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Lift-up process in a heated-cylinder wake flow
Maosheng Ren,a� Camilo Rindt, and Anton van Steenhoven
Laboratory for Energy Technology, Department of Mechanical Engineering, Eindhoven University
of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

�Received 1 June 2005; accepted 23 November 2005; published online 25 January 2006�

A three-dimensional flow transition behind a heated cylinder is analyzed at low Reynolds numbers:
Re=O�100�. Both visualizations and numerical simulations show that the transition manifests itself
in the form of mushroom-type structures in the far wake and �-shaped structures in the near wake.
The legs of the �-shaped structures coincide with streamwise vorticity regions. An intermediate
stage is observed between the �-shaped structures and the escaping mushroom-type structures. This
intermediate step is characterized by a lift-up process, which takes place in the center region
between the legs and head of the �-shaped structures. As a result, hot fluid is being pulled out of
the upper vortex core. Due to this lift-up process, mushroom-type structures are generated in the
form of escaping vortex rings in the far wake. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2159031�
I. INTRODUCTION

Over the past 10 years, much attention has been paid to
the three-dimensional �3D� vortex dynamics behind a cylin-
der. Experimental and theoretical studies of the 3D wake
transition significantly contributed to the understanding of
this dynamics.1,2 From a fundamental point of view, studies
on the instability mechanisms resulting in the formation of
two-dimensional �2D� and 3D vortical structures can contrib-
ute to a better understanding of the laminar-turbulent transi-
tion and may lead to ways to actively control the features of
the flow.

For an unheated cylinder, Williamson’s visualizations3

showed two modes of small-scale 3D instability. The two
different modes scale on different features of the flow. For
Reynolds numbers larger than 180–190, the mode-A instabil-
ity has a spanwise wavelength of 4 cylinder diameters. Wil-
liamson suggested that the mode-A transition is associated
with an elliptical instability of the primary vortex core during
the process of shedding, which causes a deformation of the
core. For Reynolds numbers larger than 230–260, a mode-B
transition occurs with a spanwise wavelength of around 1
cylinder diameter. The mode-B instability is related with an
instability of the shear layer in the braid region. In addition
to the mode-A and mode-B transitions, Zhang et al.4 found a
mode-C transition with a spanwise wavelength of 1.8 cylin-
der diameters. Mode-C usually appears for 170�Re�270
only if mode-A and mode-B are inhibited to develop by a
thin control wire placed parallel to the cylinder in the near
wake.

Despite the fact that mixed convection around bluff bod-
ies is of great importance for various engineering applica-
tions �electronics cooling, compact heat exchangers�, wake
stability for a heated cylinder has until now received very
little attention compared to the forced convection case. For a
horizontal mounted cylinder, the vortex shedding can be sup-
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pressed by heating of the cylinder at Reynolds values just
above the critical value: Rec=49 �Lecordier et al.,5 Wang et
al.6�. In Lecordier et al.,7 the sudden disappearance of the
vortex shedding phenomenon is analyzed and it is concluded
that the influence of the temperature on the viscosity is the
primary source. There has been almost no understanding of
the effect of a heat input on the behavior of the coherent
structures behind a cylinder at low Reynolds numbers until
the recent studies by Kieft et al.8,9 For Reynolds numbers
around 80, Kieft et al.10 found that, by heating the cylinder,
the vortices in the upper and lower rows acquire different
strengths due to baroclinic vorticity production. This strength
difference increases for increasing Richardson numbers. It is
observed that, for small Richardson numbers, the shed vorti-
ces move slightly downwards.

From an earlier study in our laboratory,11 it was shown
that, when the cylinder is heated, a 3D transition in the wake
flow occurs at a Reynolds number lower than for the un-
heated case. Escaping mushroom-type structures occur in the
far wake with a spanwise distance of around twice the cyl-
inder diameter.12 Furthermore, it has also been shown in Ref.
12 that the vortex formation shows quite large differences
between the “in-plume” position �where the plume escapes
further downstream� and the “out-of-plume” position �where
the plume does not escape further downstream�. The shed-
ding process for the out-of-plume position is quite similar to
the one for an unheated cylinder. For the in-plume positions,
the formation of the saddle point in the upper and lower side
of the wake is not symmetrical in one vortex shedding cycle.
Furthermore, at the in-plume positions, an upward motion
occurs directly behind the cylinder, which separates the vor-
tices from the cylinder wall. It is observed that an upward
motion near the cylinder wall enhances the formation of the
upper vortices and weakens the formation of the lower ones.

