ‘‘finger of dye’’. Williamson�s flow

visualisations (1988, 1992) showed that Gerrard�s dye

fingers are associated with vortex loops and streamwise

vortices. He suggested two different modes, mode-A and
mode-B instability, scaling on different physical features

of the flow.

First the primary vortices deform in a wavy fashion

along their length during the shedding process. This

results in the local spanwise formation of vortex loops,

which become stretched into streamwise vortex pairs.

The spanwise lengthscale of these structures is typically

4 cylinder diameters. This is known as the A-mode of
instability. For slightly higher Reynolds numbers a

gradual transfer of energy takes place from the A-mode

to a B-mode of instability, which is characterized by

Fig. 1. Terminology for vortex shedding shown in a visualisation result for ReD ¼ 73 (left) (from Kieft et al., 2002a) and Strouhal–Reynolds number

relationship over laminar and three-dimensional transition regimes (right) (fromWilliamson, 1996). Without a heat input 3D-transition takes place at

ReD � 180. A, B and C refer to different three-dimensional shedding modes.
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finer-scale streamwise vortex pairs with a spanwise

lengthscale of typically 1 cylinder diameter.

The two modes of instability scale on two principal

physical features of the wake flow; the primary vortex
cores (mode-A) and the braid shear layer (mode-B). The

formation of vortex loops in the A-mode of instability

appears to be coupled to a spanwise waviness in the

primary vortex cores. The streamwise vortices occurring

for the B-mode of instability originate from a spanwise

waviness in the braid shear layer. The appearance and

formation of these streamwise vortices for both mode A

and mode B are highly determined by the vorticity dis-
tribution, streamline pattern (the occurrence of a saddle

point) and reversed flow region in the vicinity of the

cylinder (Williamson, 1996).

The process of transition is complicated by the exis-

tence of vortex dislocations, triggered at the sites of the

vortex loops of mode-A instability. These dislocations

are responsible for the stable and unstable states of the

wake through the transition regime (Williamson, 1992).

1.2. Heated cylinder

Despite the fact that mixed convection around bluff

bodies is of great importance for various engineering

applications (electronics cooling, compact heat ex-

changers) wake stability for a heated cylinder has until

now received very little attention compared to the forced
convection case.

The effect of heat on the cylinder wake is investigated

less thoroughly. In the early seventies, this effect was

investigated to determine the global effects of the in-

duced heat on the heat exchange coefficient (Hatton

et al., 1970). It turned out that for a value of the

Richardson number larger than 0.2 the heat transfer

coefficient was influenced considerably by the thermally
induced flow. These investigations were carried out for

various angles between the gravity vector and the main

flow direction, and resulted in a set of critical RiD values

above which thermal effects influence the heat exchange

coefficient. In the investigations the circumstances could

be established under which hot-wire velocity measure-

ments could be applied, but almost no attention was

paid to the effect of heat on the wake structures and
wake behaviour.

More detailed studies on the effect of heat on the

vortex wake were carried out slightly later (Noto et al.,

1985; Noto and Matsumoto, 1987; Badr, 1984) and

some remarkable results were obtained. These studies

describe the flow around a heated horizontal cylinder

exposed to a vertically upward directed flow. By in-

creasing the heat input (increasing RiD), the Strouhal
number first increases. However, above a critical Rich-

ardson number, the Strouhal number becomes zero and

vortex shedding is suppressed. For this heat input the

vortex street converts again to a wake in which two twin

vortices are situated in the near wake. A further increase

of the heat input causes these vortices to disappear,

ending up with a thermal plume. The influence of

buoyancy on the vortex shedding frequency was further
analysed numerically by Chang and Sa (1990) and Singh

et al. (1988). The same results were obtained in experi-

ments performed by Michaux-Leblond and B�eelorgey
(1997) and here the dualism between buoyancy and

viscous effects was considered to be the source of the

sudden disappearance of the vortex shedding phenom-

enon.

Even more interesting for this paper is the situation
where the heated cylinder is exposed to a non-vertical

cross-flow. The non-parallelism between the cross-flow

direction and the buoyant force causes the flow pattern

to become asymmetric, with the vortices in the upper

vortex row having slightly different characteristics

compared to the vortices in the lower row. The effect of

the angle between the main flow direction and the

gravitational vector was numerically investigated by
Noto (1991). From this study it was found that the angle

of attack has a major influence on the vortex street

characteristics. Starting with an angle of 180� (corre-

sponding to a vertical upward flow) it was found that

first the vortex shedding was suppressed by an increas-

ing heat addition. When the angle of attack was de-

creased, the wake became periodic again, while for

angles smaller than 90�, the natural frequency was found
to become even larger than for the unheated situation.

