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Abstract

In this paper, the problem of laminar two dimensional heat transfer from two rotating circular
cylindersin cross flow of incompressible fluid under isothermal boundary condition is investigated.
The study is based on the numerical solution of the full conservation equations of mass, momentum
and energy for Reynolds numbers (based on cylinder diameter and velocity of uniform stream) up to
40 while Prandtl number ranges between 0.7 and 50. For the range of parameters considered, the
study revealed that therate of heat transfer decreaseswith theincrease of speed of cylindersrotation
for the gap between cylinders more than one diameter. The increase of Prandtl number resulted in
an appreciable increase in the average Nusselt number. The streamlines and isotherms are plotted
for a number of cases to show the details of the velocity and thermal fields.

Keywords: Heat transfer, flow over two rotating cylinders, incompressible fluid, finite difference
method

Introduction

Theflowsof fluid and forced convection across  because of changing process and climatic

a heated bluff body have been the subject of
considerable research interest because of their
relevanceto many engineering applications. The
flow past acylinder is considered to be an ideal
bluff body by which to study the important
phenomena of heat and mass transfer. For
instance, the knowledge of the hydrodynamic
forces experienced by submerged cylindrical
objects such as off-shore pipelines is essential
for the design of such structures. Furthermore,

conditions, one also needsto determinetherate
of heat transfer from such structures.

Heat transfer and fluid flow around asingle
rotating cylinder has been studied by severa
researchers, seefor examplerecent worksof Badr
et al. (1989); Kang et al. (1999); Mahfouz and
Bard (1999a, 1999b); Stojkovic et al. (2002);
Mittal and Kumar (2003); Gshwendtner (2004).

The heat transfer and flow around two
stationary or rotating circular cylinders can be
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considered as an elementary flow which is
helpful in understanding the flow patterns,
heat transfer mechanism, and hydrodynamic
characteristics around multiple bluff bodiesin
engineering practice.

Numerical computationsfor theflow over
multiple cylinders have intensified during the
last decade of the previous century. Chang and
Song (1990) used a vorticity-stream function
method to compute the flow past a pair of
cylinders in side-by-side and tandem arrange-
ments at Re = 100. Flow visualization and
force coefficients were shown to be in good
agreement with experiments. Mittal et al. (1997)
used afinite element method to simulate three
configurations, side-by-side, tandem and
staggered arrangements of the cylinder pair at
Re=100 and 1000. Again, theresultscompared
well with experiments. Recently, Kang (2003)
investigated numerically the characteristics of
flow around two side-by-side circular cylinders
in the range of low Reynolds number defines
asRe=U..D/v (whereU.. andv arethefree-
stream velocity and kinematic viscosity,
respectively) over the range of 40 < Re < 160,
respectively, and the normalize gap spacing
g < 5; heidentified six kinds of wake patterns
(o =g/ D, where g and D are the distance
between two cylinders surfaces and the cylinder
diameter, respectively).

The problem of flow pass two rotating
cylinders in side-by-side arrangement has not
been investigated widely. Papersof Sungnul and
Moshkin (2006, 2008) are devoted to study the
self-motion of two rotating circular cylinders.
Only two recent studies(Yoon et al., 2007, 2009)
have been found that investigate the flow
around two rotating circular cylindersin side-
by-side arrangement in the range of | 1< 2
for various gap spacing at Re = 100 (« is the
rotational speed at the cylinder surface
normalized by the free-stream velocity). Only
one paper of Joucaviel et al. (2008) has been
found, which studies the thermal behavior of
an assembly of rotating cylinders aligned in a
cross-flow.

Asdescribed above, the effect of rotation
for a single cylinder and of the gap spacing
between two cylinders at rest in side-by-side
arrangement on the corresponding flow and

heat transfer has been studied by numerous
researchers. Only a few researchers have
studied the problem of flow pass two rotating
cylinders in a side-by-side arrangement.
However, the heat transfer and fluid flow past a
pair of rotating circular cylindersin side-by-side
arrangement have not been addressed at all.
This paper presents a numerical investigation
of the characteristics of the two-dimensional
heat transfer and the laminar flow around two
rotating circular cylinders in side-by-side
arrangements. In order to consider the combined
effects of rotation and spacing between the
two cylinders on the flow and heat transfer,
numerical simulations are performed at a
various range of absolute rotational speeds
( a1 < 25), for different gap spacing and
Reynolds number in the range Re < 40.
Quantitative information about the flow and
the heat transfer variables such asthe local and
average Nusselt number, pressure and friction
coefficients on the cylinder surfaces is
highlighted. The patterns of the flow and
temperaturefieldsare analyzed for awiderange
of parameters.

The mathematical formulation of the
heat/mass transfer problem of a flow past two
rotating circular cylindersisdescribed inthe next
section. The problem is recast in terms of a
cylindrical bipolar coordinate system. The
following sections present the details of the
numerical algorithm based on the projection
method to approximate the solution of the
momentum equation, and the fractional step
stabilizing correction method to approximate
the solution of the energy equation. The
validation of the numerical algorithm was done
by comparing our computational resultsfor large
gap between the cylinders with available
numerical and experimenta data for flow and
heat transfer over asingle cylinder. The results
of the various numerical experiments are
reported and discussed in the final part of

our paper.

