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Effect of Reynolds number on phase
change of water flowing across two heated
circular cylinders in tandem arrangement

BK Dhar1, SK Mahapatra2, SK Maharana3 and A Sarkar1

Abstract

The situations of fluid flow and heat transfer across an array of cylinders have been quite common in fluid dynamics and,

particularly, industry applications. One such situation is flow of water over heated cylinders in a tandem arrangement.

The flow of water over heated cylinders faces a phenomenon of phase change from liquid (water) to vapor phase

(steam).The mechanism of this phase change is studied through a numerical simulation in this project. The Eulerian model

is used in the present simulation method to comprehend the multiphase phenomenon. The effect of Reynolds number on

the phase change is studied. The phase change of water in an unsteady flow across cylinders has been prominently

affected by Reynolds number. Only critical cases have been discussed in this paper. The volume fraction of water and

steam is plotted against the position of flow from inlet to exit of the flow domain that is a channel for a particular flow

conditions to demonstrate the phenomenon of heat and mass transfer during the flow of water.
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Introduction

The problems of fluid flow and heat transfer phenom-
ena over array of cylinders are quite prominent in fluid
dynamics and industry applications.1,2 These problems
give rise to some of the important aspects in fluid
dynamics theory such as fluid flow interaction, interfer-
ences in flow, vortex dynamics, and a variety of engin-
eering applications such as compact heat exchangers,
cooling of electronic equipment, nuclear reactor fuel
rods, cooling towers, chimney stacks, offshore struc-
tures, hot-wire anemometry, and flow control. 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 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.
Quite a few studies on these problems have been carried
out analytically, experimentally, and numerically, espe-
cially under the configuration of two tandem cylinders
for simplicity.

Some of the outstanding research activities in the
above field have focused on the effect of spacing

between the cylinders on the flow characteristics and
heat transfer around them. It was observed that the
qualitative nature of the flow depends strongly on the
arrangement of cylinders.1,3,4

Numerical simulations of flow over a pair of circular
cylinders have been carried out by applying different
methods that are mainly based on finite element formu-
lation. Mittal et al.3 have investigated the problem
numerically using a stabilized finite element method
and reported their study for the Reynolds numbers
(Re) of 100 and 1000 in tandem and staggered arrange-
ments for different spacings and concluded that at
Re¼ 1000 and L/D¼ 2.5, unlike Re¼ 100, in which
the flow converged to initial steady state after some
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transience, the shear layers caused instability due to the
increased velocity of flow. Increasing the gap to L/
D¼ 5.5, the flow at Re¼ 100 showed unsteady behav-
ior. They indicated that the Strouhal numbers that are
associated with the vortex shedding of the twin cylin-
ders could take on the same value.

The available experimental investigations and
numerical simulations demonstrated rich hydro-
dynamic 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 numer-
ical simulations. Considering the low Reynolds number
Re¼ 100, Ljungkrona et al.5 reported two flow patterns
for the laminar flow over twin tandem circular cylin-
ders. For the large spacing ratio (L/D> 3.0), the vor-
tices are observed to be shed from both twin cylinders.
However, for small spacing ratios (L/D< 3.0), the
vortex shedding is observed for only the cylinder down-
stream, and the vortices in the near wakes of the two
cylinders rotate in the same direction, but they are
slightly out of phase.

In this respect, wake interaction between two circu-
lar cylinders in tandem and side-by-side arrangements
was studied experimentally by some researchers such as
Zhang and Melbourne,6 Bearman and Wadcock,7 Liu
et al.,8 and Ryu et al.9 In their experimental work,
Bearman and Wadcock7 applied a flow visualization
method to study the effect of interference between
two circular cylinders in side-by-side arrangement at
Re¼ 2.5� 104. At low Reynolds numbers, Liu et al.8

employed also the unstructured spectral element
method to investigate the flow pattern of two side-by-
side cylinders for different spacings.