For the forced convection case, the flow becomes three-
dimensional when the Reynolds number becomes larger than
Re=180. To distinguish this transition from the other transi-

tion modes, the 3D transition occurring for mixed convection
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is denoted as “mode-E” �see Fig. 1�. The mode-E transition
is located at a much lower Reynolds number. Table I shows
the length scales of the different modes of 3D transition. It
seems, from the jump in length scale, that there exist differ-
ent kinds of 3D transition mechanisms. The goal of the
present paper is to understand the mode-E transition mecha-
nism.

It has been observed that the flow features of mode-E
transition are similar within the range of Reynolds numbers
75�Re�117 and the range of Richardson numbers 0.35
�Ri�2.5, although the measurements are performed at dis-
crete Reynolds and Richardson numbers. The current inves-
tigation focuses on the flow phenomena at one Reynolds
number and one Richardson number, Re=85 and Ri=1.0,
respectively. Both experimental and numerical techniques
are used, including an electrochemical tin-precipitation visu-
alization method and a 3D spectral element method �3D-
SEM�. The paper is organized as follows. First, a description
of the problem definition is given, together with the experi-
mental setup and investigation techniques. Then, global ob-
servations of the 3D transition behind a heated cylinder are
presented. Next, the formation process of the mushroom-type
structure is investigated. Finally, the main conclusions are
given.

II. METHODOLOGY

A. Problem definition

In the current investigation the 3D transition behind a
heated cylinder is investigated at low Reynolds numbers.
The cylinder is exposed to a horizontal uniform cross flow
�Fig. 2�, where the z axis is in spanwise direction, the x axis
is in streamwise direction, and the y axis is in negative grav-
ity direction. The cylinder is positioned at x=0 and y=0.

In the calculations, the flow is assumed to obey the
Boussinesq approximation; the density variations are negli-

FIG. 1. �Color online�. The 3D transition diagram as a function of Reynolds
and Richardson numbers. The measurements are performed at discrete Rey-
nolds and Richardson numbers, which are indicated with asterisks ���.

TABLE I. The different modes of 3D transition in the cylinder wake flow.
Mode-E is investigated in the present study.

3D transition Reynolds number Richardson number Wavelength

Mode-A �Ref. 3� 180–230 0 4d

Mode-B �Ref. 3� 200–280 0 1d

Mode-E 75–117 0.35–2.5 2d
Downloaded 03 Jul 2008 to 131.155.151.29. Redistribution subject to 
gible except in the buoyancy force. The dimensionless con-
servation equations for mass, momentum, and energy are,
respectively,

� · u = 0, �1�

�u

�t
+ u · �u = − �p +

1

Re
�2u − Ri �g , �2�

��

�t
+ u · �� =

1

Re Pr
�2� , �3�

with Re=U0d /� the Reynolds number, Ri=Gr/Re2=g��Tw

−T0�d /U0
2 the Richardson number, Gr=g��Tw−T0�d3 /�2 the

Grashof number, Pr=� /� the Prandtl number, � the thermal
expansion coefficient, � the thermal diffusivity, g the gravity
constant, g= �0,−1,0�T the dimensionless gravity vector, �
= �T−T0� / �Tw−T0� the dimensionless temperature, u the di-
mensionless velocity, and p the dimensionless pressure.
From these dimensionless conservation equations with suit-
able boundary conditions, one can conclude that the charac-
ter of the flow depends on the dimensionless parameters Re,
Ri, and Pr. In the current investigation, Ri is equal to 1.0 and
Re is set to 85. Because water is used as the working fluid,
the Prandtl number is around 7.

B. Experimental setup and visualization method

The apparatus used in the experiment consists of three
parts: the water tank, the light source with illumination sys-
tem, and the image recording with post-processing system.