Mathematical Formulation of the
Problem

Consider the flow of a viscous incompressible
fluid aong the y-direction normal to the line
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between the centers of two rotating circular
cylinderswith aconstant velocity and tempera-
tureatinfinity, U.., T... Thecylindersrotate about
their axes at angular velocities w, and wg ,
assuming that a positive value corresponds
to counter-clockwise rotation. A sketch of
the flow geometry, coordinate system and
notations are shown in Figure 1.
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Figure 1. Schematicrepresentation of theflow
and heat transfer over a pair of
rotating circular cylindersin side-
by sidearrangement

The present study is restricted to long
cylinders and low Reynolds number, Re < 40.
The flow across the cylinders is steady and
two-dimensional. All flow variables are
functions of the coordinates, x and y alone. The
thermodynamical properties of the fluid
(density, specific heat capacity c,, thermal
conductivity k) are assumed to be independent
of temperature. Under these conditions, the
momentum and energy equations are not
coupled.

For the study of heat transfer and fluid
flow around two cylinders, the cylindrical bipo-
lar coordinate system is the most suited. The
ubiquitous definition of the cylindrical bipolar
coordinates(&,n,2) is

asinhn
coshn —cos&

___asin 3 ye s

coshn —cosé ’ @
where & €[0,27),17 € (—o0,%0) and ze (—oo, ) ,
a >0isthecharacteristiclengthinthecylindrical
bipolar coordinates (so-called “focal distance”).
The following identities show that curves of

constant £ and 1 are circlesin the xy -space

¥’ +(y—acoté) =a’esc’E,
(x—acothn)’ + y* = a’csch™y. )]

Figure 1 shows the two cylinders
described by = N (withng>0)and N = 1.
(withm < 0), respectively. The cylinders' radii
r. and rrand the distances of their centersfrom
the origin d_and dzare given by

r,=acsch|n, .

d, =acoth|n,|, i=L,R 3

The center-to-center distance between the
cylindersisequal tod=d_+ dg. If r_+ rgr and
d are given, one can find a, 1_and Ngfrom
relations (1)-(3) asfollows

2 2 2 2 2 2V
M., =In d" +ry -1, + d” +ry -1, 1,
’ 2dry, 2dr,

am Jf 2 e @

The fluid flow is governed by the
conservation laws of momentum, mass and
energy. The nondimensional form of the
governing equations in the cylindrical bipolar
coordinate system are

. 1 o, . 1 _ A Lo
aTéJrh[ a; Y a; ]‘;(Vm sinhn —v; smE_,):_zﬁ
9* A a 9 3
12 A — 2 inhn 2 ging 2
h Re 85 877 a x p
_ coshn +cos.
« 5
aaL:+%( %‘é qu ]+ 1 (Vi sinhn —v, v, smi;) 7%%
12|10,  d%, .2
o= +
h Re| h| 08* anz 8&
_coshn +cos§ |
o ©)
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a(hvé) d(hv,) o
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& an @)

or 1( o  oT 2 1(oT o7
ot h BE_, “an " RePr i ot on’ | (8)

whereve and v, arethe velocity componentsin
& and n directions, respectively, p is the
pressure, t isthetime, Tisthefluid temperature,
andh = a/(coshn - cosé). In the above equations
al quantities are rendered dimensionless, the
velocities by means of the free stream velocity
U.., dl lengths by means of the radius rgof

right cylinder, timeby rg/U .., pressureby pU?
and temperature by (T - T.)) (Tz- T..). Thetwo
nondimensional parameterswhich appear inthe
above equations are Reynolds number,

Re= 2’)(;7” , and Prandtl number, Pr= c’;{”
u is the viscosity of the fluid, p is the fluid
density. On the cylinder surfaces the constant
temperature condition and the no-slip condition
for thevelocity vector areimposed. The constant
streamwise vel ocity and the uniform temperature
arespecified at infinity.

Discretization of the Governing
Equations

Description of Grid

The computational domain is divided
into a mesh by points &; = (j - 0.5)A¢ and
ni = n.+ (i - 0.5)An where AE = 271/N, An =
(MR- n)! M are spatial mesh sizes in both &
and n directions, respectively. A staggered
placement of variables is used with velocity
components u = v, located on the vertical sides
of each cell and components v = vg on the
horizontal sides of each cell. We used the
fractional indexes to denote grid values of
velocity components U 12j = U(Mis1,5;) and
Vi je1r2 = V(M E e 12) Where My = 1+ 0.5An
Ei+12 = & + 0.5AE. The pressure p and
temperature T are represented at cell centers,
pii= D(Th ,5) T, i~ T(ni ’gj)- The upper index
n denotes values of variables at time t, = nt
where 7 isthestep sizeintime.