In the meantime, the flow pattern for tandem
arrangement was recently studied numerically by
Mahir and Altac,10 Singha and Sinhamahapatra,11

Ding et al.,12 and Kitagawa and Ohta13 for both lam-
inar and turbulent regimes. Deng et al.14 performed a
numerical study on three-dimensional (3D) effects in
the wake of two-fixed tandem cylinders at Re¼ 220.
They used the virtual boundary method to apply the
no-slip condition. Like two-dimensional (2D) case, they
found the critical spacing range for which instability
occurred at 3.5�L/D� 4, implying that for
L/D� 3.5, the flow wake maintained a 2D state, while
for L/D� 4, 3D effects appeared in the wake.

As a matter of fact, few numerical works have been
done on flow over a pair of cylinders at high Reynolds
numbers. One of the most recent significant studies
involves 3D simulation of flow over two tandem cylin-
ders at the subcritical Re¼ 2.2� 104 by Kitagawa and
Ohta.13 They changed the gap from 2D to 4D and
analyzed the interference effect and vortex interaction
of the two cylinders. Their results showed good

agreement with the experimental data at the same
Reynolds number. Of noticeable experimental works
at subcritical Reynolds numbers, one can mention the
studies of Ljungkrona et al.5 at Re¼ 2� 104 and
Moriya et al.15 at Re¼ 6.5� 104. They thoroughly
investigated the flow characteristics of two tandem
cylinders.

Zdravkovich16 summarized the drag forces, pressure
distribution, velocity profile, vortex shedding fre-
quency, and flow patterns for the twin circular cylinders
in a tandem arrangement.

The above literature review has encouraged the
authors to contribute towards understanding the phase
change phenomenon, while water is flowing over two
circular cylinders of equal diameters and in tandem
arrangement by changing Reynolds number of the flow.

The fluid flow over a single cylinder is amply covered
by much literature in the past and hence this has
motivated taking up of a situation where there is
more than one cylinder. Before taking up of a problem
where two-cylinder arrangement is considered, it is felt
that the approach and essence of this research will be
incomplete without solving a flow over a single cylin-
der. To validate a few outcomes of the flow over a
single cylinder, leading literature was reviewed and
results of laminar flow (Re¼ 200) over a single cylinder
is presented here in this paper.

The fluid flow (either laminar or turbulent) over
these cylinders with certain heat flux is more relevant
as far as the challenges of phase change are concerned.
In the present case, it is deemed appropriate to attempt
to simulate numerically the phase change phenomenon.
This attempt would throw light upon the various chal-
lenges and opportunities of phase change from water to
steam in a simple case like two-cylinder arrangement in
a tandem arrangement. This is kept as one of the
objectives for a faster understanding of the physics of
phase change.

The impact of Reynolds number on the overall
energy and momentum transfer through the fluid flow
is noted by volumetric change of water and steam inside
the channel. The faster movement of molecules of water
and quicker advection signify how two different phases
re-orient themselves in terms of volume fractions of
each phase.

Physical problem and modeling of
trapezoidal cavity receiver

Set up

A sketch of the numerical set up (shown in x–y plane)
for two circular cylinders in tandem arrangement with
boundary conditions is shown in Figure 1. The neces-
sary dimensions of the fluid domain are expressed in
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terms of the diameter (D) of the cylinder. The diameters
of both the cylinders are the same. The components of
the fluid velocity (U) are u, v in the x-, and y- directions,
respectively. Here T is the temperature which has a free
stream value at the inlet of the flow (left to right in the
flow domain) and it is equal to the wall temperature
specified at the boundary of the solid surfaces of both
cylinders. Water enters at the left inlet and comes in
contact with fixed Cylinder 1 and fixed Cylinder 2
with a distance of ‘S’ between them.

Mathematical modelling

The Eulerian model has been adopted in the current
problem.16 In this model, a set of n momentum and
continuity equations for each phase has been solved.
Coupling is achieved through the pressure and inter-
phase exchange coefficients. The manner in which this
coupling is handled depends upon the type of phases
involved; granular (fluid–solid) flows are handled dif-
ferently than non-granular (fluid–fluid) flows. For the
current problem, coupling has been handled by con-
sidering non-granular flows.

