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caused instability due to the increased velocity of flow. At Re
=100 the flow was found to be converged to steady state.
Increasing the gap to L / D = 5.5, the flow at Re = 100 showed
unsteady behavior. They indicated that the Strouhal numbers
that are associated with the vortex shedding of the twin
cylinders could take on the same value.

Abstract
The complexity of problem of fluid flow and heat transfer
over an array of circular cylinders are common in industrial
applications of fluid dynamics. The complex nature of the
problem encountered in industry gives rise to certain
significant dimensions in fluid dynamics theory. Some of
them are fluid flow interaction, interferences in flow and
vortex dynamics which are typically found in compact heat
exchangers, cooling of electronic equipment, nuclear reactor
fuel rods, cooling towers, chimney stacks, offshore structures,
hot-wire anemometry and flow control.

The available experimental investigations and numerical
simulations demonstrated rich hydrodynamic phenomena for
the problems of fluid flow over double circular cylinders. In
addition to the early experimental investigations, many
researchers studied this problem by using numerical
simulations. The findings of research done by Li et al.(1991)
on two flow patterns for the laminar flow over twin tandem
circular cylinders were reported for Re=100.

The mentioned structures are subjected to air or water flows
and therefore, experience flow induced forces which can lead
to their failure over a long period of time. Basically, with
respect to the free stream direction, the configuration of two
cylinders can be classified as tandem, side-by-side and
staggered arrangements. The Reynolds Averaged NavierStokes (RANS) equations are used to compute the flow and
Eulerian model is used for to understand phase change
situation. The validation of the results was done with that of
the literatures. In the present study nucleate boiling has been
the cause of heat and mass transfer between the phases.
Orientation of cylinders in a specific arrangement has
significant impact on phase change and volume fraction of
both liquid and vapor phase.

For the large spacing ratio (L/D>3.0), the vortices are
observed to be shed off from both twin cylinders. For
L/D<3.0, it was observed that the vortex shedding happens in
the downstream of the cylinder and the vortices, slightly out
of phase, from the two cylinders rotate in the same direction
in their near wake region
The experimental work of Zhang and Melbourn[5], Bearman
and Wadcock[6], Liu et al.[7] and Ryu et al.[8] to study wake
interaction between two circular cylinders in tandem and sideby-side arrangements were also published subsequently. In
their work a flow visualization method was used to study the
effect of interference between two circular cylinders in sideby-side arrangement at Re = 2.5×104. By applying
unstructured spectral element method to investigate the flow
pattern of two side-by-side cylinders for different spacings,
Liu et al.[7] carried out their research at low Reynolds
numbers.

Keywords: RANS, Heat Flux, Phase Change, Eulerian model,
Volume Fraction, Staggered Arrangement

1.

INTRODUCTION

Many of the outstanding research activities in the domain of
fluid flow and heat transfer have expanded by concentrating
focus on the effect of spacing between the cylinders on the
flow characteristics and heat transfer around them. It was
keenly noted that the qualitative nature of the flow depends
strongly on the arrangement of cylinders [1-4]. Most of the
numerical simulations of flow over a pair of circular cylinders
have utilized finite element methods. The problem
numerically investigated by Mittal et al. [3] is primarily based
on finite element method. The finding of their research was
reported for Reynolds numbers of 100 and 1000 for cylinders
in staggered and tandem arrangement for various spacings.
The conclusion from their study was that the shear layers a
Re=1000 and L/D=2.5 as compared to the case at Re=100