Discretization of Navier-StokesEquations

Simulating incompressible flows presents
a difficulty of satisfying the property of mass
conservation. Thevelocity field must satisfy the
incompressibility constraint, which reflectsthe
unability of pressure to do compression work.
For devel oping numerical approximationsto this
problem, it is natural to exploit the techniques
of the fractional step projection method of
Chorin (1968). The main idea of the fractional
step projection method is the splitting of the
viscosity effect from theincompressibility, which
aredealt with in two separate subsequent steps.

The time derivatives are represented
by forward differences. In case of a steady
solution, time is considered as artificial
(iterative) time. If the integer n represents the
time level, then the intermediate velocity field
can be calculated from

, .2 \
=V (CONVY 47— (DIFFV)W%, (9)

i,
)

" p 2 "
i :u”%j —t(CONU)H%J +1T R—e(D]FFU)H%’]. (10)
Here we used the following notation for
convective and diffusive terms

CONV = l( aag ﬂ)—l(vusmhn u” s1nE.»)
CONU—l(vg—g ua—u]+ ! (v’ sinhn —vusing ),

0’ du
D]FFV_f{f[ai—z 7}_7[ nf_smgg)
coshn +cos& }

2
% g— (smhn——sin&,%)

DiFFU = { E

__coshm +cos§ u}
a

The second order central difference
scheme has been used to discretize both the
convective and diffusive terms. The velocity

components v, ;,1 and #,,.,. arecomputed for
> b
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all faces of the cells except one, where the
velocity components are given by the boundary
condition. Figure 2 shows the location of grid
points where velocity components are known
from the no-dlip boundary condition or fromthe
boundary condition at infinity. The boundary
condition at infinity is shifted on the boundary
of finite domains Q, and Q,.

The explicit advanced tilde velocity may
not necessarily lead to aflow field with zero mass
divergence in each cell. Thisis because at this
stage the pressure field not used. Pressure p™?
and velocity components u™?! and v**! have to
be computed simultaneously in such away that
no net mass flow takes placein or out of acell.
In such case, we make use of an iterative
correction procedure in order to obtain a
divergencefreevelocity field. First, the vel ocity
components are updated in the following form

n+l,s—1
ntls o~ T Pijn—Pij
Vijiz =Vijan ~ h [ Af s (11)

i,j+1/2

n+l,5-1
nils o~ T Pivj — Pij
ui++1/2.j Ui, — A ( JAI] s ] s (12)

i+1/2,/

where the index s is used to denote iteration
number,s=1,2, 3,.... Inthecases=1, weassume
that p™° = p". The point iterative pressure
equation becomes

n+l,s
Ljo?

n+l,s __ n+l,s—1

pi,/ — Fij —gdiv(u,v) (13)

where div(u,v)ﬁjl’s isthe unsatisfied divergence
at the (i, j)™ cell due to incorrect velocities

~n+l ~n+l
ui+1/2,/’ and Vi,j+1/2 .

The pressure (velocity) eguations (11)-
(13) are to be iterated until the continuity
equation is satisfied to the prescribed accuracy
and then the computation proceed to next time
step (artificial time)

div(u, v);’;l’s <10°°, (14)

where the discretized form of continuity
equation is

div(u,v)!"" =

1 [(hv)z;kiy/z - (hv);;l_’f/z 3
~ 72
h,.’ ;

Ag

1,s 1,
(h“)ﬁ/;,j - (h”):ljl/zsf

| Az

] - (19

The optimal value of the relaxation
parameter § wasfound by trial and error.

The pressure advanced equation (13) can
be interpreted as Jacobi iterative method to

é
27 o
F50]
[ [ ]
0.
[ ] r
j+172 T 0 e !
JRE S N 1 ﬂ
1 ]
] ;
- [ ]
0,
L ]
n. isl2 -, 0 5, 7y 7
A —V _1'5 known by B.C. Al "_“ﬁ"'iq" ) = — 1 i5s known by no-slip or B.C. at infinity
A — V is found from continuity equation o — 34 s found from continuity equation

@ — P isknown by B.C. atinfinity

Figure?2. Sketch of computational grid and implementation of boundary condition
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solve the finite-difference analog of Poisson
equation for pressure. Let iterative process
converges, i.e. V= yis iz yntls gnd
p™i= p™1s Substituting (11) and (12) into (15)
and requiring that div(u,v)!"' =0, we get the
following finite-difference approximation of
Poisson equation for pressure,

" Lo .
div(Vp" l)i,j = ;dlv(u’ V)i,,'- (16)

Finite difference equation (16) is an algebraic
system with respect to the unknown vector

n+l n+l n+l n+l n+l

[""pifl,j’pi,j ’pi+1,_/"pi,_/‘—l’pi,_/’ﬂ""] . System of
equations (16) can be solved by the method
of false transient

aan . +1 | R
=div(Vp"™) ——div(u, V),
( J iv(Vp"™) . iv(u, V) (17)

where 8 is an iterative parameter. Equation
(13) is a particular case of (17) where the
forward finite differenceis used to approximate
theleft-hand-sidein (17),

(apnﬂ,sﬂ ] pzjl.s+l _p;—}-],s
- : 18
> ), B (18)

On the surface of the cylinders, the no-
slip condition isapplied, which is equivalent to
setting the tangentia velocity at the boundary
to ¢, i = L, Rand the normal velocity to zero.