The flow is investigated in a so-called towing tank con-
figuration, as shown in Fig. 3, with dimensions length
�width�height=500�50�75 cm3. In this configuration
the cylinder is towed through the water with a constant ve-
locity U0. The cylinder has a length of L=495 mm and a
diameter of d=8.5 mm �aspect ratio L /d=58�. The test sec-
tion consists of 15 mm thick glass windows, held together by
a steel frame, so the towing tank is optically accessible from
all directions. The cylinder is positioned between two per-
spex plates, which are connected to a stiff structure, which

FIG. 2. �Color online�. Problem definition: the cylinder, positioned at x=0
and y=0, has a temperature Tw and is subject to a horizontal cross flow with
velocity U0 and temperature T0 and gravity is in negative y direction.
also carries the measurement equipment, such as cameras
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and light sources. The stiff construction can be translated
along two rails that are mounted on top of the water tank.
The perspex plates are constructed in such a way that mini-
mum disturbances are created and oblique vortex shedding is
suppressed. A cylindrical heating element with a diameter of
6.35 mm is used to obtain the desired cylinder wall tempera-
ture. The whole of the tank is supported by a sturdy steel
framework and is situated in a temperature-controlled labo-
ratory. A detailed description of the towing tank is given in
Refs. 13 and 14.

For the light source, a pulsed neodymium:yttrium-
aluminum-garnet �Nd:YAG� laser is used. The laser emits
light with a wavelength of 532 nm. One laser pulse has a
duration of 6 ns and a maximum energy of 200 mJ. The laser
beam is directed parallel to the bottom of the water tank, as
shown in Fig. 3. The beam passes a negative lens to form a
thin laser sheet. The laser is triggered by a camera and op-
erates at 29 Hz.

The recording is performed by a CCD camera �Kodak
Megaplus, 10-bit ES 1.0, 1008�1019 pixels2�. The camera
records images at a maximum frame rate of 29 Hz. A Nikon
lens with a focal distance of 55 cm is used in front of the
CCD camera. A detailed description of the image recording
and post-processing system is given in Ref. 15.

Flow visualizations are carried out using an electro-
chemical tin-precipitation method �Honji et al.16�. In this
method tin ions are separated from an anode by applying a
voltage difference. A thin tin wire that is used as an anode in
the current setup is positioned upstream of the cylinder. Be-
cause the tin ions do not dissolve in pH-neutral water, the
small tin-hydroxide particles of O�1 �m� form a homoge-
neous sheet that moves towards the cylinder. With this sheet
the wake behind the cylinder is visualized. A detailed de-
scription of the visualization method is presented in Ref. 11.

C. 3D spectral element method

Besides the visualization experiments, 3D numerical

FIG. 3. Experimental setup. In this configuration the cylinder is towed
through the water with a constant velocity U0.
simulations were performed. For an efficient temporal dis-
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cretization of Eqs. �1�–�3�, a splitting operation on the
convection-diffusion equations is applied �Maday et al.17�.
As a result, the convection and the diffusion operators are
treated separately. For the momentum equation, in combina-
tion with the continuity equation, a pressure correction
method is applied. This results then in three steps, which
account for the convection, diffusion, and pressure terms,
respectively. The convection equation is integrated forward
in time by an explicit third-order Taylor-Galerkin scheme,
which comprises of three explicit time steps within one im-
plicit time step. The diffusion equation is discretized by an
implicit second-order backwards difference scheme. The
pressure term is treated by a projection method.18 Due to the
limitation of memory storage, an iterative technique is used
and the linear system is solved based on a preconditioning
conjugate gradient method. The energy equation is solved in
a similar way.

For the spatial discretization, a high-order SEM is used
�Karniadakis and Triantafyllou19�. The SEM can be consid-
ered as a mixture of a finite element method and a spectral
method. The principle of SEM is rather straightforward.
Within an element, the equations are discretized using a
high-order spectral method. Combining the solutions ob-
tained in all these elements results in the solution on the
whole domain. Furthermore, special consideration has been
given to the continuity of the solution over the element
boundaries. The decomposition of the domain into elements
gives the method the geometric flexibility. By using high-
order approximation functions within one element, a spectral
convergence rate and small numerical errors, such as numeri-
cal dispersion and diffusion, can be achieved. More informa-
tion on the validation of the numerical scheme can be found
in Ref. 18.

The element distribution used in the calculation is shown
in Fig. 4. The boundary conditions are prescribed as follows.
At the inlet and cylinder wall Dirichlet boundary conditions
are applied for both velocity components and the tempera-
ture. The normal velocity and the tangential stresses at the
side, top, and bottom walls are set to zero. Also the tempera-
ture is set to zero here. At the domain outlet, homogeneous
Neumann conditions are prescribed for the normal and tan-
gential velocity components as well as for the temperature.