The description of multiphase flow as interpenetrat-
ing continua incorporates the concept of phasic volume
fractions, denoted here by �q. Volume fractions repre-
sent the space occupied by each phase, and the laws of
conservation of mass and momentum are satisfied by
each phase individually.

The volume of phase ‘q’ is defined by Vq

Vq ¼

Z
aqdV ð1Þ

where

Xn
q¼1

aq ¼ 1 ð2Þ

The effective density of phase q is q̂q¼aq
qq where �q is

the physical density of phase q. The volume fraction
equation may be solved either through implicit or expli-
cit time discretization.

The Eulerian multiphase model allows for the model-
ing of multiple separate, yet interacting phases. A set of
conservation equations for momentum, continuity, and
(optionally) energy is individually solved for each phase.

The basic set of governing equations used to solve
the multiphase flow problem is given below.

The general conservation equations for conservation
of mass, conservation of momentum, and energy are
presented below

Conservation of mass. Thecontinuity equation forphaseq is

@

@t
aqqq

� �
þ r � aqqq~vq

� �
¼
Xn
p¼1

_mpq � _mqp

� �
þ Sq ð3Þ

where ~vq is the velocity of phase q and _mpq characterizes
the mass transfer from the pth to qth phase, and _mqp

characterizes the mass transfer from phase q to phase p.
The source term Sq on the right-hand side of the above
equation is zero, but it can be specified as a constant or
user-defined mass source for each phase.

Conservation of momentum. The momentum equation for
phase q is

@

@t
aqqq~vq
� �

þ r: aqqq~vq~vq
� �

¼ �aqrpþ r:��s �q þaqqq ~g

þ
Xn
p¼1

~Rpq þ _mpq~vpq � _mqp~vqp

� �

þ ~Fq þ ~Flift, q þ ~Fvm, q

� �
ð4Þ
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Figure 1. Sketch definition of numerical set up (shown in x–y plane) for two circular cylinders in tandem arrangement with boundary

conditions.
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where qth phase stress–strain tensor is

��sq ¼ aqlq r~vq þ r~v
T
q

� �
þ aq kq �

2

3
lq

� �
r:~vq

��I ð5Þ

Here �q and �q 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, ~Rpq is an interaction
force between phases, and p is the pressure shared by all
phases. Then ~vpq is the interphase velocity, defined as
follows: If _mpq (i.e. phase p mass is being transferred to
phase q), ~vpq ¼ ~vp; if _mpq 5 0 (i.e. phase q mass is being
transferred to phase p), ~vpq ¼ ~vq. Likewise, if _mqp 4 0
then ~vqp ¼ ~vq, if _mqp 5 0 then ~vqp ¼ ~vp.

Equation (4) must be closed with appropriate
expressions for the interphase force, ~Rpq. This force
depends on the friction, pressure, cohesion, and other
effects and is subject to the conditions that ~Rpq ¼ � ~Rqp

and ~Rqq ¼ 0
Here a simple interaction term is used stated below

Xn
p¼1

~Rpq ¼
Xn
p¼1

Kpq ~vp � ~vq
� �

ð6Þ

where Kpq ¼ Kqp

� �
is the interphase momentum

exchange coefficient.
For fluid–fluid flows, each secondary phase is

assumed to form droplets or bubbles. This has an
impact on how each of the fluids is assigned to a par-
ticular phase. For example, in flows where there are
unequal amounts of two fluids, the predominant fluid
should be modeled as the primary fluid, since the spar-
ser fluid is more likely to form droplets or bubbles. The
exchange coefficient for these types of bubbly, liquid–
liquid or gas–liquid mixtures can be written in the
following general form

Kpq ¼
aqapqpf

sp
ð7Þ

where f is the drag function, is defined differently for
the different exchange-coefficient model and sp, the
‘‘particulate relaxation’’ time, is defined as

sp ¼
qpd

2
p

18lq

ð8Þ

where dp is the diameter of the bubbles or droplet of
phase p.