Mahir and Altac [9], Singha and Sinhamahapatra [10], Ding et
al. [11] and Kitagawa and Ohta [12] carried out research using
numerical method to investigate flow pattern for tandem
arrangement of cylinders for both laminar and turbulent
regimes. The three-dimensionality effects were studied
numerically in the wake of two fixed tandem cylinders at Re =
220 by Deng et al. [13]. In their study, virtual boundary
method to apply the no-slip condition. From their
investigation, like 2 dimensional case, critical spacing range
for which instability occurred fell between 3.5 and 4 of L / D.
That means for L / D ≤ 3.5, the flow wake maintained a 2-D
state and for L / D ≥ 4, three-dimensionality effects appeared
in the wake.
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In fact, among the numerical works done on flow over a pair
of cylinders at high Reynolds numbers, one of the most recent
significant studies has carried out at Re = 2.2x10 4 by
Kitagawa and Ohta[12] by simulating a three dimensional
flow over two tandem cylinders. The researchers have
considered a change of gap of 2D to 4D between the two
cylinders, analyzed interference effect and vortex interaction
of two cylinders and validated their finding with the
experimental data for the same Reynolds number.

Where,
∑𝒏𝒒=𝟏 𝜶𝒒 = 𝟏
̂𝒒= 𝜶𝒒 𝝆𝒒
The effective density of phase 𝑞 is 𝝆
Where 𝜌𝑞 is the physical density of Phase 𝑞. The volume
fraction equation may be solved either through implicit or
explicit time discretization.

Of noticeable experimental works at subcritical Reynolds
numbers, one can mention the studies of Ljungkrona et al.
[14] at Re = 2x104and Moriya et al. [15] at Re = 6.5x104.They
thoroughly investigated the flow characteristics of two tandem
cylinders.

Conservation Equations:
The general conservation equations from which the equations
are solved are presented below. The three equations are for
conservation of mass, conservation of momentum and energy.

The drag forces, pressure distribution, velocity profile, vortex
shedding frequency and flow patterns for the twin circular
cylinders in a tandem arrangement have been summarized by
Zdravkovich [16] in his study.

Conservation of mass
The continuity equation for phase q is
𝑛

𝝏
(𝜶 𝝆 ) + 𝛁 ∙ (𝜶𝒒 𝝆𝒒𝒗⃗𝒒 ) = ∑(𝒎̇𝒑𝒒 − 𝒎̇𝒒𝒑 )+𝑺𝒒
𝝏𝒕 𝒒 𝒒

The intense literature review done above has enormously
motivated the authors to understand the phase change
phenomenon when water flows over two heated circular
cylinders of equal diameters and are in tandem or staggered
arrangement kept at different spacing between them and by
changing Reynolds number.

2.

(2)

𝑝=1

(3)
⃗ q is the velocity of phase q and 𝒎̇pq characterizes the
Where 𝒗
mass transfer from the pthto qthphase, and 𝒎̇𝒒𝒑 characterizes
the mass transfer from phase q to phase p.By default, the
source term Sqon the right-hand side of the above equation is
zero, but we can specify a constant or user-defined mass
source for each phase.

GOVERNING EQUATIONS

The basic set of governing equations used to solve the
multiphase flow problem is given below.
The first step in solving any multiphase problem is to
determine which of the regimes provides some broad
guidelines for determining appropriate models for each
regime, and how to determine the degree of interphase
coupling for flows involving bubbles, droplets, or particles,
and the appropriate model for different amounts of coupling.
Eulerian model is used in the solution of the current problem.

Conservation of Momentum
The momentum balance for phase qyields
𝝏
(𝜶 𝝆 ⃗𝒗 ) + 𝛁. (𝜶𝒒 𝝆𝒒 ⃗𝒗𝒒 ⃗𝒗𝒒 )
𝝏𝒕 𝒒 𝒒 𝒒
⃗⃗ +
= −𝜶𝒒 𝛁𝒑 + 𝛁. 𝝉̿𝒒 + 𝜶𝒒 𝝆𝒒 𝒈
𝒏

The Eulerian model is the most complex of the multiphase
models. It solves a set of momentum and continuity equations
for each phase. Coupling is achieved through the pressure and
interphase exchange coefficients. The manner in which this
coupling is handled depends upon the type of phases involved;
granular (fluid-solid) flows are handled differently than nongranular (fluid-fluid) flows.