FIG. 4. �Color online�. Spectral element grid with dimensions length
�height�width=33d�18d�4d, consisting of 1880 elements and 252 315
node points �fifth-order approximation polynomial per element�.
The boundary conditions for the pressure correction follow
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immediately from the global mass conservation. This implic-
itly states that the pressure is near zero at the outflow
boundary.18 It should be noticed that the vortices leaving the
computational domain will be influenced by the applied
boundary condition at the outflow boundary. However, van
de Vosse et al.20 showed that this influence is hardly notice-
able.

The validation is carried out by studying the effect of the
domain size and the grid resolution for an unheated flow at
Re=100. 2D flow simulations should adequately reproduce
the results of experimental measurements. In literature an
often-quoted test for the accuracy for cylinder flow compu-
tations is the Strouhal number as function of the Reynolds
number. The validation studies show that the Strouhal num-
ber increases with decreasing inflow length X1, decreases
with decreasing outflow length X2, and increases with de-
creasing domain height Y. Similar tendencies have been re-
ported in Ref. 19.

In 3D calculations, the solutions are affected by the used
span length Z of the computational domain. Therefore the
influence of the spanwise length on the coherent structures is
studied at Re=85 and Ri=1.0. At this Reynolds and Rich-
ardson number, the previous experimental results indicate
that there exists an averaged spanwise wavelength 2d �d be-
ing the cylinder diameter�. The validation studies show that
the Strouhal number slightly increases with an increasing
span length Z.14 The spanwise wavelength as found from the
calculations is more or less fixed by the type of the boundary
conditions prescribed at the side walls.

Figure 5 presents secondary coherent structures in order
to distinguish the dependence of the calculated spanwise
wavelength on the span length of the computational domain.
It appears that, for a spanwise domain size of Z=2 and Z
=4, a spanwise wavelength of exactly 2d is found, which can
be deduced from the streamwise vorticity isosurface 	x

= ±0.4 �see Figs. 5�a� and 5�b��. This value is in agreement
with the experimental observations of the averaged distance
between the mushroom-type structures. However, for a larger
domain size Z=7, a spanwise wavelength of 7 /3�2.3d is
found �see Fig. 5�c��. Nevertheless, the global flow structures
show similar features, such as the escape of the mushroom-

FIG. 5. �Color online�. Calculated coherent structures for Re=85 and Ri
=1.0, for domain sizes Z=2, Z=4, and Z=7. �a�–�c� Top view of isosurface
	x= ±0.4 �streamwise vorticity� and isotemperature surface �=0.15.
type structures from the upper vortices in the far wake. In
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this paper the results are shown for a computational domain
with dimensions length�height�width=33d�18d�4d.

III. COHERENT STRUCTURES IN THE FLOW
FIELDS

For Re=117 and Ri=1.0, the 3D transition manifests
itself in the form of escaping mushroom-type structures in
the far wake.12 Figure 6 shows a top view of the wake flow
pattern, obtained by means of the tin-precipitation visualiza-
tion technique. The flow is from bottom to top and the grav-
ity direction is in the negative y direction.

It is observed that a mushroom-type structure, which is
marked as M, escapes from the upper vortex and stretches in
negative gravity direction. In the far wake the mushroom-
type structure develops into the shape of a vortex ring. Fur-
thermore, a �-shaped structure is observed closely behind
the cylinder, marked as � �see Fig. 6�.

The �-shaped structure has the same spanwise position
as the mushroom-type structure. Furthermore, connection
lines can be observed between the �-shaped structure and
the mushroom-type structure. This suggests that the forma-
tion of the mushroom-type structure is strongly linked with
the �-shaped structure in the near wake. Moreover, an inter-
mediate stage marked as I �see Fig. 6� is located between the
development of the �-shaped structure and the mushroom-
type structure.

Additionally, a numerical simulation has provided a de-
tailed insight into the coherent structure formation and evo-
lution process towards the far wake. Figure 7 shows the cal-
culated flow structures by using the iso-
2 surface 
2

=−0.05 for Re=85 and Ri=1.0. Here the 
2 definition is
14,21

FIG. 6. �Color online�. Top view of the wake flow pattern obtained by
tin-precipitation visualization at Re=117 and Ri=1.0. The flow is from bot-
tom to top and the gravity direction is in the negative y direction.
used to identify the flow topology and vortical structures.
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It has to be noted that the experiments and the calculation are
performed at different Reynolds numbers. However, similar
coherent structures have been found from both approaches.

