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Abstract: Presented in this paper is an analytic approximation to the thermal-fluid problem involving mixed and
forced convective heat transfer from a rotating isothermal cylinder placed in a non-uniform stream shear-flow. The
approximation is obtained using a series expansion of the scaled boundary layer equations in terms of a boundary
layer variable which is directly proportional to the time variable and inversely proportional to the Reynolds number.
Therefore, the resulting approximation is valid both for small time and for moderate and large times for which the

Reynolds number of the flow is sufficiently large.
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1 Introduction

The steady and unsteady heat transfer problems in-
volving fluid flows past a circular cylinder have been
extensively studied numerically, and theoretically as
well as experimentally (for a comprehensive list of
references, see [1,2]). In addition to their direct appli-
cations in science and engineering, such flows exhibit
the main characteristics commonly observed in most
industrial problems and therefore can serve as proto-
types for simulating many fundamental fluid dynam-
ics problems [3-8]. However, most studies have fo-
cussed on heat transfer problems associated with uni-
form stream flows including, the numerical and ana-
lytic investigations of natural convection heat transfer
[9-13], free convection heat transfer [14-16], forced
convection heat transfer [17-23], and mixed convec-
tion heat transfer [24-28]. There are also many ex-
perimental investigations of heat transfer problems in-
volving uniform stream flows including the 1953 work
of Seban and Drake [29] and others [30-33].

In the present study, the thermal-fluid flow problem
involving forced and mixed convective heat transfer
from a rotating circular cylinder placed in a non-
uniform stream of shear flow is considered. There
are numerous previous theoretical [34-36], numeri-
cal [37-44] and experimental [45-49] studies on shear
flow past a cylinder. While the focus of the previ-
ous investigations involving shear flows past a cylin-
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der has been on the flow characteristics such as vor-
tex shedding, boundary-layer separation and hydro-
dynamic forces, the focus of the present study is on
the convective heat transfer processes. This problem
has a direct relevance in a wide range of scientific
and engineering applications including atmospheric
flows, heat exchanger systems, and energy conserva-
tion [50,51].

This study is a direct extension of the recent work
of Abdella and Nalitolela [52] which investigated the
two-dimensional forced convective heat transfer prob-
lem of the unsteady shear flow of a viscous incom-
pressible fluid past a rotating circular cylinder. The
heat transfer process is investigated using an analyt-
ical approximation obtained using a series expansion
of the flow variable in terms of a boundary layer vari-

8t )
able A = Po where ¢ measures time and Pe repre-
e

sents the Peclet number. The analytic approximations
are therefore valid for the initial stages of problems
involving small and moderate Reynolds numbers as
well as for moderate and large times of sufficiently
large Reynolds number problems.

In the next section the governing equations along
with the corrosponding boundary conditions are pre-
sented with the introduction of a variable transforma-
tion which simplifies the geometry of the problem.
The flow variables are then scaled with respect to the
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Figure 1: Schematics of the physical problem

boundary layer variable A. In section 3 the bound-
ary value problems corresponding to various orders of
approximations are derived and solved. Results and
discussions are presented in section 4 and concluding
remarks are presented in section 5.

2  Governing Equation

Consider the problem of mixed convection heat trans-
fer from an unsteady flow past a circular cylinder of
radius a centred at the origin and rotating at an angular
velocity of €2g. The flow is assumed to be viscous and
incompressible. It is also assumed that the flow re-
mains laminar and two-dimensional for all times and
for all parameter values considered in this paper. The
surface of the cylinder is kept at a constant temper-
ature Tj while the approaching stream with constant
shear U(y) = —vy — Uy is kept at constant tempera-
ture Tt, where x and y are the usual Cartesian coor-
dinates. The temperature difference 07 = Ty — T
is assumed to be positive, giving rise to the buoyancy
force and inducing fluid motion.

Applying the Boussinesq approximation and neglect-
ing the effects of viscous dissipation and radiation the
governing equations are given by the equations of mo-
tion and the energy equation:

ac o ac (9 9% oT
at“ax”ay—“(afwaya)*“gax o
(% 9%
‘- <6x2+8y2> @
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where ¢ is time, g is acceleration due to gravity, «

is the thermal expansion coefficient, u = B and
Y

0 . .
v = a—w are the velocity components in the x and y

x
o . ov  Ou ., .
directions respectively, ( = — — —— is the vorticity,

or Oy
1) is the stream function, T is the temperature, v is the

kinematic viscosity and x is the thermal diffusivity.
Introducing the following non-dimensional quantities

VS Y Y R [
' a’ Uy’ Uy’ a
w/:iclzic qb/:T_TOU:LI
CLUO’ U07 orT ’ Uo’

and using the modified polar coordinates (£, 6) where
& = Inr equations 1-3 become