Where ¢; isdefined as o, = @%U , (wi isthe

angular velocity of the cylinders). Implementa-
tion of no-slip and no-penetration boundary
conditions is straightforward. Because of the
staggered arrangement of the variables, we used
the second order one-side finite differences to

%

: RY
approximate the derivatives an and ErE

Inanumerical simulation, itisimpossible

to satisfy constant streamwise velocity as
x*+y? . Usual practice involves the
placement of the conditions at a faraway
(“artificia™) boundary, whichislocated at alarge
distance from the body. In our computations,
the far boundary coincides with lines £ = const
and n = const (recall that images of theinfinity
in computational domain are two points
(E=0,n=0)and (£ =27, n=0).Tobemore
exact, we choose far boundary as the boundary
of thefollowing domain

Q ={(&m (=1, and0<E<e,)
U =¢gand-g, SUSg,,)},
Q, ={(&n) | (n=te, and 27—, <E<27)

V(§=2r~-¢and~¢, Sr]sg,])},

whereg, = +(k, +0.5)An, &= +(kg +0.5)A, and
ky , kg are integer numbers. In Figure 2 a
sketch of these domains Q4 and Q, is shown
by shadow regions.

At the nodes of the mesh which are
located on the boundary of the regions Q; and
Q, we assumed that the tangent component of
velocity vector and pressure p= p.. areknown.

v=—(u)., h sinh7sin&+(u,). h (coshrpcos&-1),
a a

(/or u=—(u‘,)mﬁ(coshncosf—])—(uu)mﬁsinhnsin f)
"Ta "Ta

Here we have utilized the idea that prescribing
tangent component of velocity and pressure
givesawel|-posed problem for the Navier-Stokes
equations (Antontsev et al. (1990), Maoshkin
and Yambangwai (2009)). The normal to the
boundary component of the velocity vector is
computed from the requirement of continuity
equation for the cells contained in this
boundary. For example, for the case shown in
Figure 2 the boundary of region Q; (/or Q,)
passes through points ‘N’, ‘S, and ‘C’. The
tangential component of velocity v and v!*!
are given by boundary condition as well asthe
pressure at point ‘C’ is equal to pressure at
infinity. The component of velocity vector /"
is computed from the requirement of zero
divergencefor the cell centered at the point ‘' C’
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n+l n+l n+l n+l
Up —uy +VN —Vs

An AE

=0,

n+1
n ~ T "~ FPcow A 0 "
up” =1, _h(p( A;C } _Aig(vzv+l =5,

Discr etization of theEner gy Equation

Themomentum and energy equationsare
not coupled. The energy equation is solved
separately from the Navier-Stokes equations.
When the steady solution of Navier-Stokes
equations is computed, the iterative method
of stabilizing correctionisused (Yanenko, 1971)
to find the steady distribution of temperature.
The structure of the scheme of stabilizing
correctionisthefollowing:

 the first fractional step produces
absolute consistency with the energy equation,

* all succeeding fractional steps are
corrections and serve to improve the stability.

For the 2D case, the scheme possesses
strong stability and satisfies the property of
complete consistency. The requirement of
complete consistency guarantees convergence
of the unsteady solution to the steady solution
for arbitrary time and space step size (Yaneko
1971).

To describe the scheme of stabilizing
correction, consider a two dimensional
convection-diffusion equation in the form

VT = LAT,

RePr (19)

where 7=7(,n7),7=(v.,v,).V is the gradient
operator, and v istheLaplaceoperator. Tofind
the steady solution of (19) we use the method

of falsetransient. Consider therelated unsteady
problemwith“fiction” time

oT

> =AT+A,T, (20)

where A, A, represent thederivativesinonly
one space direction. For the solution of (20)

Douglas and Rachford (1956) proposed the
following scheme

TrH2 Tk
T

=A]Tk+]/2 +A2Tk, (21)

Tk+l _Tk+l/2

= A, (T =T"). (22)

Eliminating T ¥*Y2 we can rewrite system (21)
and (22) inthefollowing uniform scheme

T Tk
T

=A1Tk+1+A2Tk+l

—TA A (T =T"). (23)

It follows from this that scheme (21) and (22),
and the equivalent scheme (23) approximate
equation (20) with the same order of accuracy
astheimplicit scheme

ThH _ Tk
T

=AT" + AT (24
Temperature references to nodes of main
computational grid related with center of cells

of discretedomain Q, ={(£,.7)[&, =(j-0.5A¢,

n,=1,+(-0.5An, ;j=0,1,.,n+1,i=0,1,.,m+1}.
On the boundary of the shadowed domains €2;
and Q, the constant temperature of uniform
stream T = T.. is prescribed. The constant
temperature at the cylinder surfacesis approxi-
mated by the following

T,

0./

+1i,;
2 =7"L’
2 2

T. . +T

m+l, j m,j __ T
=g,

where To; and Tp.q; are “ghost” points, which
introduced for convenience in writing the
computational code. For each fractional step a
system of linear algebraic equation with
tridiagonal matrix issolved.