In Fig. 7�a�, mushroom-type structures are observed in
the far wake. The mushroom-type structures are located
above the upper vortices. The core area of each mushroom-
type structure has an inclination angle of approximately �
�65°, as shown in Fig. 7�b�. Figure 7�c� indicates that the
spanwise distance of the mushroom-type structures is 2d.

In the near wake, �-shaped structures are observed at
x=7.5 �see Fig. 7�c��. The �-shaped structures consist of two
legs and a head. Furthermore, it is observed that the
�-shaped structures are located above the cores of the upper
vortices �see Fig. 7�b��.

From both the visualization and numerical results, it can
be concluded that the spanwise positions of the �-shaped
structures are the same as the positions of the mushroom-
type structures. The route map of the transition process can
be distinguished into two steps: the �-shaped structure and
the mushroom-type structure �see Fig. 8�. It seems that the
legs of the �-shaped structure coincide the regions of
streamwise vorticity, which will be discussed in Sec. IV.
Next, the attention will be mainly focus on the transition

FIG. 7. �Color online�. Numerically calculated iso-
2 surfaces 
2=−0.05,
which is about 2% of its minimum value, at t=2T /4 for Ri=1.0 and Re
=85. �a� Perspective view; �b� side view; �c� top view �enhanced online�.
process from a �-shaped structure towards a mushroom-type
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structure. This intermediate step is characterized by a lift-up
process �Sec. V�, which takes place at the regions between
the legs and head of the �-shaped structure.

IV. THE FORMATION OF THE �-SHAPED STRUCTURE

A. A global view

Figure 9 shows a top view visualization of the wake flow
pattern at Re=117 and Ri=1.0. In Fig. 9�a�, the forming
upper vortex is observed at about two cylinder diameters
downstream of the rear end of the cylinder. It is observed
that the upper vortex is more or less parallel to the cylinder
axis. In Fig. 9�b�, the development of a concave shape is
observed. It is seen that this concave shape further develops
into a �-shaped structure �see Fig. 9�d��.

Furthermore, there are two long filaments behind the
head of the �-shaped structure. These thin lines connect the
primary vortices and are aligned in streamwise direction. It
seems that these connection lines are related to the stream-
wise vorticity in the braid region, as will be shown in Fig. 11.
Besides, Figs. 9�i� and 9�j� show a small amplitude spanwise
oscillation along these filaments.

Figure 10 shows the development of the numerically cal-
culated coherent structures, captured by the iso-
2 surface

2=−0.05, as function of time at Re=85 and Ri=1.0. In Fig.
10�e�, the �-shaped structure is clearly observed at position
x=6.0 and it has two legs and a head.

For t=3T /6, the �-shaped structure is found at about x
=4.5 and for t=2T /6 at x=3.75. For t=T /6 the �-shaped
structure is hardly visible, although a distinct “concave
shape” �Fig. 10�b�� appears around the rear end of the upper
vortex at x=2.5. For t=0, the rear end of the upper vortex
has a “convex shape” �Fig. 10�a�� at x=2.0.

Between time t=0 and t=T /6, the shape of the rear end
of the upper vortex changes from convex towards concave.
This suggests that the formation of the �-shaped structure
occurs somewhere in this time interval. A similar concave
shape is also found in the visualization results, as shown in
Fig. 9�b�.

Furthermore, Fig. 10�a� shows a so-called “valley re-
gion” close behind the cylinder. From Ref. 14 it is known
that a valley region is characterized as an area of low-speed

FIG. 8. �Color online�. The route map of the transition process.
fluid with a high temperature. Possibly, the occurrence of the
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concave shape at the rear end of the upper vortex is associ-
ated with the fluid convected from the valley region into the
upper wake.

B. The �-shaped structure

To understand the formation of the �-shaped structure,
one has to determine the origin of the legs of the �-shaped
structure. In Fig. 10, it is observed that the legs of the
�-shaped structure are aligned in the streamwise direction. It
appears that the legs of the �-shaped structure coincide with
regions of relatively high streamwise vorticity. Therefore the
evolution of the streamwise vorticity is studied, visualized
with iso-	x surface 	x= ±0.4 in Fig. 11, to gain insight into
the formation process of the �-shaped structure.