⃗⃗ 𝒑𝒒 + 𝒎̇𝒑𝒒 𝒗
⃗ 𝒒 + ⃗𝑭𝒍𝒊𝒇𝒕,𝒒 + ⃗𝑭𝒗𝒎,𝒒 )
⃗ 𝒑𝒒 − 𝒎̇𝒒𝒑 𝒗
⃗ 𝒒𝒑 ) + (𝑭
∑(𝑹
𝒑=𝟏

(4)
Where
𝟐

⃗ 𝒒 + 𝛁𝒗
⃗ 𝑻𝒒 ) + 𝜶𝒒 (𝝀𝒒 − 𝝁𝒒 ) 𝛁. 𝒗
⃗ 𝒒 𝑰̿
𝝉̿𝒒 = 𝜶𝒒 𝝁𝒒 (𝛁𝒗
𝟑

(5)

Volume fraction equation

This is qth phase stress-strain tensor.

The description of multiphase flow as interpenetrating
continua incorporates the concept of phasic volume fractions,
denoted here by 𝛼𝑞 . Volume fractions represent the space
occupied by each phase, and the laws of conservation of mass
and momentum are satisfied by each phase individually.

Here μq and λq are the shear and bulk viscosity of phase q
, ⃗Fq is an external body force, ⃗Flift,q is a lift force, ⃗Fvm,q is a
virtual mass force, ⃗R pq is an interaction force between phases,
and p is the pressure shared by all phases.
⃗ 𝒑𝒒 is the interphase velocity, defined as follows: If 𝒎̇𝒑𝒒
𝒗
⃗ 𝒑𝒒 =𝒗
⃗𝒑;
(i.e., phase p mass is being transferred to phase q), 𝒗

The volume of phase 𝑞is defined by 𝑉𝑞
𝑽𝒒 = ∫ 𝜶𝒒 𝒅𝑽

(1)
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if 𝒎̇𝒑𝒒 < 0(i.e., phase q mass
⃗ 𝒑𝒒 =𝒗
⃗𝒒.
phase p),𝒗
Likewise,
⃗ 𝒒𝒑 =𝒗
⃗ 𝒑.
if 𝒎̇𝒒𝒑 < 0then 𝒗

single-phase 𝒌 − 𝝐 model, and it is applicable when phases
separate, for stratified (or nearly stratified) multiphase flows,
and when the density ratio between phases is close to 1. In
these cases, using mixture properties and mixture velocities is
sufficient to capture important features of the turbulent flow.

is being transferred to
⃗ 𝒒𝒑 =𝒗
⃗ 𝒒,
if 𝒎̇𝒒𝒑 > 0then 𝒗

Equation 4 must be closed with appropriate expressions for
⃗⃗ 𝒑𝒒 . This force depends on the friction,
the interphase force,𝑹
pressure, cohesion, and other effects, and is subject to the
⃗ 𝒑𝒒 = −𝑹
⃗⃗ 𝒒𝒑 and⃗⃗⃗𝑹𝒒𝒒 = 0
conditions that ⃗𝑹

The 𝒌and 𝝐 equations describing this model are as follows:
𝝏
𝝏𝒕

The interaction term of the following form:
𝑛

𝛔𝐤

𝛁𝒌)+𝑮𝒌,𝒎 – 𝝆𝒎 𝝐

(8)

and

𝑛

⃗ 𝒑𝒒 = ∑ 𝐾𝒑𝒒 ( 𝒗
⃗ 𝒑−𝒗
⃗ 𝒒)
∑ ⃗𝑹
𝑝=1

𝛍𝐭,𝐦

(𝝆𝒎 𝒌) + 𝛁 ∙ (𝝆𝒎 𝒗
⃗ mk)=𝛁 ∙ (

𝛛
𝛛𝐭

𝑝=1

𝛍𝐭,𝐦

(𝝆𝒎 𝝐) + 𝛁 ∙ (𝝆𝒎 𝒗
⃗ 𝒎 𝝐)=𝛁 ∙ (

𝛔ɛ

𝜺

𝛁𝝐)+ (𝑪𝟏𝝐 𝑮𝒌,𝒎 − 𝑪𝟐𝝐 𝝆𝒎 𝝐)
𝒌

(9)

Where 𝐾𝒑𝒒 (= 𝐾𝒒𝒑 ) is the interphase momentum exchange
coefficient.