260C _ 0OC oyoC 2 (0°C 0%
o T 900 900 "Rel\o2 T op2
Gr o6 . 96
+ 65@ (COS 9875 — Sin 080) (4)
82 O
2¢ _
e = (ag2+392> ®)

000 OO Iy 2 (0%  I*¢ 6
“ "ot T 9600 900 Pe ©)

2¢2 " g2

where we have dropped the primes.Here the Reynolds,
Peclet and the Grashof numbers are defined respec-
tively as

2
Re = 2%%  pe _ RePr, and Gr— RaPr
14

gadT(2a)3

where Ra = is the Rayleigh number and

Pr = Z is the Prandtl number. We also use the
" Gr

Re?’

Note that, it is convenient to introduce the new (&, 6)

coordinate system which maps the surface of the

cylinder to & = 0 and the infinite region exterior

to the cylinder to the semi-infinite rectangular strip

<0, 0<6< 27,

The boundary conditions on the surface of the cylinder

for ¢ > 0 include the usual no-slip, the impermeability

and isothermal conditions:

o
o~
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afly . . .
where ) = i is a non-dimensional angular ve-

0
locity. The free stream conditions far away from the
cylinder surface are:

¢ —0, (— K, and (8)

K K
U — Ze%%—Veg sin(6) — Ze% cos26 as & — o0

©)
where K = ?]—7 is a dimensionless shear parameter

and V is the diomensionless centre-line velocity tak-
ing on the values 0, 1 or -1 depending on the stream
flow direction. Since the flow variables are periodic
with respect to 6, we invoke the following periodicity
condition:

X(f,e,t) = X(£76+27T7t)7 (10)
where y represents the flow variables ¢,  or ¢. Note
that, on the surface of the cylinder ¢ is overdeter-
mined since it has two boundary conditions while ¢
is underdetermined. To resolve this, we apply Green’s
Second identity which is given by:

[ o (g2 h=h2g)dA = [ (g5t — i) ds
where g and h are twice differentiable functions in
the region D, C is the closed curve representing the

0 .
boundary of D and — represents the normal deriva-
tive. Then using % for g and the harmonic functions
e ™ sin(mf) and e~™¢ cos(m@) for h in Green’s
identity, we obtain the following global integral con-
ditions:

1 oo 2w
- / / e@MEC sin(m@)dhdE = 2V 61 m,
m™Jo Jo
11
1 oo 2w
—/ / 6(2*7”)€<cos(m0)d0d§ = — K62 m,
m™Jo Jo
(12)
1 goo 2 9 2
f/ / ECdfde = KeXe — 20, (13)
m™Jo Jo
form = 1,2, ..., and where J; ; is the Kronecker delta
function which is zero when ¢ # j and 1 when ¢ = j.
Therefore, these integral conditions essentially con-
vert the surface and the free stream boundary condi-
tions into conditions that are valid throughout the en-

tire domain of the problem.
Finally, we have the following initial conditions:

((E0.6=0)=0, C(E6,6=0)=0, (4
¢<5,0,t=0>={é o

Note that the initial temperature distribution is singu-
lar and therefore results in a thin boundary-layer re-
gion close to the surface of the cylinder.

15)
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3 Approximate analytic solutions

The governing equations described in the previous
section are highly nonlinear. Therefore, it is not possi-
ble to obtain analytical solution valid for all time and
all flow parameter values. In this section we obtain ap-
proximate solutions for the early development of the
flow and the heat transfer process using series expan-
sion in terms of an appropriate boundary layer param-
eter. Recall that the structure of the flow field and
heat transfer process in the initial stages of the flow is
characterized by a thin boundary layer-region near the
cylinder surface. By examining the dominant terms of
the initial solutions, it can be shown that the thickness
of this boundary layer is given by A = % which
measures the diffusive growth of the boundary-layer
structure and is used to rescale the space coordinate

¢ and the flow variables via the changes of variables

)
§ =Xz, ¥ =AU, §:§’ qﬁ:XHencethe

thin boundary-layer is stretched and the initial singu-
larity is removed with this change of variables and the
governing equation become:

2 2
0w + 262’\/2 (Z&u + w) = z)\eﬂza—w - )\2a—w

922 Pr 0z Pr B 062
ReA? (00 Qw OV dw Az
0*W 0%V
20z, [ Y+ 2Y =
e w_<8z2+)\ 892)’ (17)
0*® o, [ OP o200 0%
P (0U0R_0308)
2 09 0z 0z 00)’
Pr) 0P . 0P
where I' = TRe <cos 95 — Asin 089) .