Computation of Heat Transfer and Flow
Characteristics

Two groups of characteristic quantities
are of interest in the present study, one for
characterizing theforces at the cylinder surface
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and the other for the heat transfer. If F, and
Fy . i =L, Rarethelift and drag forces on the
cylinders; the lift and drag force coefficients
are defined by

F, F,
b pU.D’

. i=L,R,

- pU\x. D % (25)

and each consists of components due to the
friction forces and the pressure. Hence

C,=C, +Cy, Cy=Cpy +Cp,, (26)
where

[ j ni. dS

., pUszp , dS,

C = ! nx )i dS
L,——pUMDLum @Y1, ds,

1 e

b, = _pr 5 J‘an-l), das,

[S— X D)7, dS
”f__prDJ;:ﬂ(nxw)l-" .

Here 7 7 are the unit vectorsin x and y axes

directions, X isthe cylinder perimeter, and 77 is
the outward unit normal to surface vector. To
evaluate the integrals we used the middle point

rule, for example, in order to compute €, we
used formula

CD

i

- i’{hp[[z(coshncoséf—l)]nf +

J=1

(—}L sinh77sin & )n,{| } A&,

where i = L, R, that is, we computed the
coefficient ontheleft and right cylinder surfaces,
respectively. Pressure on the cylinder surfaces
is evaluated by extrapolation from interior
points.

The vorticity in the cylindrical bipolar
coordinate system is given by the following

(27)

formula

7———;(vsinh77 —usinf)] .

On the cylinder surfaces the tangent derivative
. Ju L av

isegual zero 9 0. Thenormal derivative o
is approximated by one-side second order
finite-differences.

The important parameter of interest in
heat transfer problems is the heat transfer rate
per unit area from the cylinder wall to the
ambient fluid. The local Nusselt number in the
cylindrical bipolar coordinate system based on
the diameter of the cylinder is

M=) vri=-L19L
on hon
__(cosh?]—cos§ Jal

a on’ (28)

The average Nusselt number is calculated by
averaging the local Nusselt number over the
surface of the cylinder

1 MaTd;f,

= — 0,27].
b 5 gel0,27]

(29)

Theintegral isapproximated by themiddle
point rule.

Validations

The first task in any numerical work is to
validate the codes ability to accurately
reproduce published experimental and
numerical results. Unfortunately, there are no
data in the literature to verify the accuracy of
the considered problem (flow over two rotating
cylinders). Sincefor large gap spacing between
the cylinders, the mutual influence of the
cylinders on each other is negligible we can
assume that the flow and heat transfer will be
similar to flow and heat transfer over a single
cylinder. The comparisons with flow and heat
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transfer around asingle cylinder can be viewed
asapartial validation of thea gorithm presented.
Thus, the comparisons were carried out of the
characteristics of flow and heat transfer as
obtained from our numerical results (gap spacing
g=14,g= (d-r_-rr)/ DRr) with the published
datafor asinglecylinder. All computationswere
performed in alarge domain in order to reduce
theinfluence of the outer boundary. A sequence
of uniform grids is used. The wake behind a
single cylinder is steady in the flow regime
Re <46 + 1. We assume that in the case of two
rotating circular cylinders, the steady regime
existsat least for the samerange of the Reynolds
numbers. Due to symmetry with respect to the
y -axis, all our results are presented for the left
cylinder only.

Theimportant characteristics of flow are
the drag coefficients, Cp = Cps + Cpp, thelocal
and average Nusselt numbers. They are presented
in Table 1 for Re= 20, g = 14, and Pr = 0.7.

Table 1 shows convergence of our results on a
sequence of grids and good agreement with
results from other publications.

Representative results showing the
variation of the pressure coefficient Cpp, and
vorticity wonthesurface of theleft cylinder are
plotted in Figure 3 for the two values of the
Reynolds number Re= 20 and 40 and for the gap
spacing g=14.