⃗ mare computed
Where the mixture density 𝝆𝒎 and velocity 𝒗
from
𝝆 𝒎 = ∑𝑵
𝒊=𝟏 𝜶𝒊 𝝆𝒊

Conservation of Energy
Conservation of energy in Eulerian multiphase applications
.The current problem uses this form of the equation

(10)

and
⃗ m=
𝒗

𝝏
⃗ 𝒒 𝒉𝒒 )
(𝜶 𝝆 𝒉 ) + 𝛁 ∙ (𝜶𝒒 𝝆𝒒 𝒖
𝝏𝒕 𝒒 𝒒 𝒒
𝝏𝒑𝒒
⃗ 𝒒−𝛁∙𝒒
⃗𝒒
= −𝜶𝒒
+ 𝝉̿𝒒 : 𝒖
𝝏𝒕

∑𝑵
𝒊=𝟏 𝜶𝒊 𝝆𝒊 ⃗𝒗𝒊
∑𝑵
𝒊=𝟏 𝜶𝒊 𝝆𝒊

(11)

The turbulent viscosity, 𝜇𝑡,𝑚 is computed from

𝒏

𝝁𝒕,𝒎 = 𝝆𝒎 Cµ

+ 𝑺𝒒 + ∑(𝑸𝒑𝒒 + 𝒎̇𝒑𝒒 𝒉𝒑𝒒

𝒌𝟐
𝝐

(12)

and the production of turbulence kinetic energy, Gk,mis
computed from

𝒑=𝟏

− 𝒎̇𝒒𝒑 𝒉𝒒𝒑 )
(7)

Gk,m=𝛍𝐭,𝐦 (𝛁 𝐯⃗m+(𝛁𝐯⃗m )T):𝛁𝐯⃗m

⃗ 𝒒 is the
where is 𝒉𝒒 the specific enthalpy of the qth phase, 𝒒
heat flux, 𝑺𝒒 is a source term that includes sources of enthalpy
(e.g., due to chemical reaction or radiation), 𝑸𝒑𝒒 is the
intensity of heat exchange between the pth and qth phases,
and 𝒉𝒑𝒒 is the interphase enthalpy (e.g., the enthalpy of the
vapor at the temperature of the droplets, in the case of
evaporation). The heat exchange between phases must comply
with the local balance conditions 𝑸𝒑𝒒 = −𝑸𝒒𝒑 and 𝑸𝒑𝒒 = 𝟎.

(13)

The constants in these equations are given below for the
single-phase k- model.
Cµ=0.09, C1ɛ =1.44,𝐂𝟐ɛ = 𝟏. 𝟗𝟐, 𝛔𝐤 = 𝟏. 𝟎,𝛔ɛ = 𝟏. 𝟑
3.

METHODOLOGY

A sketch definition of numerical set-up (shown in x-y plane)
for two circular cylinders in tandem arrangement with
boundary conditions is shown in the Fig.1. The necessary
dimensions of the fluid domain are expressed in terms of the
diameter (D) of a cylinder. The diameters of both the
cylinders are the same. The two cylinders are arranged in
tandem inside the flow domain. The mesh density is higher
near the walls of cylinders. The total number of nodes of the
mesh generated is 5117 and that of elements is 3984. The flow
enters at inlet where the inlet velocity is specified (u=U) and
leaves the domain at outlet. The temperature at the cylinder
surface is maintained at 573 K. All walls are stationary and
have no slip boundary conditions.