We now use the following single series expansions in
A in order to obtain analytic approximate solutions of
the governing equations and the accompanying initial
and boundary conditions:

U =Wy + AT + N2y + ... (19)
w:wo+>\w1+)\2w2—|—... (20)
P =Dy + APy + N2y + ... 1)

Note that A is a small parameter not only when ¢ is
small but also when Re is large. Therefore, these ap-
proximations are valid not only for small times but
also for large times for problems with large Re. While
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the double series expansion used in [53] and [54] sim-
plifies the analytic calculations, it is more advanta-
geous to use the single expansion used in this paper
since the validity of the single expansion in A would
only require that A be small which can be achieved
for moderate and large times provided that Re is suf-
ficiently large. However, the double series expansion
is valid only for small times. Substituting the above
single expansions into the boundary layer equations
and equating like powers of A results in a hierarchy
of boundary value problems for the expansion coeffi-
cients.

3.1 Linear approximation for all values of Pr

The O(1) and O(\) boundary value problems for the
mixed convection case turn out to be independent of
Ra. Therefore, the O(1) approximations which are
valid for all values of Pr are identical to those found
in [10] for the forced convection case and are given
by:

By=0 and wo= Ag(0)fe "  (22)

Uy =0z + Ao(é’)ﬁ (zerf(fz) + eV - 1)

2 fvm
(23)
where f = \/11FT and
r
Ao(0) = ;% (2Vsin9 — K cos 20 + K _2 2Q> .
(24

Similarly the O(\) approximations are identical to the
forced case obtained in [10]:

oy = erfe(z). (25)

w1 = K + Ay(Q)erfe(fz) — AO(O)\{?erfc(fz)

1 2
—§A0(0)€_(fz) ) (2f323 + fz) (26)

2
W, = K;+1;f2Fm<0> (erf(f2) — 2f22%erfe(f2))
Ze_(fZ)Q ZAl (6)
B A
where

F,(0) = VT Ao(0) + 4A1(0)
Fn(0) = VmAo(6) — 4A:(6)
A1(0) =2V sinf — 2K cos 26.
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3.2 Higher order approximations for Pr=1

Since the second and higher order approximations
turn out to be analytically intractable for general val-
ues of Pr, we assume that Pr=1 for these approxima-
tions.

3.2.1 The O()\?) approximation

The second order approximation is obtained by col-
lecting the O()\?) terms resulting in the following
boundary value problems:

PPy 0D

P gy (2 g, O0)
922 +2z B 209 = —42 (Z a2 + &g + oz

_a2<1>0 _ Pe (8\1!0 0Py IV a<1>0) (28)

902 2\ 90 02 9z 00
2f“z—=—2 =—4 —
822+fz82 Jrwn fz<zaz
Ouw 0?wo  Racos(f) _»
— z 2
ot 0z ) 06? 2\/mRe ¢ 29)
9>V 9>V
52 = 27w+ 2w hwn = o (30)
subject to boundary conditions
g
Uy =0, a2:0, and ¢ =0 on 2z =0,

0z
(31)
Py —0 and wy — 0 as z — oo (32)

and the integral conditions,

1 oo 2w
—/ / T(z,0)sin(mf)dfdz =0, m=1,2,...
mJo Jo

(33)
1 oo 21
—/ / T(z,0)cos(mb)dfdz =0, m=1,2,...
mTJo 0

(34)
1 oo 2m
—/ / (wg + 2zw1 + 222w0) dfdz = 2Kz§o.
m™Jo 0

(35)

where

T(z,0) = (a)g +(2—m)zwy + (2—2m)2sz0> .

Solving equation 28 with f = 1 and with respect to
the 2 boundary conditions yields
22e7

LS

Issue 1, Volume 2, January 2007

1
oy = —§zerfc(z) - (36)



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER

Similarly, solving equation 29 with f = 1 subject to
the free-stream condition on wa, gives:

wy = Ap(0)z+ As(0)(e”* + Vmzerf(2))
1 —2?
_ ﬁAl(G)QZ e — mzerf(2))

1 -22 2 4 6
+ 5 4oe (92 944122 )
+ %ﬁzerf(z) (2Re2A((0) — 3A40(0)
1
— 4A5(9)) + %RGAO(Q)AIO(H) (67rzerf2(z)
+ 8z % 4 Vmerf(2)(3 — 622)6*%)

L Gre2t Racos () .