Comparison of our numerical simulations
is performed with the numerical results of
Dennis and Chang (1970) for Re = 20 and 40,
with the experimental results of Thom for
Re = 36, 45 and Apelt for Re = 40 (Batchelor,
2000). Our data come from simulations on the
gridwith 81 x 81 nodesinthe - n plane. The
closest distance from the cylinder surfaces to
the far boundary for this grid is 53 cylinder
diameters. The angle variable 6 is zero at the
front stagnation point and increases in the
clockwisedirection ontheleft cylinder. Thedata

Tablel. Validations of the numerical algorithm. Effect of grid refinement upon Cp, Cpp, Cpi

and averageNusselt number Nu for Re=20and g=14

Source Co, Cop Cp Nu (Pr=0.7)
Present (21x21) 2.149 1.274 0.875 2.669
Present (41 x 41) 2.112 1.274 0.838 2.481
Present (81 x 81) 2.064 1.242 0.822 2.478
Soares (2005) et al. 2.035 1.193 0.842 2.430
Stélberg etal. (2006) 2,052 1.229 0.823 -
Bharti et al. (2007) - ; - 2465

— Dennis & Chang (1870} Re=20
* Present Ae=20

— - Dennis & Chang (1970) Re=40
¢ Thom Re=36
> Thom Re=45

o Apelt Re=40
O Present Re=40

n"—‘gu
0 20 40 60 80 100 120 140 160 180
[}

-2

-3

-4

—~— Dennis & Chang (1970) Re=20
% Present Re=20
-5 \ el — - Dennis & Chang (1970) Re=40
v © Present Re=40

a a

0 20 40 60 80 100 120 140 160 180
)

Figure3. Validation of numerical algorithm (a)-pressure coefficient over cylinder surface,
(b)-thevorticity distribution over cylinder surface, for theleft cylinder at Re= 20, 40,

and g=14
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from our simulations (= - sign for Re=20and
o- signfor Re=40) match theresultsfrom other
publications.

To the authors' knowledge, even for the
flow past asinglecircular cylinder, thereareonly
a few published sets of data pertaining to the
drag and lift coefficients at Re < 40 and
nonzero rotation. Table 2 shows comparisons
of our numerical resultsfor Re= 20, g = 14 with
those numerically obtained by Badr et al. (1989);
Ingham and Tang (1990); Sungnul and Moshkin
(2006) and Chung (2006). The left cylinder
rotates with constant angular velocity in
clockwise direction and the right cylinder
rotates with the same speed in counterclock-
wise direction. The validation results inspire
confidenceinthereliability and accuracy of the

numerical method used.

Results

Numerical computations were carried out for
Re = 5 - 40, for a range of values of Prandtl
number from 0.7 to 20, for range of rotation
o = 0.1+ 2.5, and different gap spacing. In all
cases we represent results obtained on a grid

with 81 x 81 nodesin the computational domain.

The influence of the gap spacing on the heat
transfer rate in terms of the local Nusselt
number Nu(6) is shown by Figures4(a) and 4(b)
for Re=20, oo =0and Pr =0.7 and 20. These
figures show that a significant influence of the
distance between cylinders on the local Nusselt
number Nu(6) is observed for g < 5.

Table2. Hydrodynamic parameters of flow over a rotating circular cylinder at Re = 20

with g=14
Contribution Co C.

o=01 oa=10 a=20 o=01 oa=10 o=20
Present (21x21) 2.146 2.035 1.906 0.286 2.974 6.309
Present (41x 41) 2.108 1.897 1.410 0.288 2.864 6.030
Present (81x 81) 2.052 1.847 1.346 0.293 2.770 5.825
Sungnul & Moshkin (2006) 2.120 1.887 1.363 0.291 2.797 5.866
Badr et al. (1989) 1.990 2.000 — 0.276 2.740 —
Ingham et al.(1990) 1.995 1.925 1.627 0.254 2.617 5.719
Chung (2006) 2.043 1.888 1.361 0.258 2.629 5.507
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Figure4. Local Nusselt number for different gap spacing at Re=20, @ =0, and (a)- Pr =0.7,

(b)- Pr =20
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Another aspect that seemsto beinteresting
is the decreasing Nu(6) for 0"s 6 <360" with
decreasing g in the case of Pr = 0.7 (rate of
convection and conduction almost equal). Inthe
case of Pr = 20 (convection is the dominant
mechanism of heat transfer) Nu(6) decreases

with g decreasing for 0°s6<180 and

270° < 6 <360° ,andfor 180" s ¢ < 270" thevalues
of Nu(6) increases with g decreasing. It is not
surprised that the average Nusselt number for
eachindividua cylinder increaseswithincreasing
gap spacing and tends to the average Nusselt
number for asinglecylinder. Figure 5 showsthe
variation of the average Nusselt number with
gap spacing between non-rotating cylinders at
different Prandtl numbers and fixed Reynolds
number, Re= 20.

12

—*— Pr=0.7
—=- Pr=1
10 —— Pr=5
-©- Pr=10
—£— Pr=20

Nu
[eo]

Figure5. AverageNussdt number for different
gap spacingat Re=20, ¢ =0

=

120 180
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240 3006 360

Asexpected, the average Nusselt number
for the cylinders increases with the Prandtl
number.