Also for the horizontal flow situation it was observed

that for Reynolds values just above the critical value

(Rec ¼ 49) the vortex shedding could be suppressed by

heating of the cylinder (Lecordier et al., 1991; Wang

et al., 2000). In Lecordier et al. (2000), the sudden dis-

appearance of the vortex shedding phenomenon is

analysed and it is concluded that the influence of the
temperature on the viscosity is the primary source. In

fact, an increase of the temperature leads to a decrease

of the effective Reynolds number. In Mi and Antonia

(1994) the temperature distribution within vortices in the

wake of a cylinder is studied and they concluded that

this distribution is quite well approximated by the the-

oretical distribution for a diffusing line vortex.

The effect of a heat input on the behaviour of co-
herent structures shed from a cylinder will be the main

subject of this paper. Revealing the processes and

mechanisms involved in the heat-induced change of the

structure characteristics and early wake transition will

be the main focus. These processes are studied for flows

which are initially two-dimensional and for which the

shedding mechanism is constant (ReD � 75). Therefore

the influence of the heat input is fully expressed in the
variation of RiD (0 < RiD < 2). In this paper previous

research is reviewed and some new data is added.

The investigation of this problem is performed both

numerically and experimentally. First the problem
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definition will be given together with the describing

equations. The experiments were performed in a towing

tank, in which the flow characteristics were measured by

using high resolution particle velocimetry (HiRes-PV).
Hence, both the experimental set-up and the applied

HiRes-PV technique are described. For the numerical

study a spectral element method was employed, allowing

to calculate the flow field with a high accuracy. Also a

brief introduction is given to this method. Finally, the

effect of a heat input on the wake characteristics and the

behaviour of the vortex structures further downstream

will be presented as well as a detailed description of the
effect of heat on the vortex shedding process. At the end,

some conclusions are formulated.

2. Heated cylinder flow problem

As mentioned before the problem under consider-

ation (Fig. 2) consists of a horizontal cylinder heated to
a constant temperature and placed in a uniform hori-

zontal cross-flow. The flow is described in terms of a

Cartesian x, y, z-coordinate system, with x pointing in

the (horizontal) direction of the main flow, z pointing in

the spanwise direction, while the y-direction is vertically

upwards (antiparallel with the gravitational accelera-

tion).

For small temperature differences the Boussinesq
approach can be applied. By scaling the velocities by U0,

the spatial coordinates by D, the time by D=U0, the

pressure by qU2
0 , the temperature by DT (with DT ¼

T1 � T0) and the gravitational acceleration by its mag-

nitude g, the flow can be described by the dimension-
less conservation equations for mass, momentum and

heat:

r �~uu ¼ 0; ð1Þ

o~uu
ot

þ~uu � r~uu ¼ �rp þ 1

ReD
r2~uu� RiDH~gg; ð2Þ

oH
ot

þ~uu � rH ¼ 1

ReDPr
r2H; ð3Þ

with~uu, H, p and~gg the dimensionless velocity vector, the

temperature, the pressure and the gravitational vector,
respectively. The Reynolds number in this paper is

around a value of 100. The Richardson number, ex-

pressing the relative importance of the buoyancy term in

the momentum equation, is varied from 0 to 1.5, which

corresponds to temperature differences for water in the

range of 0 < DT < 7 �C.
Assuming a 2D flow in the x, y-plane, the vorticity

vector ~xx is directed in the z-direction, i.e. ~xx ¼ ð0; 0;xzÞ.
The vorticity equation (derived by taking the curl of the

momentum equation) then reduces to a scalar transport

equation, written as

oxz

ot
þ~uu � rxz ¼

1

ReD
r2xz þ RiD

oH
ox

; ð4Þ

with xz the out-of-plane component of the vorticity

vector ~xx, defined as

xz ¼
ov
ox

� ou
oy

: ð5Þ

The second term on the right-hand side of (4) is the

so-called baroclinic production term, representing pro-

duction of vorticity within the flow domain due to

temperature gradients perpendicular to ~gg.
In Fig. 3:top the results of a hydrogen bubble visu-

alisation of the wake behind a heated cylinder for

RiD ¼ 0:5 and ReD ¼ 75 is shown. The remarkableFig. 2. Problem definition.