8Rey/T
Racos (6) 23
24Re 37
where
1 "
A3(0) = Qf (242(0) + A1(9)) + 6 (445(0)

+340(0) — ReA((0)(2Q + VT Ao(0)))  (38)

Applying the integral condition given by equations
33-35 then gives the function A (0):

4
Az(0) = ao + Y _ (a;sin(if) + b; cos(if))  (39)
i=1
where
apg = 0, al = —V,
~ —Re (67V? +37K? — 4KQ 4 4V? + 2K?)
az = 6 ’
ReK? 2
3= 0, ay = ReEBr+2)
67
K +2K —2Q
b = —VReoT , by = 3K,
3
2
by =RVETZ pi=0. (40)

Finally, integrating equation (30) subject to the sur-
face boundary condition for W5 yields:

Uy = Ay(0)z+ As(0) + K 3+1§3(\?

(32%(22 + 1)e_z2 + mzerf(z) (322>
| A(0)

g7 A2 (0) + 19; v (64v/2"

4+ 24y/mzerf(z) — 482° (e_z + ﬁzerf(z)))
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+ I{);ReA’( 0)erf(z )(Q\FZ erf(2)

— 3ymzerf(z) — 1le™% 4+ 4227 — 4)

+ \;;ReA’ @) (2:@7%2 + \/327erf(x@2))

b YT a0(6) (erf(2)(1022 —9) 1617

+ i7;2140(9)6_22 (422 + 3)

+ %QReA’( )z (ferf( )(22% — 3)
+ 277 (:2-2)) - 7zAg(9)

(Vaer(2)Fi (=) + 2~ — 2)
1 Racos (6) (BOzerf (z) /7 + 306—22)

480 Re/m
1 Racos () (2°V/7 —30) @)
480 Rer/m

where the functions A4(0) and A5(f) determined by
applying the surface boundary conditions are given by

Re A} (0)Ao(0
Ay(0) = - RO A00) (42)
1 1
As(0) = _6‘43(9) + ﬂReQA(J (43)

3.3 Higher order approximation

The boundary value problems for w, and ¥,, asso-
ciated with the third and higher order approximations
are too complex to solve analytically. Therefore, we
only consider the ®3 problem which is given by:

0] o 2P
P LA —4z< 86; %) -~ 88921 (44)

_Re (8\111 009 0¥ 0P 9V, 0P¢ 0¥ 0Py
2 \ 00 0z 00 0z 0z 00 0z 00

subject to

$3=0, on 2=0, and 35 —-0 as z — oo.
(45)
Then, solving equation (44), we obtain the following
expression for ®3:

O3 = Ag(0)Fi(2) + A7 (0) Fo(z) — 327
17 17 o 1 g
- ﬁerf() lﬁﬁze —2ﬁ236
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1 1
+ ER&:Ag(Q)zerf(z)e_z2 + ?—GzQCrf(z)
1 5 — 2 ]. _ .2
z R A/ z
+ —Qﬁze +12ﬁ eAy(0)e

+ VTFi(2) (I1(2)erfe(z) + I3(2)

_ \2771' erfc(z)erﬁ(z) + 312ReA{)(9)erf2(z)>

+ 2zhe (46)
where Ir(z)=[; erf(s)es” ds, I(z)=[y erfe(s)e*” ds,
and I3(z) = fozerfc(s)zesgds,Fl(zFl + 222,
Fy(2)=2ze =" +/7F} ()erf(2). It can be shown that

L(2)=d=2%F (1,1;3,2;22) Io(2)="erfi(2)-
I1(z) where oF; is the generalized hypergeometric
function.

Then applying the boundary conditions of equation

45, we obtain

B RCAE)(H) _a + CQRCA6(0)
Aol0) =g m MO =g TC
(47)
where ¢y = 517, ¢cg = (8 — 3m), and C =

Joe erfc?(s)es’ds = .39107.
Note that there is no Ra term in the expression for ®3.
In fact, it turns out that the leading Ra dependence
term is order five. It can be shown that the leading Ra
dependence of ® is given by:

Bs(Ra) = —M%F(z)Rasin(G)

F(2) = f1(2)+(f2(2) e+ fal2)e > + fs+ f

where

(48)

hilz) = <1SZ T3t Tt Ty

29 7T 17 23 2

falz) = Vr ( + +5+ ) erf(z)

9 9+12 2 3

 7202°7 — 14400/7 — 52°7%/2 + f3,
- 4800257 — 144000/

f3a = 150zm — 102873/2 + 300237 — 81073/2

f3(z)

filz) = _772’10 _ 528 B 11725 _ 5zt
wee = 18 12 12 8
9122 3w 2 (2:7) N
~ %3 64) erf(z)“e + (- 9
7 5 3
_7\/;72' - 17\1/27?2 - \/gz > erf(z)e(ZQ)
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32
12 18 36 72 16

f ( ) Tz . 5128 . 11725 . 17wz
Z) =
> 18 12 12 24

17722 , 11 5 A
+ 5 )erf(z) +@(3+12z +4z)

m
64

fe(2) = 7210%7;21% ((102 + 423> e 4 fﬁa)
fea = 4derf (2) /7 (i +322 + z4>

4 Results and Discussion

In this section, we test the validity of the analytic so-
lution at the initial stages of a moderate Re flow and
at the fully developed stage of a high Re flow.