Large Gap Spacing

The effect of steady rotation of the
cylinders on heat transfer is first studied for
large gap spacing, g = 14. Figure 6 shows the
variation of the local Nusselt number Nu(6) at
Re=20, Pr=0.7and Pr =20, and for different

values of « (@e[0,2]). An increase in the
rotation of the cylinders|eadsto adisplacement
of the points of maximum and minimum Nusselt
number in the direction of rotation. At the same
time, the maximum value of the local Nusselt
number decreases with increase of rotational
speed. The minimum value of thelocal Nusselt
number slightly increases in step with
increasing rotation. For Pr = 20 and high
rotational speed o = 2, the rate of heat transfer
around the cylinder surface becomes almost
uniform as shown in Figure 6(b). Thisbehavior
is quite expected, since due to the no-slip
condition thefluid layer adjacent to the cylinder
enwraps the cylinder and rotates with amost
the same angular velocity. Increasing rotational
speed to o = 2 creates a thick rotating layer
(buffering layers) around the cylinder. The heat
transfer through that layer is mostly due to
thermal conduction.

Figure 7 shows streamline patterns and
temperature contours plot for large gap
spacing g = 14, Reynolds number Re = 20 ,

180 240 300 6 360

(b)

0 60 120

Figure6. Local Nusselt number variation on thesurface of thecircular cylindersat Re= 20,
Pr=20,Pr=0.7and 20,g=14for ¢ =0,0.1,0.5,1.0,and 2.0
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Pr=0.7,20,and «=0.1, 1.0,2.0. Therotation
effect substantially changes the flow patternin
the vicinity of the cylinder. Without rotation,
the flow field exhibits a symmetric pair of
standing vortices behind the cylinder defining
aclosed recirculation region. With the increase
of the rotation rate, the flow becomes
asymmetric: the vortex detaches from the
cylinder and the stagnation point rotates in the
direction opposite to the direction of cylinder
rotation departing from the surface of the
cylinders(seefirstrow in Figure 7). Theminimum
of the local Nusselt number is observed near
thispoint. Indownstream direction, thestreamlines
are shifted clockwise and the same occurs for
the isotherms (see second and third rows in

Figure7) resultingintheasymmetrica distribution
of the local Nusselt number as shown in
Figure 6. The oncoming fluid stream is
accelerated by the rotating cylinder on the
“west’ side of an egg-shaped region of closed
streamlines. As a result, the convective heat
transfer between the ambient fluid and thefluid
within the egg-shaped regionisincreased at the
point of maximum velocity. This observation
explains the deviation of the maximum of the
local Nusselt number in the direction of
cylinder’s rotation. An increase in the Prandtl
number increases the compactness of the
isothermals toward the downstream direction
(compare second and third rows of Figure 7).
Owing to rotation a wake-shapes region of

Py S—,

|
Pr=20 Pr=20

Figure7. Streamlinepatterns(first row), temper atur econtour sover twocircular cylindersat
Re=20,g=14, « = 0.1, 1.0amd 2.0 and for Pr = 0.7, (second row) and Pr = 20

(thirdrow)
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is othermsiis shifted in the clockwise direction
for the left-hand side cylinder (see third row in
Figure 7) and in the counterclockwise direction
for the right-hand side cylinder. This behavior
can be explained by the increasing role of
convection in the mechanism of heat transfer
withincreasing Pr number. Weremind herethat
we represent results only for left-hand side
cylinder, which rotates in the clockwise
direction.

Figure 8(a) shows the dependence of the
average Nusselt number on therotational speed
forRe=20,9=14 andPr=0.7,1.0,5.0,10.0,and
20.0. The average Nusselt number decreases
withincreasing o.. Inthecase Pr = 1 theaverage
Nusselt number drops down by 10% and in the
case of Pr = 20 drops down by almost 50%
when o increases from 0 up to 2. This behavior
can be explained by the fluid layers adjacent to
therotating cylindersdueto no-dlip requirement.

Small Gap Spacing

For small gap spacing, g = 1, the effect of
rotational speed is shown in Figures 8-12, for
Re = 10 and 20, Pr = 0.7 and 20.0, and o
in therange O - 2.5. Representative plots of the
streamlines and isotherms for Re = 10 and 20,
g=1,Pr=0.7,10 and 20, and 0.5< ¢ <20
are shown in Figures 9-11. Due to the no-dlip
requirement, there are regions of closed
streamlines near the cylinders for all values of
o. The size of these regions increases with
increasing rotational speed. At some o = ¢ * the

8 1
Nif — Pr=0.7
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6¢ —— Pr=20
5¢
4»9__?5\,
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0 02040608 1 1214 1.6 1.8y2

@

two regions merge together. The main stream
flows around the fluid region, which surrounds
both cylinders and consists of two regions of
closed streamlines. These regions acts as a
buffer (blanket) isolating both cylinders from
the main stream and causing a decrease in the
overal heat transfer rate from the cylinder
surfaces. Thevaluesof o+ depends on Reynolds
number. As can be seen from Figure 9 for
Re=10and o = 0.5 main stream can not pass
through gap between cylinders, however for
Re=20and ¢ =0.5mainstreamisstrongenough
to go through the gap between two cylinders. A
further increase in angular velocity o > o *
isareason of further increasing of regions size
in both x and y directions. The stagnation points
are now located on the y — axis, both upstream
and downstream, asillustrated in Figure 9.