The drag function f is not computed separately in the
problem. However, it is given here as a part of the
explanation of the basic equations involved in
the entire computing work of the project.

Nearly all definitions of f include a drag coefficient
(CD) that is based on the relative Reynolds number.
It is this drag function that differs among the
exchange-coefficient models.

For all these situations, Kpq should tend to zero
whenever the primary phase is not present within the
domain. To enforce this, the drag function f is always
multiplied by the volume fraction of the primary phase
q, as is reflected in Equation (7).

The Schiller and Neumann model17 is the default
method, and it is acceptable for general use for all
fluid–fluid pairs of phases and hence f is expressed as

f ¼
CDRe

24
ð9Þ

where

CD ¼
24ð1þ 0:15Re0:678Þ=Re Re � 1000
0:44 Re4 1000

�
ð10Þ

and Re is the relative Reynolds number. The relative
Reynolds number for the primary phase q and second-
ary phase p is obtained from

qq ~vp�~vqj jdp

lq

ð11Þ

Lift forces. For multiphase flows, the effect of lift forces
on the secondary phase particles (or droplets or bub-
bles) is included. These lift forces act on a particle
mainly due to velocity gradients in the primary-phase
flow field. The lift force will be more significant for
larger particles, but for simplified analysis, it can be
assumed that the particle diameter is much smaller
than the interparticle spacing. Thus, the inclusion of
lift forces is not appropriate for closely packed particles
or for very small particles.

The lift force acting on a secondary phase p in a
primary phase q is computed from Drew and Lahey.18

F
	!

lift ¼ �0:5qqap ~vp � ~vq
� �

� r � ~vq
� �

ð12Þ

The lift force ~Flift will be added to the right-hand side
of the momentum equation for both phases
~Flift, q ¼ � ~Flift, p

� �
. In most cases, the lift force is insig-

nificant compared with the drag force, so there is no
reason to include this extra term. If the lift force is
significant (e.g. if the phases separate quickly), it may
be appropriate to include this term. Thus, ~Flift is not
included. The lift force and lift coefficient can be speci-
fied for each pair of phases, if desired.

Dhar et al. 51



The computation of lift force and drag force is com-
puted for the cylinders by the solver. However, the
effect of lift force is assumed insignificant compared
with the drag force and hence is not included.

Virtual mass force. For multiphase flows, the model
includes the ‘‘virtual mass effect’’ that occurs when a
secondary phase p accelerates relative to the primary
phase q. The inertia of the primary-phase mass encoun-
tered by the accelerating particles (or droplets or bub-
bles) exerts a ‘‘virtual mass force’’ on the particles.18

~Fvm ¼ 0:5apqq

dq~vq
dt
�
dq~vq
dt

� �
ð13Þ

The term
dq
dt denotes the phase material time deriva-

tive of the form

dqð;Þ

dt
¼
@ ð;Þ

@t
þ ~vq � r
� �

; ð14Þ

The virtual mass force ~Fvm will be added to the right-
hand side of the momentum equation for both phases
ð ~Fvm,q ¼ � ~Fvm,pÞ. The virtual mass effect is significant
when the secondary phase density is much smaller
than the primary-phase density. ~Fvm is not included.

Virtual mass force is not considered in the current
problembecause the relative acceleration between the sec-
ondary phase (vapor) and the primary phase is neglected.

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

@

@t
aqqqhq
� �

þ r � aqqq~uqhq
� �

¼ �aq
@pq
@t
þ ��sq : ~uq � r � ~qq

þ Sq þ
Xn
p¼1

Qpq þ _mpqhpq � _mqphqp

� �

ð15Þ

where hq is the specific enthalpy of the qth phase, ~qq is
the 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 ¼ �Qqp and Qpq ¼ 0.

Turbulence models. In comparison with 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. In the pre-
sent problem, k� � models have been employed which
are a mixture of the turbulence model. The description
of the mixture turbulence model is presented below.