The test is carried out by comparing the results of the
analytic solution with those of a high-resolution nu-
merical solution obtained using a spectral finite dif-
ference scheme [54]. In this numerical approach,
the flow variables as well as the temperature func-
tion are approximated in terms of truncated Fourier
series expansion of N terms in the angular direction.
The resulting 6N+3 two dimensional partial differen-
tial equations in time and in the radial variable are then
integrated using a finite difference procedure.

In order to gain insight into the patterns of the heat
transfer rate, we compute the local Nusselt number
and the average Nusselt number variations with re-
spect to time and radial component. The local Nus-
selt number Nu and average Nusselt number Nu are
respectively defined as:

2 (0D
NU(G,t) = —F (82:) _0

2
Nu(6,t)do.

(49)

— 1
Nu(t) = — (50)
21 Jo
Using the analytic approximation of the temperature
function ® and taking the derivative with respect to z

and then finding its value at z = 0 yields:

4 ,
Nu(f,t) = W 41+ AN1(0) + Rar? sin(0) No(6)
(51
where
51 8 — 3m)Re A} (0
Ni(0) = —8( V(8 SnRed )+c>
2 1 1 (—44m + 1572)
N- - = = P N
2(0) NG <15360 720 n? )
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Similarly, the average Nusselt number is given by:

— A (17 3
Nu(t) = )\—ﬁﬂ—% <2\/E+ 167TC>+O()\ ).

(52)

4.1 Forced Convection case

Here we present some results for the forced convec-
tion heat transfer case which corresponds to the lim-
iting case of Ri = 0. Therefore, in this case, the
temperature equation is fully decoupled from the flow
equations such that the fluid flow would no longer be
influenced by the heat transfer process.

Figure 2 depicts the time evolution of the numerically
simulated and the analytically determined local Nus-
selt’s number for Re=1000, K = 0.0, 2 = 0.25 and
t =0.01, 0.05, 0.1, 0.3, 0.5 and 1.0. The figures show
excellent agreement between the analytic approxima-
tions and the numerical simulations for all times pre-
sented. Since the analytic solutions are valid for large
Re values, we note that our analytic solution performs
well even at a moderately large time,t = 1. However,
we notice that the analytic accuracy is not as high in
Figure 3 for ¢ = 1 since Re is small.

4.2 Mixed convection case

We now consider the mixed convection case where
the heat transfer and the fluid flow are dominated by
buoyancy effects resulting from a non-zero buoyancy
parameter Ri. The flow equations described by the
Navier-Stokes equation are now fully coupled with the
temperature equation.

We begin with Figure 4 where the time evolution of
the numerically simulated and the analytically deter-
mined local Nusselt’s number are depicted for Ri=10,
Re=1000, K = 0.2, Q = 0.25 and ¢t =0.01, 0.05, and
0.5. As we can see from the figures, there is excel-
lent agreement between the analytic approximations
and the numerical simulations for all times presented.
Note again that, since Re is moderately large, the an-
alytic solution is in good agreement even at £ = 0.5
This is because our expansion is valid in this limit as
well. Similar results are obtained for Re=50 as de-
picted in Figure 5. However, we notice that the ana-
lytic accuracy is not as high in Figure 5 for £ = 0.5. In
this case, the analytic solution is not valid except for
small time ¢ since Re is also small.
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Figure 2: Local Nusselt Number comparison for
Ri=0.0, Re=1000, K = 0.0, Q = 0.25, V = 1 at
times (a) t = 0.01, (b) t = 0.05, (c) t = 0.1, (d)
t=20.3,()05and ()t =1.0
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Figure 6: Surface vorticity for Ri=10, Re=50, K=0.2,
0=0.25, t=0.01,0.05
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Figure 7: Surface vorticity for Ri=10, Re=1000,
K=0.2, 2=0.25, t=0.01,0.05

The surface vorticity distribution which is given by

C(0,0,8) = ~ Ao ()

)
+ [ K+ A1) - \on(e) AA3(0) — R;;Zi(ﬁf)
(53)

is depicted in Figures 6 and 7 for Ri=10, K = 0.2,
Q = 0.25, ¢t =0.01, 0.05, 0.5 for Re values of 50 and
1000 respectively. Again we notice that the analytic
solution becomes less accurate as time increases and
as Re decreases.