Fig. 3. Hydrogen bubble visualisations: side-view. ReD ¼ 75 and RiD ¼ 0:5 (top) and RiD ¼ 1:5 (bottom) (from Kieft et al., 2000b). The solid lines in

the top-figure indicate the wake axis and the staggered pattern of the vortex centres.

A.A. van Steenhoven, C.C.M. Rindt / Int. J. Heat and Fluid Flow 24 (2003) 322–333 325



downward deflection of the vortex street is caused by a

strength difference between the upper and lower vorti-

ces. Besides this negative deflection, the strength differ-

ence also leads to a relative motion of two subsequently
shed structures. The reason for the strength difference

between the upper and lower vortex row lies in the

baroclinic vorticity production induced by the heat in-

put. In Fig. 3:bottom results of a hydrogen bubble vi-

sualisation are shown at a higher Richardson number,

RiD ¼ 1:5. An early transition towards 3D is found,

which manifests itself as the occurrence of mushroom-

type structures on top of the upper vortex row. More
details about the vortex street behaviour for lower heat

inputs (RiD < 1) and the 3D transition for higher heat

inputs (RiD > 1) will be given below.

3. Experiments and numerics

3.1. Experimental set-up

A towing tank apparatus has been designed which

allows to perform detailed experiments on the flow be-

hind the cylinder. The cylinder is towed through the

water tank (Fig. 4). The cylinder, with diameter D ¼
8:5	 10�3 m and length L ¼ 0:495 m, is kept in position

by two perspex plates (Fig. 4:right) with dimensions

width	 height¼ 0.50 m	 0.65 m (thickness 4	 10�3 m).
The plates are connected to a stiff structure, carrying the

cylinder and the measuring equipment. The carrier can

translate at a prescribed constant speed U0 (up to 0.03

m/s) along two guiding rails with a variation of less than

0.2%.

The specific dimensions of the towing tank are

length	width	 height¼ 5 m	 0.50 m	 0.75 m (Fig.

4:left). For ReD � 100, the length of the tank allows to
measure about 40 characteristic shedding periods of the

specific flow problem. The width of the tank is chosen

such that the relative thickness of the boundary layers

along the carrying plates (Fig. 4:right) is small. Any

direct influence of the boundary layer on the vortex

shedding in the cylinder wake halfway along the span of

the tank can therefore be neglected. An indirect influ-

ence, such as oblique vortex shedding may still be pre-
sent (Williamson, 1989). However, this oblique shedding

turns out to be suppressed by the end plates between

which the cylinder is clamped. More information about

the measuring device, its accuracy, and the measurement

procedure can be found in Kieft et al. (1999b).

3.2. Measuring techniques

For the 2D velocity experiments a hybrid measure-

ment technique between particle tracking velocimetry

(PTV) and particle image velocimetry (PIV) is used, a

so-called high resolution particle velocimetry method

(HiRes-PV). With this method about 7000–10,000 in-

dependent velocity vectors can be determined using a 1

k	 1 k camera. A detailed description of the relevant

algorithm parts and a test on the performance of the
algorithm on real fluid flow data is presented in Bas-

tiaans et al. (2001).

Also preliminary 3D particle tracking experiments are

carried out. The 3D-PTVmethod employed makes use of

three cameras and the crossing-line method for local-

ization of the particles. In the experiments about 500

vectors could be constructed, which is rather low com-

pared to the 2D HiRes-PV method. Nevertheless, the
3D-PTV results resembled very well the results obtained

with visualisation experiments (Kieft et al., 2002a,b).

Besides the above mentioned quantitative techniques

flow visualisation experiments are also carried out using

an electro-chemical method, in which a thin tin plate is

positioned about 15D upstream of the cylinder. De-

pendent on the vertical position of the tin-plate the

upper or lower vortex rolls are visualised. More infor-
mation on the visualisation method can be found in

Maas et al. (in press).

Laser induced fluorescence (LIF) is used to measure

the instantaneous 2D temperature distribution in the

Fig. 4. The towing tank apparatus (left) and the carrier system (right).
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wake of the heated cylinder. Rhodamine B, a fluorescent

dye, is used as temperature indicator. The relation be-

tween fluorescence intensity and temperature is deter-

mined by means of calibration experiments in the
temperature range of 20–35 �C with an accuracy of 
0.1

�C. More information on the method can be found in

Coolen et al. (1999) and Seunti€eens et al. (2001).