Turbulence Models
In comparison to single-phase flows, the number of terms to
be modeled in the momentum equations in multiphase flows is
large, and this makes the modeling of turbulence in
multiphase simulations extremely complex. One of the three
methods for modeling turbulence in multiphase flows within
the context of 𝒌 − 𝝐 models are mixture turbulence models.
The description of mixture turbulence model is presented
below.
𝒌 − 𝝐 Mixture Turbulence Model

The mixture turbulence model is the default multiphase
turbulence model. It represents the first extension of the
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Fig.1: Physical Domain (shown in x-y plane) for two circular cylinders with boundary conditions

The commercial computational fluid dynamics (CFD) solver
Ansys(R)Fluent was used for the simulation of fluid flow and
heat transfer over the cylinders. The working fluid is water
(liquid phase),upon phase change, becomes steam(vapor
phase).

the authors , due to good comparison and validation of the
above-mentioned quantities, have carried out their study to
investigate the flow over two heated circular cylinders
Table 1: Comparison of the mean drag coefficient 𝐶DM , 𝐶LM and St

4.

RESULTS AND DISCUSSIONS

𝐶DM

The effect of orientation of a cylinder in an arrangement and
its rotation on the volume fraction of each phase has been the
focus. Hence two different arrangements such as tandem and
staggered
are considered during
the computation to
understand the phase change of liquid to vapor phase over a
cylinder whose surface is heated to a certain temperature (
above the saturation temperature of vapor).
Rotation of cylinders was considered during the simulation to
assess how it affects the volume fraction of both the phases.
The rate of rotation of a cylinder (indicated by α) is denoted
by Dω/2U∞, where U∞ is the free-stream velocity and D is the
diameter of cylinder and ω is its angular velocity.
There has been a validation of a few quantities such as the
mean drag coefficient, mean lift coefficient and Strouhal
numbers of the isolated circular cylinder with that of the other
researchers and the details are mentioned in the Table 1. In
the Fig.2 is plotted the mean drag coefficient versus Re of the
flow.
The comparison of the present values of mean drag coefficient
with the data published earlier is fairly good. The comparison
of the non-dimensional quantities such as Mean drag
coefficient, CDM , mean lift coefficient CLM and Strouhal number,
St was done with those published by leading researchers and
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𝐶LA

St

Present

1.41

0.692

0.1902

M-M Lui et al. (2014)

1.337

0.685

0.1955

B.N. Rajani et al. (2009)

1.3380

0.4276

0.1936

Wang et al. (2009)

-

0.71

0.1950

Zhang et al. (2008)

1.34

0.66

0.1970

Linnick and Fascl (2005)

1.34-1.37

0.71

-

Farrani et al. (2001)

1.36-1.39

0.71

-

He et al. (2000)

1.36

-

0.1978

Data compiled
by Zdravkovich (1997)

1.43

-

-

Henderson (1995)

1.34-1.37

-

0.1971
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Variation of mean drag coefficient with Re
4.0
3.5
2D Computation[B.N. Rajani et al (2009)]

Mean Drag Coefficient

3.0
Data compiled by Zdravkovich (1997)
2.5

Present 3D computation

2.0
1.5
1.0
0.5
0.0
0

50

100

150

200

250

300

350

Re

Fig.2: Comparison of Mean Drag Coefficients for various Reynolds number for a single circular cylinder

Phase Change of Liquid to Vapor:
Cylinders are not rotating

VOF, Vapour

In Fig.3 (a) is shown the contours of liquid-vapor phase for
two non-rotating cylinders in tandem arrangement and Fig.3
(b) shows the variation of volume fraction (VOF ) of vapor
around the same two cylinders shown in Fig.3(a). The range
of variation of VOF is between 0.5 and 0.9 around both the
cylinders and it is noted that cylinder-1 [extreme left one]
experiences more vapor at a location of 120o on its surface
and cylinder-2 faces more vapor at a location around 350o on
its surface.