The integrated average Nusselt numbers are also com-
pared in Figure 8 for K = 0.2, 2 = 0.25, Ri=10 and
Re values of 50 and 1000. We see that there is ex-
cellent agreement between the two solutions for small
values of t. However, as ¢ increases the two solutions
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tend to deviate from each other as expected. Note also
that the effect of the increase in Re is to enhance the
heat transfer.

150

Analytical
— — Numerical

100

Nusselt Number

50+

. . . . . . . . .
0 01 02 03 04 05 06 07 08 09 1
Angular Coordinate

Figure 8: Integrated average Nusselt numbers
Re=50,1000 Ri=5, K=0.2, 2=0.25, t=0.01

Finally, the dependency on the shear parameter K is
demonstrated in Figure 9 for Re=1000, Ri=10 and
Q = 0.0. We note that the vorticity distribution be-
comes less symmetric with increasing shear. The fig-
ure also shows that shear enhances the surface vortic-
ity in the upper half of the cylinder where there are
faster moving fluid particles with the maximum oc-
curring at the top tip of the cylinder. Again the ana-
lytic approximations are in excellent agreement with
the numerically predicted solutions. This is consis-
tent with the findings in [10] for the forced convection
case.
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. . . . . .
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Figure 9: Surface vorticity for Ri=10, Re=1000,
K=0,0.2, 2=0, t=0.01
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5 Conclusion

In this paper analytic approximations to the thermal-
fluid problem involving forced and mixed convec-
tive heat transfer from a rotating isothermal cylinder
placed in a non-uniform stream shear flow are pre-
sented. A convenient coordinate system is first intro-
duced in order to simplify the geometry of the prob-
lem. The flow variables are then scaled with respect
to the boundary layer parameter A resulting in a set of
boundary layer equations subject to appropriate ini-
tial and boundary conditions. The analytic approxi-
mations for the boundary value problem are obtained
via a Fourier series expansion in terms of the bound-
ary layer variable. The resulting approximations are
valid not only for small time but also for moderate
and large times provided that the Reynolds number of
the flow is sufficiently large.

Acknowledgements

K. Abdella’s general research in Applied Mathemat-
ics and Mathematical Modelling is supported by the
Natural Sciences and Engineering Research Council
of Canada (NSERC). The authors would like to thank
Almas Naseem for providing the numerical results.

References

[1] Zdravkovich, M.M.: 1997, “Flow Around Circu-
lar Cylinders”. Vol. 1: Fundamentals, Oxford
University Press.

Zdravkovich, M.M.: 2003, “Flow Around Circu-
lar Cylinders”. Vol. 2: Fundamentals, Oxford
University Press.

Richardson, P.D.: 1963, “Heat and mass transfer

in turbulent separated flows”. Chem. Eng. Sci.
18, 149-155.

Churchill, S.W. and Bernstein, M.: 1977, “A
correlation equation for forced convection from
gases and liquids to a circular cylinder in cross
flow”. J. Heat Transfer. 94, 300-306.

Dennis, S.C.R, Hudson, J.D. and Smith, N.:
1967, “Steady laminar forced convection from a
circular cylinder at low Reynolds numbers”. Phy.
Fluids. 11, 933-940.

Katagiri, M. and Pop, I.: 1979, “Unsteady com-
bined convection from an isothermal circular
cylinder”. Z. Angew. Math. Mech. 59, 51-60.

Mahfouz, FM. and Badr, HM.: 1999a, “Heat
convection from a cylinder performing steady ro-
tation or rotary oscillation - Part I: Rotary oscil-
lation”. Heat and Mass Transfer. 34, 365-373.

(2]

(3]

[4]

[5]

[6]

[7]

Issue 1, Volume 2, January 2007



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER

[8] Sanitjai, S. and Goldstein, R.J.: 2004, “Heat
transfer from a circular cylinder to mixtures of
water and ethylene glycol”. Int. J. Heat Mass
Transfer. 47, 4795-4805.

Lemlich, R.: 1955, “Effect of vibration on nat-
ural convection heat transfer”. Industr. Engng.
Chem. 47, 1175-1180.

Kuehn, T.H. and Goldstein, R.J.: 1980, “Nu-
merical solution of the Navier-Stokes equations
for laminar natural convection about a horizon-

tal isothermal circular cylinder”. Int. J. Heat and
Mass Transfer. 23, 971-979.

[11] Kimoto, H., Kadotsuji, A. and Hirosc, T.: 1983,
“Effect of vibration on the natural convection
heat transfer of a horizontal cylinder”. Bull
JSME. 26, 1154-1161.