The k�� mixture turbulence model. Themixture turbulence
model is the multiphase turbulencemodel which has been
used in the present computation. It represents the first
extension of the single-phase k� �model, and it is applic-
able when phases separate, for stratified (or nearly strati-
fied) 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
the important features of the turbulent flow.

The k and � equations describing this model are as
follows

@

@t
qmk
� �

þ r � qm~vmk
� �

¼ r �
lt,m

rk
rk

� �
þ Gk,m � qm�

ð16Þ

and

@

@t
qm�
� �

þ r � qm~vm�
� �

¼ r �
lt,m

r�
r�

� �

þ
�

k
C1�Gk,m � C2�qm�
� � ð17Þ

where the mixture density qm and velocity ~vm are com-
puted from

qm ¼
XN
i¼1

aiqi ð18Þ

and

~vm ¼

PN
i¼1 aiqi~viPN
i¼1 aiqi

ð19Þ

The turbulent viscosity, �t,m is computed from

lt,m ¼ qmCl

k2

�
ð20Þ

and the production of turbulence kinetic energy, Gk,m is
computed from

Gk,m ¼ lt,m r �
~Vm þ r ~Vm

� �
� T

� �
: r ~Vm ð21Þ

The constants in these equations are given below for
the single-phase k–� model. The same constants are
used while solving the equations for each phase.

Cl ¼ 0:09, C1"¼ 1:44, C2� ¼ 1:92, rk ¼ 1:0, r� ¼ 1:3
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Boundary conditions

Boundary conditions for the above set up are as follows:

(i) Inlet to the domain: Velocity inlet, U1¼ 1m/s.
(ii) Outlet from the domain: Gauge pressure outlet,

p¼ 0 pascal.
(iii) Wall of the domain: No slip wall boundary (top

and bottom).
(iv) Cylinder wall surface: Heat flux, q00 ¼ 10,000W/m2

(for both the cylinders).
(v) Cylinder 1: Stationary wall.
(vi) Cylinder 2: Stationary wall.

Solution procedure and mesh independence study

The continuity, momentum, and energy equations are
solved as per the Eulerian model for multiphase using
Ansys(R) Fluent 12.1 solver.16 The phase coupled
SIMPLE method has been chosen in the solver to com-
pute the flow variables. The turbulent quantities k and
� are solved as per the mixture turbulence model. The
descriptions of both are given in the above section. The
iteration of all the steps ends when the full convergence
is achieved. Residual values include the momentum
equations for each phase, k and � equations for each
phase, and pressure correction residual for continuity
equation.

During the heat transfer from the walls of the cylin-
ders to water, which is liquid, it starts to go to a new
phase, steam. The mechanism of heat and mass transfer
from water to steam is set during the multiphase flow
settings. The mass transfer from Phase 1 (water) to
Phase 2 (steam) is computed using the unidirectional
mass transfer mechanism option in Fluent.
Momentum, energy, and turbulence are also trans-
ported with the mass that is transferred.

The convergence of the numerical solutions is
obtained from the above-mentioned problem using
the residuals of the values of variables such as continu-
ity of the flow, velocities of two phases (primary and
secondary), and the energy of each phase, turbulent
kinetic energy, and its rate of dissipation. In this
work, convergence occurs when the values of total resi-
dual in all the above-mentioned equations become
smaller than 10�5. All these values have reached their
acceptable steady solutions during the simulation. The
solutions are also independent of the mesh resolution.
For the present simulation, initial mesh elements are
306,550 and the convergence of residual error is
below the above-mentioned value. The mesh elements
are increased to 1.5 times due to finer meshing. The
simulation is again carried out and convergence criteria
satisfied. The values of all field variables obtained from

the two simulations are compared and found to be
the same.

Grid quality has been satisfactory after checking the
skewness as 0.2 and over all grid quality 0.92 (the high-
est value is 1.0). The automatic gridding method of the
Ansys workbench has optimized the grid density appro-
priately to fit into flow domain and overall grid quality.