3.3. Numerical method

Parallel to the experiments, 2D numerical simulations

are performed. For an efficient temporal discretisation
of the Boussinesq equations (1)–(3), the (non-)linear

convection-diffusion equations are split (Minev et al.,

1995). The convection equation is temporally discretised

by applying a three-steps explicit Taylor-Galerkin

scheme. The diffusion equation is discretised by an im-

plicit second-order backward difference scheme. The

pressure term arising in the diffusion equation as a kind

of source term, is treated by an approximate projection
scheme (Timmermans et al., 1996).

For the spatial discretisation a high-order spectral

element method (SEM) is used which can be considered

as a mixture of a finite element method (Cuvelier et al.,

1986) and a spectral method. Here a ninth order ap-

proximation polynomial is used. A detailed study on the

influence of the domain height (Kieft, 2000) has revealed

that for values larger than 24D almost no influence of
the upper and lower walls is observed. The length of the

domain has no significant influence as long as the inflow

wall is more than 8D upstream and the outflow wall

more than 25D downstream of the cylinder. Though, the

specific dimensions of the calculation domain chosen are

length	 height¼ 33 D	 24 D.

3.4. Data processing

In principle, the measured velocity field is an un-

structured field. To calculate derived quantities such as

vorticity, the unstructured field is transformed onto a

structured grid (Agui and Jimenez, 1987). The vorticity

component xz is calculated from the interpolated data

on the structured grid by using a first-order central

difference scheme. From the 2D vorticity field, some

properties of the vortex structures can be derived. For

the position of the structure, the vorticity centroid is
used, its coordinates being defined by

X ¼ 1

C

Z
A

xzðx; yÞxdA; Y ¼ 1

C

Z
A

xzðx; yÞy dA ð6Þ

with C ¼
R
A xzðx; yÞdA and A the area enclosed by the

iso-vorticity contour CðxaÞ. Here the closed iso-vorticity

contour xa was set to jxaj ¼ 0:2 x0, with x0 being equal

to U0=D. This value of xa corresponds to about 10% of

the maximum vorticity value just after the formation of

the vortex structures.

4. 2D wake behaviour

4.1. Vortex dynamics

Starting from the experimental results, the behaviour

of the vortex structures shed in the cylinder wake was

analysed for several shedding periods. The interrogation

window of these experiments was fixed with respect to
the cylinder and occupies the area between x ¼ 0 (the

cylinder position) and x ¼ 25. Note that the x- and y-
positions are scaled with the diameter D. For a duration

of 120 s (typical shedding period is 6 s), the vortex po-

sitions were calculated from the measured velocity field

with intervals of 1 s. Results are shown in Fig. 5 for

RiD ¼ 1. This figure shows the trajectories of about 40

shed vortex structures. For both the upper and lower
rows an exponential function, representing the average

trajectory, is fit through the vortex positions (middle-

figure). In the left-figure the vorticity contours, derived

from the measured velocity field, are shown.

For RiD ¼ 0 (results not shown here), the shed vor-

tices form a regular von K�aarm�aan vortex street. The av-

erage trajectories for the upper and lower vortices show

an almost symmetric profile with respect to the wake
axis (y ¼ 0). For increasing downstream position, both

trajectories are deflected equally from the wake axis.
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Fig. 5. Experimental HiRes-PV results for ReD ¼ 75, showing vorticity contours (left) and structure trajectories (middle) for RiD ¼ 1:0 and the peak

vorticity for various RiD values (right) (from Kieft, 2000). Note that the spatial coordinates are scaled with the diameter of the cylinder.
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This deflection can be seen as a widening of the vortex

street due to viscous spreading of the vortex cores

(Green and Gerrard, 1991). For RiD > 0 an additional

deflection of the vortex trajectories in negative y-direc-
tion is found. Keeping in mind the effect of buoyancy,

one would intuitively expect the opposite, i.e. an upward

deflection. This additional negative deflection is found

to be larger for RiD ¼ 0:5 than for RiD ¼ 1. Besides, the

deflection of the lower vortex row is larger than the

deflection of the upper vortex row for RiD ¼ 0:5.
Also interesting is the decreasing distance in x-direc-

tion between a subsequently shed lower and upper
vortex. For increasing RiD the lower vortex moves more

into the direction of the upper one. In combination with

the observed relative motion in y-direction, it appears

as if the lower vortex is slowly rotating underneath the

upper vortex. This effect is clearly visible in Fig. 5:left

and can also be noticed in the hydrogen bubble visu-

alisation results (Fig. 3:top). More numerical and ex-

perimental results on this rotational drift can be found
in Kieft et al. (in press). This rotational drift hints at

strength differences between the vortices in the upper

and lower rows.