[12] Wang, P., Kahawita, R. and Nguyen, T.H.:
1990, “Numerical computation of the natural
convection flow about a horizontal cylinder us-
ing splines”. Num. Heat Transfer. 17, 191-215.

[9]

[10]

[13] Kimura, S. and Pop, I.: 1994, “Conjugate natural
convection from a horizontal circular cylinder”.
Numer. Heat Transfer. 25A, 347-361.

[14] Etemad, G.A.: 1955, “Free convection heat
transfer from a rotating cylinder to ambient
air, with interferometer study of flow”. Trans.
ASME. 77, 1283.

[15] Lemlich, R. and Anandha-Roa, M.: 1965, “The
effect of transverse vibration on free convection
from a horizontal cylinder”. Int. J. Heat Mass
Transfer. 8, 27-33.

[16] Fujii, T., Fujii, M. and Honda, T.: 1982, “Theo-
retical and experimental study on free convection
around a horizontal wire”. J. Soc. Mech. Engrs.
48, 1312.

[17] Vasilev, A.N. and Golubev, V.V.: 1981, “Heat
transfer from a rotating cylinder under forced
convection”. Inzh.-Fiz.Zh. 41, 414-420.

[18] Badr, H.M. and Dennis, S.C.R.: 1985, “Laminar
forced convection from a rotating cylinder”, Int.
J. Heat and Mass Transfer. I 28, 253-264.

[19] Chun, W. and Boehm, R.F.: 1989, “Calculation
of forced flow and heat transfer around a cylin-
der in cross-flow”. Num. Heat Transfer. Part A,
Applications, 15, 101-122.

[20] Karanth, D., Rankin, G.W. and Sridhar, K.:
1994, “A finite difference calculation of forced
convective heat transfer from an oscillating
cylinder”, Int, J. Heat and Mass Transfer. 37,
1619-1630.

ISSN: 1790-5044

15

Kenzu Abdella, Felicia Magpantay

[21] D’Alessio, S.J.D. and Dennis, S.C.R.: 1995,
“Steady laminar forced convection from an ellip-
tic cylinder”. J. Eng. Maths. 2, 181-193.

[22] Mahfouz, EM. and Badr, H.M.: 2000, “Forced
convection from a rotationally oscillating cylin-
der placed in a uniform stream”. Int. J. Heat
Mass Transfer. 43, 3093-3104.

[23] D’Alessio, S.J.D., Saunders, M.G. and
Harmsworth, D.L.: 2003, “Forced and mixed
convective heat transfer from accelerated flow

past an elliptic cylinder”. Int. J. Heat and Mass
Transfer. 46, 2927-2946.

[24] Ahmad, R.A. and Qureshi, Z.H.: 1992, “Lam-
inar mixed convection from a uniform heat flux
horizontal cylinder in a crossflow”. J. Thermo-
phys. Heat Transfer. 6, 277-287.

[25] Abu-Hijleh, B.A/K and Heilen, W.N.: 1998,
“Correlation for laminar mixed convection from
a rotating cylinder”. Int. Comm. Heat Mass
Transfer. 25, 875-884.

[26] Bassam, A. and Abu-Hijleh, K.: 1999, “Laminar
mixed convection correlations for an isothermal
cylinder in cross flow at different angles of at-
tack”. Int. J. Heat and Mass Transfer. 42, 1383-
1388.

[27] Ahmad, E.H and Badr, HM.: 2001, “Mixed
convection from an elliptic tube placed in a fluc-
tuating free stream”. Int. J. Sci. 39, 669-693.

[28] Badr, H.M. and Mahfouz, FM.: 2002, “Mixed
convection from a cylinder oscillating vertically
in a quiescent fluid”. Heat Mass Transfer. 38,
477-486.

[29] Seban, R. and Drake, R.: 1953, “Local heat
transfer coefficients on the surface of an elliptic
cylinder in a high speed air stream”. Trans. Am.
Soc. Mech. Engs. 75, 235-240.

[30] Anderson, I.T. and Saunders, O.A.: 1953, “Con-
vection from an isolated heated horizontal cylin-
der rotating about its axis”. Proc. Roy. Soc. A
217, 555-562.

[31] Seban, R.A. and Johnson, H.A.: 1959, “Heat
transfer from a horizontal cylinder rotating in
0il”. NASA Memo 4-22-59W April.

[32] Farouk, B. and Ball, S.: 1985, “Convective flows
around a rotating isothermal cylinder”. Int. J.
Heat and Mass Transfer. 28, 1921-1935.

[33] Ilgarubis, V. Ulinskas, R. and Butkus, A.: 1988,
“Hydrolic dragand average heat transfer coef-
ficients of compact bundles of elliptical finned
tubes”. Heat Transer-Sov. Res. 20, 12-21.