It can be seen in Fig. 11�e� that the tip of the regions
with streamwise vorticity is observed at x�6.0. These re-
gions spatially coincide with the legs of the �-shaped struc-
ture, as observed in Fig. 10�e�. Streamwise vorticity is gen-
erated in the vicinity of the cylinder. Together with the vortex
shedding process, the regions with streamwise vorticity are
advected downstream with the primary upper vortex, as
shown in Fig. 11�a�. Furthermore, the streamwise vorticity
regions grow in size until the vorticity supply is cut off from
the cylinder wall, which is indicated in Fig. 11�f�.

Additionally, temperature isosurface �=0.15 is added to
visualize the position of the primary upper vortex. Figure
11�e� shows a “bulge shape” at x=6.0 and z=−2.0 in the
upper vortex. This bulge shape suggests an accumulation of
hot fluid. The bulge shape appears between the regions of
relatively high streamwise vorticity.

However, at the lower half of the wake, the temperature
distribution shows a different picture. In Fig. 11�f�, a “void
region” is observed at x=3.0 and z=−2.0. This void region
suggests accumulation of cold fluid at the in-plume positions
in the lower vortex core. It appears that the occurrence of the
bulge and void region in the temperature distribution dem-
onstrates the difference in effect of the streamwise vorticity
regions in the upper and lower halves of the wake. In fact,
the streamwise vorticity regions are positioned in the braid

regions connecting the upper and lower vortices. At the up-
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per half of the wake, the braid region is located above the
core of the upper vortex. Hot fluid from the vortex core is
lifted up between the streamwise vorticity legs and accumu-
lating around the bulge region. However, at the lower half of
the wake, the braid region is located below the lower vortex.
The streamwise vorticity legs bring cold fluid from outside
the wake into the lower vortex core at the in-plume position.

To conclude, the above findings suggest that the stream-
wise vorticity regions located in the braid regions have a
strong influence on the temperature distributions in the vor-
tex cores.

V. THE DEVELOPMENT TOWARDS MUSHROOM-TYPE
STRUCTURES

A. A global view

Figure 12 shows an oblique top-view visualization of the
wake flow pattern at Re=117 and Ri=1.0. In the near wake
a �-shaped structure, marked as � in Fig. 12�a�, is observed.
Furthermore, a mushroom-type structure, marked as M, is
found in the far wake and an intermediate stage, marked as I,
is located between the � and M structures. Additionally,
there are two filaments connecting the � and M structures.

To understand what happens in this intermediate stage,
the coherent structures are visualized using the iso-
2 surface

2=−0.05. In Fig. 13, a top view of the flow pattern is shown
for Re=85 and Ri=1.0.

Initially, the �-shaped structure ��� is observed around
x=5.0 in Fig. 13�g�, above the upper vortex. It is seen that
gradually the legs of the �-shaped structure disappear. In
Fig. 13�d�, the head region of the �-shaped structure be-
comes a “half-torus” shape �H-T�. Furthermore, this H-T
suddenly develops into a mushroom-type structure �M� �see
Figs. 13�b� and 13�c�� at x=15.0.

It might be clear from the above that all the different
structures introduced, such as �, H-T, and M, in fact all refer
to different stages of the same flow structure evolution. The
�-shaped structure is an early stage of the H-T structure and

FIG. 9. �Color online�. Top view of the wake flow pat-
tern; the time step between pictures is �t=T /10, ob-
tained by tin-precipitation visualization at Re=117 and
Ri=1.0. The flow is from bottom to top and the gravity
direction is in the negative y direction.
ultimately of the mushroom-type structure, forming the

AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp



014106-7 Lift-up process in a heated-cylinder wake flow Phys. Fluids 18, 014106 �2006�
vortex ring. It is reasonable to assume that the flow structure
transformation from � to H-T is related to a “lift-up” pro-
cess. This lift-up process is also often encountered when dis-
cussing the evolution of hairpin structures in a boundary
layer flow.22 To illustrate what happens in detail for the
heated wake flow under consideration, the corresponding
temperature isosurfaces are examined in Fig. 14 during this
transformation process.
At the beginning, the temperature distribution has a

Downloaded 03 Jul 2008 to 131.155.151.29. Redistribution subject to 
bulge shape, indicated as B in Fig. 14�a�, which is located at
x=7.5 and z=−2 above the upper vortex. Furthermore, it can
be seen that the bulge shape coincides with the region be-
tween the legs and head of the �-shaped structure. This sug-
gests that, in the same way as the sketch in Fig. 16, the
formation of the bulge shape is a result of hot fluid lifted up
from the vortex core.