Results and discussion

Verification of the code

First of all, the mean drag coefficient, mean lift coeffi-
cient, and Strouhal numbers of the isolated circular
cylinder have been compared with those of the other
researchers as mentioned in Table 1. The mean drag
coefficient versus Re of the flow is plotted in Figure 2.
The comparison of the present values of mean drag
coefficient with the previously published data is fairly
good.

Figure 3 is a plot of Strouhal number which confirms
that flow is oscillating and it gives a frequency distri-
bution of vortex shedding from the cylinder. These
results are taken for Re¼ 200. The comparison and
the validation of the approach have encouraged the
authors to continue studying the flow variables when
there is a flow over two heated circular cylinders.

Mean drag coefficient, CM
D , mean lift coefficient CM

L ,
and Strouhal number, St, are compared with some of
the leading references. From Table 1, it is observed that
the computed values of mean drag coefficient, mean lift
coefficient, and Strouhal number agree well with the
values published by leading researchers in the field.

The spacing between the centers of cylinders is
expressed in terms of the diameter, D. The numerical
experiments are done at different Reynolds numbers of

Table 1. Comparison of the mean drag coefficient CM
D, CM

L

and St.

CM
D CA

L St

Present 1.41 0.692 0.1902

Ming-Ming et al.17 1.337 0.685 0.1955

Rajani et al.19 1.3380 0.4276 0.1936

Wang et al.20 – 0.71 0.1950

Zhang et al.21 1.34 0.66 0.1970

Linnick and Fascl22 1.34–1.37 0.71 –

Farrani et al.23 1.36–1.39 0.71 –

He et al.24 1.36 – 0.1978

Data compiled by

Zdravkovich16
1.43 – –

Henderson25 1.34�1.37 – 0.1971
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the flow and spacing is kept fixed meter. The study aims
to observe the motion of different phases in the wake of
the cylinders when there is an interaction between the
flows of the cylinders and while the flow becomes non-
interacting for a gradual increase of Reynolds number.

Basically two Reynolds numbers are considered in
this study for a spacing between the two cylinders. Both
the cylinders, having the same diameter and length, are
heated and the heat flux is maintained at 10,000W/m2.
The heated cylinders are kept in a tandem arrangement
at two different spacings: 1.5 D and 6 D. At a particular
spacing, water is allowed to flow across the cylinders

and its phase change is observed. Two values of Re are
considered for each spacing. One value of Re is 200
(laminar flow) and the other value is 1.5� 105 (turbu-
lent flow). The aim of the numerical experiment is to
note and analyze the volume fraction of each phase
(liquid and vapor) when water flows at a Re over two
the heated cylinders kept at a spacing (1.5 D or 6 D).
The inlet temperature of the water is 300K. During the
study, it is also noted that the surface heat transfer
coefficients of the heated cylinders get affected by the
variation of Reynolds number. An empirical correl-
ation (h¼ q/�T) is adopted for the computation of

Figure 3. Strouhal number of vortex shedding from the isolated cylinder.
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surface heat transfer coefficients, where q is amount of
heat transferred (heat flux, W/m2), h is heat transfer coef-
ficient (W/m2.K), and �T is the temperature difference
between the solid surface and surround fluid area, K.

Some of the results reported herein include the phase
change and the corresponding volume fractions of two
phases of the fluid.

Effect of the change of Reynolds number of flow

From Figures 4(a) and (b) and Figures 5(a) and (b), it is
observed that, for Re¼ 200, the volume fraction of water
for two spacing (1.5 D and 6 D) differs significantly. The
same is true for the volume fraction of steam.

From Figures 6(a) and (b) and Figures 7(a) and (b),
it is observed that, for Re¼ 150,000, the volume frac-
tion of water for two spacings (1.5 D and 6 D) has

almost the same value. The same is true for the
volume fraction of steam.

