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a b s t r a c t

The present study investigates three-dimensional characteristics of fluid flow and heat transfer around a
wavy cylinder which has the sinusoidal variation in the cross sectional area along the spanwise direction.
The three different wavelengths of p/4, p/3 and p/2 at the fixed wavy amplitude of 0.1 have been consid-
ered to investigate the effect of waviness on especially the forced convection heat transfer around a wavy
cylinder when the Reynolds and Prandtl numbers are 300 and 0.71, respectively. The numerical solution
for unsteady forced convective heat transfer is obtained using the finite volume method. The immersed
boundary method is used to handle the wavy cylinder in a rectangular grid system. The present compu-
tational results for a wavy cylinder are compared with those for a smooth cylinder. The fluid flow and
heat transfer around the wavy cylinder depends on both the location along the spanwise direction and
the wavelength. The time- and total surface-averaged Nusselt number for a wavy cylinder with k = p/2
is larger than that for a smooth cylinder, whereas that with k = p/4 and p/3 is smaller than that for a
smooth cylinder. However, because the surface area exposed to heat transfer for a wavy cylinder is larger
than that for a smooth cylinder, the total heat transfer rate for a wavy cylinder with different wavelengths
of k = p/4,p/3 and p/2 is larger than that for a smooth cylinder.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The phenomenon of flow separation, bluff body wake and the
prediction of heat transfer from a cylinder have been intensely
studied for a long time because of their fundamental significance
in flow physics and their practical importance in aerodynamic
and heat transfer applications [1–14]. The generation and evolu-
tion of vortices in the wake region have a big effect on the drag,
heat transfer, flow-induced vibration and noise problems. For these
reasons, many methods have been proposed to control the dynam-
ics of the wake vortices with the aim of reducing the fluctuating lift
force and the magnitude of the mean drag force as well as to en-
hance the heat transfer. One approach to achieve this goal is to
introduce some forms of three-dimensional (3D) geometric distur-
bance to the base form of a nominally two-dimensional (2D) bluff
body.

Among the 3D geometric disturbances, the waviness of the cyl-
inder having the sinusoidal variation in the cross sectional area
along the spanwise direction has been considered to investigate
its effect on the flow characteristics such as the wake vortices
and the body forces. Ahmed and Bays-Muchmore [15] investigated
experimentally the transverse flow over a wavy cylinder. They ob-
tained the pressure distributions on the surfaces of several wavy
ll rights reserved.

: +82 51 512 9835.
cylinders for different axial wavelengths at a Reynolds number of
20,000 based on the mean diameter. They found that the sectional
drag coefficient at the node was greater than that at the saddle and
that the significant spanwise pressure gradients resulted in 3D
flow separation. Lam et al. [16] investigated experimentally the ef-
fects of the surface waviness of cylinders on the mean drag and the
fluctuating lift. They found that the mean drag coefficients and
fluctuating lift coefficients of wavy cylinders were lower than
those of the smooth cylinder in the range of Re = 20,000–50,000.
A drag reduction of up to 20% can be achieved depending on the
degree of obliqueness a2/(kD) of the wavy cylinder, where a and
k are the amplitude and the length of wave, respectively. They
found that the Strouhal number in the range of Re = 10,000–
60,000 was around 0.2, which was equal to the value of the smooth
cylinder. Lam et al. [17] investigated the flow characteristics exper-
imentally in the range of Re = 3000–9000. They concluded that the
average vortex formation length to over half a wavelength of the
wavy cylinder was longer than that of the smooth cylinder, result-
ing in drag reduction and suppression of the vortex-induced vibra-
tion. They observed that the spanwise flow moved from the saddle
plane towards the nodal plane. They deduced that the shear layers
shed from the points near the saddles extended along the spanwise
direction, while the shear layers near the nodes contracted and
accelerated. As a result, the wake showed the characteristics of
incoherent turbulence due to enhanced turbulent mixing. Zhang
et al. [18] investigated experimentally the 3D flow structures of
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Nomenclature

a normalized amplitude of the wave
c space-averaged streamwise exit velocity
CD drag coefficient
CL lift coefficient
CPb base suction pressure
d normalized diameter
f momentum forcing
h heat source or sink
L spanwise arc length of wavy surface
n normal direction to the wall
Nu local Nusselt number
Nu time-averaged local Nusselt number
hNui spanwise local surface-averaged Nusselt number
hNui time- and spanwise local surface-averaged Nusselt

number
hhNuii total surface-averaged Nusselt number
hhNuii time- and total surface-averaged Nusselt number
P pressure
Pr Prandtl number
q mass source/sink
Re Reynolds number
r normalized local radius
S arc length

t time
tP period of time integration
T temperature
Ts cylinder surface temperature
u, v, and w velocity components in x, y and z directions
W surface area of cylinder
x, y, z Cartesian coordinates

Greek symbols
a thermal diffusivity
k normalized wavelength
h angle of circular cylinder
q density
t kinematic viscosity