As a measure of the strength of a vortex structure its

peak vorticity value is used. The spatio-temporal evo-

lution of the �measured� strengths of the wake vortices is
shown in Fig. 5:right for RiD ¼ 0, 0.5 and 1. For in-

creasing RiD, the extremes of the negative upper vortices
increase (in absolute sense). In contrast, the lower vortex

extremes do not show a strong dependence on RiD,
implying an asymmetry in the wake. This asymmetry is

already present just after the formation of the structures

at x ¼ 8. By using a point-vortex model it can be shown

that the strength difference is indeed responsible for the

observed negative deflection and rotational drift (Kieft

et al., 1998, 1999a).

4.2. Baroclinic vorticity production

Within the near-wake (x < 6) several processes may

lead to a difference in strength between the vortices.

Considering the local increase of vorticity two contri-

butions can be distinguished: diffusion of vorticity from

the cylinder wall to the interior of the flow and thermally

induced baroclinic vorticity production, represented by

the first and the second term in the right-hand side of
(4), respectively. An analysis of these terms in the vi-

cinity of the cylinder (x < 1) reveals that the addition of

heat results in more positive than negative vorticity

entering the region x > 1. Therefore, it can be concluded

that the earlier observed difference in strength between

the upper and lower vortex structures can not be caused

by vorticity sources in the vicinity of the cylinder.

The structure formation is also analysed in the
downstream region 1 < x < 6. Fig. 6 represents a

snapshot of the spatial distribution of vorticity (left) and

the baroclinic-vorticity production (right). From the

vorticity production graphs it can be seen that when an

upper vortex is initiated at x � 1:7, y � 0:5, an area of

negative baroclinic vorticity production is located at the

tip of the (negative) vorticity strand at x � 1:7, y � 0:5.
The production term contributes therefore to the vortex
structure to be formed. Slightly upstream at x � 1,

y � 0:5, a small area of positive production can be

found. This area coincides with the area where some-

what later the constriction of the vorticity strand takes

place. It appears that in the first half of the formation

period the production term adds to the newly formed

negative upper structure. In the second half, the area of

positive vorticity production just upstream of the neg-
ative production becomes almost as strong as the neg-

ative production. It is then expected that the absolute

strength of the formed vortex structure is not much in-

fluenced anymore by these production terms.

During the formation of a lower vortex, again an area

of negative and positive vorticity production is located

in the region where the new vortex structure is formed.

Especially in the early stage of the vortex formation
process (between 1 < x < 3) the production of negative

vorticity is stronger. Therefore, in the first half of the

formation process, a net amount of negative vorticity

is produced within the lower vortex. This production

causes the lower vortex to become weaker with respect

to the situation for RiD ¼ 0. In the second half of the

Fig. 6. Numerically calculated near-wake vorticity (left) and vorticity production (right) for ReD ¼ 75 and RiD ¼ 0:5 at a distinct time level (from

Kieft, 2000). The vorticity production graphs are drawn together with the vorticity distribution (dashed lines).
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vortex formation process, the production of positive

vorticity within the newly formed structure increases

and becomes more or less equal to the contribution of

the negative production, resulting in no net change of
vortex strength.

5. 3D wake transition

5.1. Far-wake behaviour

Fig. 7 shows visualisation results of the wake flow for
ReD ¼ 116 and RiD ¼ 1 using a vertical laser-sheet po-

sitioned halfway along the width of the tank. Clearly

visible in the left-figure are the mushroom-type struc-

tures on top of the upper vortex row. These structures

start to develop at the third upper vortex and stretch in

vertical direction when convected downstream. They

look quite similar as the structures observed by Hum-

phrey and Marcus (1987) in an unstably stratified flow
with shear superimposed. That the structures found are

really 3D can be concluded from the right-figure where a

snap-shot of the wake flow is presented at a different

moment in time. In the time-span between both figures

the position for the occurrence of the mushroom-type

structures has shifted in spanwise direction. In the right-

figure they are still vaguely visible. In this �between-
plume� visualisation the wake flow manifests itself more

or less as the regular von K�aarm�aan vortex street. Main

difference with the von K�aarm�aan vortex street is the ro-

tation of the lower vortex underneath the upper one.