Furthermore, it is observed that the B region is continu-

FIG. 10. �Color online�. Calculated
iso-
2 surface 
2=−0.05 as function of
time at Re=85 and Ri=1.0. The flow
is from left to right and the gravity di-
rection is in the negative y direction.
ously growing and becomes elongated in the y direction.
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This suggests that the volume of the hot fluid region �bulge
shape� steadily increases with time. In Fig. 14�c�, a “plume
shape” �P� is observed at x=15.

B. Cross-sectional flow fields

To gain insight into the lift-up of the bulge shape and its
development towards a plume shape, the evolution of the
upper vortex core is followed in time and space. The calcu-
lated temperature and velocity fields are presented at differ-
ent streamwise cross sections in Fig. 15.

For t=0, the core region of the upper vortex is at x
=7.5. The cross-sectional temperature field ��y ,z� is shown

in Fig. 15�a�. It is observed that most of the hot fluid resides

Downloaded 03 Jul 2008 to 131.155.151.29. Redistribution subject to 
inside the vortex core around y=0.5. Not surprisingly, the
same bulge shape is found at the in-plume position �z=−2�.
Furthermore, a nonuniform temperature distribution is ob-
served in the upper vortex along the spanwise direction.

Correspondingly, in Fig. 15�e�, the velocity cross section
shows pairs of counter-rotating vortices �CRV� around the
bulge region �y=1.5� above the upper vortex. The position of
the CRV coincides with the legs of the �-shaped structure,
which can be seen in Fig. 13�a�. Between the regions of the
counter-rotating vortices, hot fluid is lifted up, which is re-
vealed from the temperature field in Fig. 14�a�. This lift-up
phenomenon confirms the hypothesis sketched in Fig. 16.

FIG. 11. �Color�. Calculated isovortic-
ity surface 	x= ±0.4 and isotempera-
ture surface �=0.15 at Ri=1.0 and
Re=85. The flow is from left to right
and the gravity direction is in the
negative y direction.
For t=T /4, the core region of the upper vortex is at x
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=9.0. From the temperature field �Fig. 15�b��, it is observed
that the hot fluid region is elongated in vertical direction. In
side view, it is noticed that the bulge shape is inclined under
a certain angle. From the observation, the lifted-up fluid is
still connected with the vortex core.

Furthermore, the corresponding cross-sectional velocity
field shows a strong upward motion in Fig. 15�f� at y=2.0 at
the in-plume position. This upward motion is caused by the
buoyancy force. The height of the stem increases with time
�y=1.5� �see Fig. 15�f��.

Besides the upward motion at z=−2, downward motions
are observed at the out-of-plume position �z=−1,−3�. It can
be seen that these upward and downward motions create lay-
ers of shear flow. The regions of shear flow coincide with the
CRV. On the other hand, the CRV enhance the elongation of
the bulge shape and the route towards the plume shape. For
t=2T /4, the core region of the upper vortex is at x=10.5.
The lifted-up fluid continues to move upwards and the CRV
are also stretched �y=2.0�, as shown in Fig. 15�g�.

When the upper vortex is convected at x=12.0, it seems
that �see Fig. 15�d�� the vortex core experiences a spanwise
deformation. Furthermore, it is observed that a second pair of
Downloaded 03 Jul 2008 to 131.155.151.29. Redistribution subject to 
counter-rotating vortices appears at y=1.5 just above the up-
per vortex, as shown in Fig. 15�h�, and the primary CRV
continues to move upwards, at y�2.5. It is believed that the
increased height of the primary CRV coincides with the cap
of the mushroom-type structure.14

VI. SUMMARY AND CONCLUSIONS

The 3D flow transition behind a heated cylinder is ana-
lyzed at low Reynolds numbers: Re=O�100�. Both visual-
izations and numerical simulations show that the transition
manifests itself in the form of mushroom-type structures in
the far wake and of �-shaped structures in the near wake.
The spanwise distance between the �-shaped structures and,
as a logical consequence, between the escaping mushroom-
type structures is about two cylinder diameters.