The possible reason for such an observation in the
case of Re¼ 200 could be the availability of more heat
flux to water while it is flowing across two cylinders
kept at 1.5 D. The volume fraction of water is reducing
faster, whereas the volume fraction of steam is increas-
ing when the flows are interacting and are extracting
more heat from the both surfaces and lending it to the
water present near to the surface.

The widening of the gap increases the scope of accu-
mulating heat for a quicker conversion of water to
steam. The maximum volume fraction of steam gener-
ated when the spacing is 1.5 D is increased by 61% com-
pared with same value of steam when spacing is 6 D.

Another possibility is that the lower Re allows more
resident time for water to be in touch with the heated

Figure 4. Contours of volume fraction of water and steam when Re¼ 200 and gap¼ 1.5 D: (a) water, (b) steam.

Figure 5. Contours of volume fraction of water and steam when Re¼ 200 and gap¼ 6 D: (a) water (b) steam.
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surface of the cylinder and hence the higher value of
volume fraction of steam in the flow domain. The larger
spacing alters the opportunity of absorbing more heat
by water from the heated surface.

For Re¼ 150,000, it is observed from the contour
plots in Figures 5(a) and (b) that the value of the
volume fraction of steam for both the spacings (1.5 D
and 6 D) shows a difference of 5%. So, this could be a
poor heat and mass transfer phenomenon between the
two phases and a weak heat convection (low heat trans-
fer coefficient) from the heated solid surface to water.
The turbulent flow (Re¼ 150,000) has decreased the
opportunity for water to stay longer and closer to
heated solid surface and it has resulted in a lower
value of volume fraction of steam.

Figures 8 and 9 are the plots of the volume fraction of
water versus position in a stream-wise direction and a plot
of volume fraction of stream versus position in stream-
wise direction when Re¼ 200 and 150,000 at
spacing¼ 1.5 D, respectively. The difference in the value
of volume fraction is observed at locations x¼ 0.07m,
0.08m for the two different Reynolds numbers, respec-
tively. These two locations are near the solid walls of the
cylinders. The lower value of volume fraction for
Re¼ 200 and the higher value of volume fraction for
Re¼ 150,000 are justifying the logic that more heat trans-
fer has occurred at Re¼ 200 and hence more steam is
formed (higher volume fraction of steam at lower Re).

Figures 10 and 11 are the plots of the volume frac-
tion of water versus position in a stream-wise direction

Figure 7. Contours of volume fraction of water and steam when Re¼ 150,000 and gap¼ 6 D.

Figure 6. Contours of volume fraction of water and steam when Re¼ 150,000 and gap¼ 1.5 D: (a) water, (b) steam.
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and a plot of volume fraction of stream versus position
in a stream-wise direction when Re¼ 200 and 150,000
at spacing¼ 6 D, respectively. The difference in the
value of volume fraction is observed at all locations
for the two different Reynolds numbers. The higher
value of volume fraction for Re¼ 200 and lower value
of volume fraction for Re¼ 150,000 are justifying the
logic that more heat transfer has occurred at Re¼ 200
and hence more steam is formed (higher volume frac-
tion of steam at lower Re).

Although the focus of the study is to observe the
effect of Re and spacing on the phase change phenom-
enon, the flow field in wake region of downstream
cylinder (Cylinder 2) has also been of special interest
during the study and, hence, a few plots have been pre-
sented in this paper. The wake region behind the down-
stream cylinder (Cylinder 2) for spacing of 1.5 D is
affected by both the heating of the surface and spacing
between the two cylinders. Figure 12(a) depicts stream-
lines over an isolated circular cylinder where the flow is
2D and Re¼ 200 and Figure 12(b) shows streamlines in
the wake zone for an isolated circular cylinder where
flow is 3D and Re¼ 200. The flow fields in the wake
regions are different. The flow field shown in
Figure 12(b) is more chaotic than that in
Figure 12(a), where the region seems to be predictable
and recirculation area is distinct. The study was
extended to observe the flow field in the case of a
two-cylinder arrangement. One case (spacing¼ 1.5 D)
has been presented as an illustration here in this paper
to understand the nature of flow filed in the wake
region of downstream cylinder. The wake region gets
affected by the presence of an upstream cylinder which
is displayed in Figure 13. The higher value of Re (here it
is 150,000) assists the flow to diminish the larger wake
region that is formed in the case of lower Re (it is 200),
and the 3D effect along with heat flux from the surfaces
of cylinders varies the flow field variables significantly.
Figure 14 is a superimposed plot that shows the distri-
bution of mean x-velocity down in the wake region of
Cylinder 2. The low negative values of velocity and the
direction of stream lines confirm that the reverse flow is
quite evident in the wake area.