Issue 1, Volume 2, January 2007



WSEAS TRANSACTIONS on HEAT and MASS TRANSFER

[34] Bretherton, F.P.:
round a cylinder in a simple shear”.
Mech. 12, 591-613.

[35] Robertson, C.R. and Acrivos, A.: 1970, “Low
Reynolds number shear flow past a rotating
cylinder”. Part 1, Momentum transfer. J. Fluid
Mech. 40, 685-704.

[36] Badr, H.M.: 1983, “A theoretical study of lami-
nar mixed convection from a horizontal cylinder
in a cross stream”. Int. J. Heat and Mass Trans-
fer. 26, 639-653.

[37] Jordan, S.K. and Fromm, J.E.: 1972, “Oscillat-
ing drag, lift and torque on a circular cylinder in
a uniform flow”. Phys. Fluids. 15, 371-376.

[38] Tamura, H., Kiya, M. and Arie, M.: 1980, “Nu-
merical study on viscous shear flow past a circu-
lar cylinder”. Bull. JSME 23, 1952-1958.

[39] Yoshino, F. and Hayashi, T.: 1984, “A numer-
ical solution of flow around a rotating circular
cylinder in uniform shear flow”. Bull. JSME 27,
1850-1857.

[40] Chew, Y.T., Luo, S.C. and Cheng, M.: 1997,
“Numerical study of a linear shear flow past a
rotating cylinder”. J. Wind Eng. Ind. Aerodyn.
66, 107-125.

[41] Lei, C., Cheng, L. and Kavanagh, K.: 2000, “A
finite difference solution of the shear flow over a
circular cylinder”. Ocean Eng. 27, 271-290.

[42] Wu, T. and Chen, C.F.: 2000, “Laminar
boundary-layer separation over a circular cylin-
der in uniform shear flow”. Acta Mech. 144,
71-82.

[43] Xu, Y. and Dalton, C.: 2001, “Computation of
force on a cylinder in a simple shear flow”. J.
Fluids Struct. 15, 941-954.

[44] Mukhopadhyay, A., Venugopal, P. and Vanka,
S.P.: 2002, “Oblique vortex shedding from a cir-
cular cylinder in linear shear flow”. Comp. Flu-
ids. 31, 1-24.

[45] Kiya, M., Tamura, H. and Arie, M.: 1980, “Vor-
tex shedding from a circular cylinder in moder-
ate Reynolds number shear flow”. J. Fluid Mech.
101, 721-735.

[46] Kwon, T.S., Sung, H.J. and Hyun, J.M.: 1992,
“Experimental investigation of uniform-shear
flow past a circular cylinder”. Trans. ASME J.
Fluids Eng. 114, 457-460.

[47] Chin-Hsiang, C. Horng-Nan, C. and Win, A.:
1994, “Experimental study of the effect of trans-
verse oscillation on convective heat transfer from

1962, “Slow viscous motion
J. Fluid

ISSN: 1790-5044

16

Kenzu Abdella, Felicia Magpantay

a circular cylinder”. Advances in Enhanced Heat
Transfer, ASME HTD. 287, 25-43.

[48] Sung, H.J., Chun, C.K. and Hyun, J.M.: 1995,
“Experimental study of uniform-shear flow past
a rotating cylinder”. Trans. ASME J. Fluids Eng.
117, 62-67.

[49] Zettner, C.M. and Yoda, M.: 2001, “The circu-
lar cylinder in simple shear at moderate Reynolds
numbers: An experimental study”. Experiments
in Fluids 30, 346-353.

[50] Teleki, C., Fand, R.M. and Kaye, J.: 1960,
“Influence of vertical vibrations on the rate of
heat transfer from a horizontal cylinder in air”.
Wright Air Development Command TN. 59-357.

Taneda, S.: 1977, “Visual study of unsteady sep-
arated flows around bodies”. Prog. Aero. Sci.
17, 287-348.

Abdella, K. and Nalitolela P.: 2006, “Approx-
imate analytic solutions for forced convection
heat transfer from a shear-flow past a rotating
cylinder”. J. Heat Transfer. submitted.

D’Alessio, S.J.D., Saunders, M.G. and
Harmsworth, D.L.: 2003, “Forced and mixed
convective heat transfer from accelerated flow
past an elliptic cylinder”. Int. J. Heat and Mass
Transfer. 46, 2927-2946.

Rohlf, K. and D’Alessio, S.J.D.: 2005, “Uni-
form shear flow past a circular cylinder”. Acta
Mechanica.

[51]

[52]

[53]

[54]

Issue 1, Volume 2, January 2007