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3

Cylinder 1
Cylinder 2

0

50

100 150 200 250 300 350

Location on cylinder surface (in degree)

Fig.3(b) Variation of VOF of vapor around two cylinders
shown in Fig.4(a)

In Fig.4(a) is shown the contours of liquid-vapor phase for
two rotating cylinders in tandem arrangement and Fig.4(b)
shows the variation of volume fraction (VOF) of vapor around
the same two cylinders shown in Fig.4(a). The range of
variation of VOF varies between 0.51 and 0.95 around
cylinder-1 and the variation of VOF is between 0.67 and 0.89
for cylinder-2. It is noted that cylinder-1 [extreme left one]
experiences more vapor at a location of 50o on its surface and
cylinder-2 faces more vapor at a location around 350o on its
surface.

Fig.3(a) Contours of liquid-vapor phase for two non-rotating
cylinders in tandem
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Fig.4(a) Contours of liquid-vapor phase for two rotating
cylinders in tandem

Fig.5(a) Contours of liquid-vapor phase for three nonrotating cylinders in staggered arrangement

1

VOF, Vapour

0.8
0.6
0.4
Cylinder 1

0.2

Cylinder 2

0
0

50

100 150 200 250 300 350

Location on cylinder surface (in degree)

Fig.4(b) Variation of VOF of vapor around two cylinders
shown in Fig.5(a)

Fig.5(b) Variation of VOF of vapor around two
cylinders[extreme left and extreme right]shown in Fig.5(a)

In Fig.5(a) is shown the contours of liquid-vapor phase for
three non-rotating cylinders in staggered arrangement and
Fig.5(b) shows the variation of volume fraction (VOF ) of
vapor around the two cylinders [extreme left and right]
shown in Fig.5(a). By introducing another cylinder in the
arrangement described in Fig.4(a) a new staggered
arrangement was made which is shown in Fig.5(a). The
arrangement has significantly affected the phase interaction
between the liquid and vapor phases. There is a lowering of
VOF (~0.2) in cylinder-2 and the VOF for cylinder-1 has also
been affected (increased) by 10-15%. It is also observed that
more time is needed for a better VOF to be seen around the
cylinders at hand.

In Fig.6(a) is shown the contours of liquid-vapor phase for
four non-rotating cylinders in staggered arrangement and
Fig.6(b) shows the variation of volume fraction (VOF ) of
vapor around the two cylinders [ extreme left and right]
shown in Fig.6(a). By introducing another cylinder in the
arrangement described in Fig.6(a) a new staggered
arrangement was made which is shown in Fig.6(a). The
arrangement has significantly affected the phase interaction
between the liquid and vapor phases. There is an enhancement
of VOF (~0.4 in the lower side and ~1.0 in the upper side) in
cylinder-2 and the VOF for cylinder-1 has also been affected
by 5%. The range of variation of VOF varies between 0.45
and 0.9 around cylinder-1 and the variation of VOF is
between 0.41 and 1.0 for cylinder-2. It is noted that cylinder-2
[extreme right one] experiences more vapor at a location of 0o
on its surface and cylinder-1 faces more vapor at a location
around 130o on its surface.

The range of variation of VOF varies between 0.4 and 0.9
around cylinder-1 and the variation of VOF is between 0.2
and 0.85 for cylinder-2. It is noted that cylinder-1 [extreme
left one] experiences more vapor at a location of 0o and 350o
on its surface and cylinder-2 faces more vapor at a location
around 200o on its surface.
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Fig.6(a) Contours of liquid-vapor phase for four nonrotating cylinders in staggered arrangement
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Fig.6(b) Variation of VOF of vapor around two
cylinders[extreme left and extreme right]shown in Fig.6(a)
5.

CONCLUSION

The effect of orientation of a cylinder on liquid-vapor phase
change has been studied. The rotation of a cylinder on the
VOF has also been noted during the study. A comparison of
VOF of vapor over a cylinder was made for two separate
arrangements of cylinders. In the staggered arrangement the
rise of VOF by 15% for both the cylinders was noteworthy.
The rotation has enhanced the VOF by around 20% around
both the cylinders. The heat and mass transfer during liquidvapor phase change have been enhanced with the nucleate
boiling phenomenon which was the mechanism of phase
interaction.
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