Conclusion

In this paper, the effect of phase change of water flow-
ing across two heated circular cylinders in a tandem
arrangement was studied at change in the Reynolds
number. The Eulerian model was used during simula-
tion to capture the data. First our results were verified
with results mentioned in literature and then further
data analysis was made for present conditions. It was
observed that when the spacing is less, that is 1.5 D, the
heat generated from the walls is more and hence water
receives more heat from the walls. This contributes to a
higher volume fraction for steam (around 54%) than
that generated when the spacing is 6 D. The other find-
ing from the solution of the above problem is that when
the two cylinders are closer to each other (spacing is 1.5
D or interacting through flows) the heat transfer coef-
ficient is almost 35% higher than that generated when
the spacing is 6 D. To understand the interacting and
non-interacting flows when two cylinders are kept in
tandem, Uþvalues for the 1.5 D spacing are influenced
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Figure 12. (a) Streamlines in the wake of a single cylinder (2D and Re¼ 200, validation case). (b) Stream lines in the wake of a single

cylinder (3D and Re¼ 200, validation case).
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Figure 13. (a) Stream lines over the two cylinders (spacing¼ 1.5 D, Re¼ 150,000). (b) Stream lines in the wake region of the

downstream cylinder. (spacing¼ 1.5 D, Re¼ 150,000).
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by the closeness of the two cylinders (hence flows are
interacting), whereas the values ofUþ remain steady (par-
ticularly linear inside the domain covering spacing and
hence flows are mostly non-interacting) for 6 D spacing.

The flow filed of the wake region of the downstream
cylinder is affected by the spacing between Cylinder 1
and 2, Re of the flow, 3D of the flow, and the heat flux
from the Cylinder 2. The mass, momentum, and heat
transfer mechanisms are unidirectional in nature and
hence they transfer from Phase 1 to Phase 2.
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Appendix

Notation

CD drag coefficient, dimensionless
CL lift coefficient, dimensionless
dp diameter of the bubbles or droplet of phase p,

m
dQ
dt

phase material time derivative
D diameter of the cylinder, m

~Flift=q lift force for phase q, N

~Fq external body force for phase q, N
~Fvm=q virtual mass
Gk,m production of turbulence kinetic energy
hpq interphase enthalpy, Joule
hp specific enthalpy of the qth phase, Joule/kg
k turbulent kinetic energy, m2/s2

Kpq interphase momentum exchange coefficient
L length of the flow domain in the axial direc-

tion, m
p pressure, Pa
~qq heat flux, Watt/m2

Re Reynolds number �U�D=�ð Þ, dimensionless
~Rpq interaction force between phases
St Strouhal number, dimensionless
t time, s
T temperature, K
u x-velocity, m/s
U velocity of the fluid, m/s

U� free stream velocity of the fluid at the inlet,
m/s

v y-velocity, m/s
Vq volume of the phase q, m3

x stream-wise coordinate, m
y transverse coordinate, m

�q phasic volume fraction of the phase q,
dimensionless

� rate of dissipation rate of turbulent kinetic
energy, m2/s3

�q bulk viscosity of phase q
� dynamic viscosity of fluid, kg/m-s

�t,m turbulent viscosity of mixture, kg/m-s
�q shear viscosity of phase q
r density, kg/m3

p
_

q effective density of phase q
�q physical density of phase q, kg/m3

�p ‘‘particulate relaxation’’ time
~vq velocity of phase q, m/s
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