The details of the steady thermal fields
arepresented in Figures 10 and 11 (for the cases
of Re=10 and20,g=1, Pr =1, 10, 20, and
o =0.5,1.0,1.5, and 2.0) intheform of constant
temperature contours. | sotherm patterns depend
on the Prandtl number. For Re= 20, Pr =20 and
o = 0.5 there are two almost separate wake-
type isotherm patterns downstream of each
cylinders. One of the interesting features of the
temperature field is topological similarity of
isotherm patterns in cases of ¢ = 1.5 and
o = 2.0. For the cases of large Prandtl numbers
Pr = 40 and 20, the convection is dominant
mechanismin heat transfer. Thelinesof constant

—— Pr=0.7
-8 Pr=1
-+ Pr=5
-©- Pr=10
—©— Pr=20

24
_2

121416 18,2

0 02040608 1

(b)

Figure8. Average Nusselt number at Re =20, (a)-g = 14 and (b)- g =1, for different Prandtl

numbers
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temperatureintheregions of closed streamlines
follow to the streamlines contours. Heat exchange
from the cylinders to the main stream occurred
through the boundary of thefluid region, which
enwrapsboth cylinders. Heat transfer insidethis
region is mostly due to conduction. By this
reason, the average Nusselt number almost does
not change for o >1.5 as can be seen from
Figure 8(b). Comparison of isothermsin Figures
10 and 11 shows that an increase in Prandtl

number makes wake-shape region of
temperature field more narrow downstream
behind the cylinder It isinteresting to point out
that the rate of rotation does not significantly
affect the size of the wake-shaped region.
Another interesting observation is the
location of the saddle critical point in the
temperature field. This critical point is located
on the line connecting the cylinder centers in
the cases of Re =10, @ = 0.5, Pr = 0.7, and
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Figure9. Streamlines contours over two circular cylinders at Re = 10 left column and
Re=20right columnPr=1,g=1,and & =0.5, 1.0, 1.5,and 2.0
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Re=20, o = 1.0, Pr =0.7. For larger values of
o, o >1.5 the saddle point is shifted down (in
the negative direction of y-axis) by the fluid
layerswhich rotatein step with cylindersdueto
no-slip condition.

Figure 12 showseffect of rotation on heat
transfer in terms of the local Nusselt number
distribution. For Pr = 20 and o = 2.5 the loca
Nussalt number isalmost constant on the cylinder
surfaces. Asaresult, the average Nusselt number
drops as « increase. Dependence of the average

Nu number on rotational speed isdemonstrated

in Figure 8(b). Figure 8(b) shows that for
0<a<15, Nu decreases sufficiently fast,

whereasfor « 2 1.5 the rate of decrease of Nu
isvery low. This alows us to assume that heat
transfer is aimost insensitive to the speed of
rotationif o> 1.5.

Conclusions

A detailed numerical study of the two-dimen-
sional heat-transfer problem and laminar flow
around two rotating circular cylinders in side-
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by-side arrangement has been carried out. An
efficient finite difference algorithm has been
developed for the 2D Navier-Stokes equation
in the cylindrical bi-polar coordinate system.
Comparing the results for the case of large gap
spacing with the available in the literature
experimental and numerical datafor the case of
asingle cylinder shows a good agreement,

For the problem of heat-transfer and flow
around two rotating circular cylindersin side-
by-side arrangement, the average Nusselt
number decreases with increasing rotational
speed.

For large Prandtl number (Pr = 20) and
high rotational speed (o ~ 2.0), thelocal Nusselt
number distribution on the cylinder surfaces
becomes almost uniform. This is due to the
no-dlip condition, theincreasing rotational speed
creates thick rotating layers of fluid (buffer
layers) around the cylinders.

In case of small gap spacing between the
cylinders, therearetwo flow regimes. Inthefirst,
the main stream passes through the gap between
cylindersand inthe second case, thereisafluid
region which surrounds both cylinders and
which consists of two sub-regions of closed
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Figurell. Temperature contoursof fluid flow over two circular cylindersat Re=20,g=1,
Pr=0.7,10,20and ¢ =0.5,1.0, 1.5and 2.0



Suranaree J. Sci. Technol. Vol.

17 No. 1; January - March 2010 103

120 180 240 3009 360

(a)

Figurel2. Local Nusselt number variation
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on the surface of the circular cylinders at

Re=20,g=1for @ =0,0.1,0.5, 1.0, 2.0and 2.5; (a)- Pr =0.7 and (b)-Pr = 20

streamlines.

It has been observed that the temperature
contour pattern is similar to the streamline
contour pattern. Owing to the rotation, the
wake-shaped region of the isothermsis shifted
indirection of thecylinder rotation. Anincrease
inthe Prandtl number increasesthe compactness
of the isotherms toward the downstream.
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