This rotation is also found in the �in-plume� visualisation
and, as discussed above, is attributed to a strength dif-

ference.

The development and escape of the mushroom-type

structures is analysed in more detail with 2D HiRes-PV

experiments. For ReD ¼ 75 and RiD ¼ 1:3 the process of

a growing secondary structure is analysed by consider-

ing the vorticity contours of the out-of-plane component

xz at two different time stages. At the first stage (Fig.
8:left) the shed upper vortex structure can be observed

at ðx; yÞ ¼ ð2:5; 0:5Þ and the lower structure at

ðx; yÞ ¼ ð4:0;�1:0Þ. These structures show some slight

deformation as compared to their regular pattern for

RiD ¼ 0. The upper vortex looks like a horseshoe

structure and the lower vortex like an upward stretched

structure. Close to the upper vortex an area of positive

vorticity is found. About one and a half periods later
(Fig. 8:right) this area has grown in strength. Simulta-

neously, the surrounding negative structure stretches

and an upward moving vorticity strand is formed, which

becomes separated from the primary structure. This

separated blob of negative vorticity forms a dipole like

structure with the further developed area of positive

vorticity. This dipole structure accelerates in positive

y-direction and eventually leaves the interrogation area.
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Fig. 8. Measured iso-vorticity contours of xz at two time levels (from Kieft et al., 2000a). The cylinder position is xc ¼ �9:8 (left) and xc ¼ �19:5

(right).

Fig. 7. Visualisation of the flow behind a heated cylinder: side-view. ReD ¼ 116, RiD ¼ 1, �in-plume� visualisation (left) and �between-plume� visu-
alisation (right) (from Rindt et al., 2001).
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From experiments it appeared that the initial process

of a growing secondary structure, as discussed above, is

more or less 2D. In order to analyse the development

from a 2D to a 3D flow, this process is also analysed
numerically using the 2D code. Both the numerical and

experimental results show a similar evolution for the

first stages. For later stages, a difference appears be-

tween the experimental and the 2D numerical results.

This allows to conclude that initially the development of

the secondary structure is a more or less 2D process but

the escaping process (formation of a dipole structure

and acceleration) is a 3D phenomenon.

5.2. Near-wake behaviour

The occurrence of mushroom-type structures emerg-

ing from the upper vortex row was investigated in more

detail with tin-visualisation experiments (Rindt et al.,

2001). The tinned anode plate was positioned in such a

way that the visualisation sheet moved through the
upper boundary layer of the cylinder. To get a first

impression of the occurring structures, the whole vol-

ume behind the heated cylinder was illuminated. The

camera was positioned above the cylinder (with some

angle with respect to the gravity vector). The slight

bending of the structures in span-wise direction, as ob-

served in Fig. 9:left and middle, is caused by the lens

distortion. The experiments show that the shed vortex
rolls are two-dimensional for RiD < 0:3 (see Fig. 9:left

for RiD ¼ 0:15). For RiD > 0:3 3D structures are visible

in the vortex rolls as well as in the braids. These struc-

tures initially do not result in large deformations. In Fig.

9: middle for RiD ¼ 1, some distance downstream of the

cylinder the formation of thermal plumes can be seen.

The visualisations for different RiD at ReD ¼ 102 and

75 showed the same behaviour as for ReD ¼ 117 al-

though the Richardson numbers at which the phenom-

ena start and the quantitative measures may be different.

From the visualisations it appears that the flow is 3D far

before the thermal plumes escape from the vortices. The
three-dimensionality even seems to go back completely

to the cylinder, which can be seen in Fig. 9: middle.

From this figure it can be concluded that the spanwise

positions, at which further downstream the thermal

plumes are formed, are already determined at the rear

end of the cylinder.