Additionally, it has been observed that the �-shaped
structures consist of two legs and a head. This also holds for
the transition to turbulence in boundary layers, where the
�-shaped structures are often referred to as “hairpin” or
“horseshoe” vortices. Klebanoff et al.23 artificially generated
TS waves by an electromagnetically vibrating ribbon in their

FIG. 13. �Color online�. Calculated
iso-
2 surface 
2=−0.05 as a function
of time, �t=T /8, at Re=85 and Ri
=1.0. The flow is from bottom to top
and the gravity direction is in the
negative y direction. H-T: the half-
torus shape structure; M: the
mushroom-type structure.

FIG. 12. �Color online�. Oblique top view of the wake
flow pattern for successive time steps of �t=T /8, ob-
tained by tin-precipitation visualization at Re=117 and
Ri=1.0. The flow is from bottom to top and the gravity
direction is in the negative y direction. �: the �-shaped
structure; I: the intermediate stage; and M: the
mushroom-type structure.
AIP license or copyright; see http://pof.aip.org/pof/copyright.jsp
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FIG. 14. �Color online�. Top view of
numerically calculated isotemperature
surface �=0.1 for Ri=1.0 and Re
=85. The flow is from bottom to top
and gravity direction is in the negative
y direction. B: the bulge shape; P: the
plume shape.
FIG. 15. �Color online�. The development of the upper
vortex for Ri=1.0 and Re=85. Left: temperature field;
right: velocity field. CRV: counter-rotating vortices.
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experiments. The 3D disturbances grew rapidly and resulted
in an array of �-shaped structures �Bayly et al.24�. Further-
more, �-shaped structures are also observed in a mixing
layer flow by Pierrehumbert and Widnall25 and Corcos and
Lin.26 It suggests that the occurrence of �-shaped structures
is a ubiquitous effect and seems to be the crucial step in the
transition from laminar to turbulent flow.

Although the legs of the �-shaped structure seem to co-
incide with streamwise vorticity regions, the origin of the
head is critical in understanding the formation of the
�-shaped structure. It is rather difficult to say when the
�-shaped structure is exactly formed. However, the bulge
shape in the temperature field suggests that the fluid is being
moved upwards between the legs of the �-shaped structure,
as sketched in Fig. 16. However, when exactly the �-shaped
structure forms, is still not clear. It is possible that the
�-shaped structure is already generated close behind the cyl-
inder. However, some investigators suggest a “bridge pro-
cess” of the streamwise vorticity regions to happen in a high-
strain region, which is investigated in the context of
boundary layer transition �Zhou et al.27�.

In general, it seems that the �-shaped structure is ac-
companied with the occurrence of low-speed streaks. Low-
momentum fluid is accumulated between the two legs. The
lift-up of low-momentum fluid between the streamwise legs
is essential in the formation of the �-shaped structure, as
sketched in Fig. 16. The lift-up process takes place at the
regions between the legs and the head. As a result, hot fluid
is being pulled out of the upper vortex core. In the meantime,
the hot fluid will be stretched upwards due to the buoyancy
force.

It seems that the escape of mushroom-type structures
from the upper vortices is a combined effect. In the early
stage of the evolution, streamwise vorticity plays an impor-
tant role, while buoyance becomes more and more important
after hot fluid is being pulled out of the vortex core between
the legs of the �-shaped structures. The generation of
streamwise vorticity in the near wake is mainly attributed to
baroclinic vorticity production in the near wake, which is
extensively studied in another paper �M. Ren, C. C. M.
Rindt, and A. A. van Steenhoven, “Cyclic-process in a
heated-cylinder wake flow,” J. Fluid Mech. �submitted�� as a

FIG. 16. �Color online�. Sketch of the lift-up process of the �-shaped
structure.
cyclic process. It appears that streamwise vorticity induces
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the occurrence of wall-normal vorticity, which consequently
leads to spanwise temperature differences. This spanwise
temperature gradient leads to streamwise vorticity by the ac-
tion of baroclinic vorticity production. This cyclic process
might be related to the mode-A instability, which is under-
stood as a self-sustaining process �previously formed stream-
wise vorticity affects the formation of new streamwise struc-
tures�.

In summing up, the transition mechanism is character-
ized by two coherent structures �� and M�. An intermediate
stage is observed between the evolution of �-shaped struc-
tures and the escaping mushroom-type structures. Further-
more, this intermediate step is characterized as a lift-up pro-
cess �Fig. 8�, which takes place spatially between the legs
and head of the �-shaped structure. Due to this lift-up, the
mushroom-type structure is generated in the form of a “cap,”
which is a vortex ring forming at the advancing front.
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