In Fig. 9:right a snapshot is given of the three-

dimensional structure at the rear end of the cylinder for
ReD ¼ 117 and RiD ¼ 1. The �vortical structure� mani-

fests itself as two counter-rotating vortices. From the

visualisations it followed that at the moment the upper

vortices are shed, fluid is convected towards the span-

wise positions at which further downstream the plumes

are formed. These convection flows may lead to span-

wise temperature differences in the vortex rolls. The

occurring counter rotating vortices seem to be highly
linked to the observed deformations of the vortex rolls

and vortex braids. The spanwise position of the mid-

planes of these twin-vortices exactly coincides with the

spanwise position of the thermal plumes further down-

stream. From experiments in which the Richardson

number was varied, it is concluded that the above dis-

cussed 3D transition sets in at RiD � 0:3. The spanwise

distance of the vortical structures is hardly influenced by
the Richardson number and remains rather constant

around a value of 2D.

6. Conclusions

The results show that due to the heat added by the

cylinder, the vortices in the upper and lower vortex row

Fig. 9. Overview pictures of the vortex shedding for ReD ¼ 117 and RiD ¼ 0:15 (left) and RiD ¼ 1:0 (middle) (from Rindt et al., 2001) and vortical

structure at the rear end of the cylinder for ReD ¼ 117 and RiD ¼ 1 (right). The flow is from bottom to top, the cylinder is positioned at the bottom.
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acquire different strengths (in absolute sense). This

strength difference increases for increasing RiD and is

already present just after the vortex structures are shed.

As a result, the shed vortices are seen to move slightly
downwards. At first sight, this is a rather unexpected

behaviour, considering the upward action of the buoy-

ancy force. By using a point-vortex model it can be

shown that the strength difference is indeed responsible

for the observed negative deflection (Kieft et al., 1998,

1999a). The point-vortex model predicts a continuously

increasing downward shift of the vortices. This is in

contrast to the experimental and numerical results,
which show a maximum downward deflection for RiD ¼
0:5. For higher values of RiD the thermally induced

buoyancy force causes the vortex structures to move up

again, compensating the effect of the strength difference.

A second effect of the strength difference is the relative

motion between the vortex structures, visible as a rota-

tional drift of the lower vortex around its upper neigh-

bour.
An analysis of the vorticity terms in the vicinity of the

cylinder shows that for RiD > 0 slightly more positive

than negative vorticity is produced and transported into

the region x > 1. This is in contrast with the results

found for the fully developed structures at x > 8, where

the negative upper vortex structures are stronger than

the lower ones (with positive vorticity). In the region

1 < x < 4 the baroclinic vorticity production is mostly
negative. Also the areas where vorticity is produced

coincide with the region where a vortex structure is

growing. This means that vorticity production in the

region considered adds to the negative vorticity struc-

tures and causes the positive vorticity structures to be-

come weaker.

From detailed visualisation results it appears that the

wake becomes three-dimensional for RiD > 0:3. For
these Richardson numbers three-dimensional �vortical
structures� are observed near the cylinder wall. Here

already the spanwise positions, at which further down-

stream the plumes are formed, are determined. It seems

that the �vortical structures� behind the cylinder result in

an extra transport of warm fluid to the upper vortices at
certain spanwise positions. This may result in spanwise

temperature variations in the upper vortex roll, possi-

bly leading to baroclinic vorticity production in the

streamwise direction. The net transport of heat from the

lower to the upper half of the wake also seems to disturb

the advection of vorticity to the lower vortices, which, in

turn, results in a spanwise variation of the vortex

strength.
Although 3D structures in the wake are present far

before the formation of the plumes, the velocities asso-

ciated with these structures are small. For this reason, a

2D consideration of the wake describes the occurring

phenomena, like a negative deflection of the vortex

street and the relative motion of the vortices, very well.

In future research, temperature measurements in a

cross-section of the upper vortex roll will confirm (or
reject) the spanwise temperature gradient hypothesis.

The laser induced fluorescence technique, as presented

in Seunti€eens et al. (2001), can be used for that purpose.

In Fig. 10 the temperature distribution in the vortex

street is given, as measured with this method, for two

moments in time. The cylinder is situated at y ¼ x ¼ 0.

From the results it can be concluded that the upper

vortex contains more heat than the lower one, resulting
in a higher temperature of the upper vortex. This is in

agreement with the results of the numerical simulations

in Kieft (2000).

With these proposed temperature measurements, the

exact source of the �instability� should be investigated as

in Williamson (1996) for the purely forced convection

case. In addition, it may be interesting to perform three-

dimensional velocity measurements to examine the oc-
currence of the �vortical structures� and to study the

spanwise variations in vortex strengths.

Fig. 10. Temperature distribution in the vortex street behind the cylinder (from Seunti€eens et al., 2001).
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