Sub/superscripts
rms root mean square
z spanwise local value
1 free-stream

time-averaged quantity
hi spanwise local surface-averaged quantity
hhii total surface-averaged quantity
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the near-wake behind a wavy cylinder at Re = 3000. They con-
cluded that the presence of the waviness modified the near-wake
structure and the streamwise vortices significantly and contrib-
uted to the pronounced spanwise periodicity of the flow structure
in the near-wake of the wavy cylinder. Lee and Nguyen [19] inves-
tigated experimentally the drag force, mean velocity and turbu-
lence intensity profiles of the wake behind a wavy cylinder in
the range of Re = 5000–20,000. They found that wavy cylinders re-
duced drag coefficient compared with the smooth cylinder and the
wake structure varied periodically along the spanwise direction.
They concluded that the vortex formation length for a wavy cylin-
der was longer than that of a smooth cylinder and the elongation of
vortex formation length led to the drag reduction.

The above-mentioned studies elucidated some prominent flow
features past a wavy cylinder. However, it is hard to find previous
studies which have dealt with heat transfer around a wavy cylin-
der. Also the previous research for a wavy cylinder was mainly
concentrated on the study for flow in the turbulence regime. Thus
the purpose of the present study is to investigate numerically the
three-dimensional flow and heat transfer characteristics around a
wavy cylinder at a Reynolds number of 300 using both the finite
volume method and the immersed boundary method. The present
computational results around a wavy cylinder with different wave-
lengths are compared with those around a smooth cylinder, in or-
der to see the effects of the presence of waviness along the
spanwise direction on the fluid flow and heat transfer around a
wavy cylinder.
2. Computational details

The immersed boundary method is used to simulate flow and
thermal fields over a wavy cylinder. Therefore, the governing equa-
tions describing unsteady incompressible viscous flow and thermal
fields in the present study are the momentum, continuity and en-
ergy equations:
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where xi are Cartesian coordinates, ui are the corresponding velocity
components, t is the time, P is the pressure, and T is the tempera-
ture. The momentum forcing f and mass source/sink q are applied
on the body surface or inside the body to satisfy the no-slip and
mass conservation on the cell containing the immersed boundary.
In Eq. (3), the heat source/sink h is applied to satisfy the iso-thermal
boundary condition on the immersed boundary. All the variables
are non-dimensionalized by the cylinder mean diameter corre-
sponding to the smooth cylinder diameter d, free-stream velocity
U1 and the cylinder surface temperature TS. The above non-dimen-
sionalization results in two dimensionless parameters: Re = U1d/t
and Pr = t/a where t and a are the kinematic viscosity and thermal
diffusivity. In the simulations to be reported here the Prandtl num-
ber, Pr, is a constant 0.71 corresponding to air. The Reynolds num-
ber of Re = 300 is considered.

A two-step time-split scheme is used to advance the flow field.
This scheme is based on the previous works of Kim and Moin [20]
and Zang et al. [21]. First the velocity is advanced from time level
‘n’ to an intermediate level ‘*’ by solving the advection–diffusion
equation without the pressure term. In the advection–diffusion
step, the non-linear terms are treated explicitly using the third-or-
der Adams–Bashforth scheme. The diffusion terms are treated
implicitly using the Crank–Nicolson scheme. Then the Poisson
equation for pressure, which is derived by using mass conserva-
tion, is solved fully implicitly. Once the pressure is obtained, the fi-
nal divergence-free velocity field at ‘n + 1’ is obtained with a
pressure-correction step. The temperature field is advanced in a
similar manner with the third-order Adams–Bashforth scheme
for the advection term and the Crank–Nicolson scheme for the dif-
fusion term. The central difference scheme with second-order
accuracy based on the finite volume method is used for the spatial
discretization. Additionally, a second-order linear, bilinear or tri-
linear interpolation scheme is applied to satisfy the no-slip and
iso-thermal conditions on the immersed boundary. Further details



Fig. 1. (a) Computational domain and coordinate system, (b) geometry of the wavy cylinder and grid system in (c) x–y plane and (d) y–z plane near the wavy surface.
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of the immersed-boundary method are given in Kim et al. [22] and
Kim and Choi [23].

The computational domain and coordinate system are shown in
Fig. 1(a). The size of computational domain is �50 6 x 6 25 and
�50 6 y 6 50 for the streamwise and transverse directions, respec-
tively. The spanwise domain (Lz) has different sizes for four differ-
ent cases as shown in Table 1. The grid points in the x and y
Table 1
Grid and geometrical parameters used

k Nx � Ny � Nz Lz a

Wavy cylinder p/4 260 � 220 � 186 p 0.1
p/3 260 � 220 � 186 4p/3 0.1
p/2 260 � 220 � 186 2p 0.1

Smooth cylinder – 260 � 220 � 49 p 0.0
directions are uniformly distributed within the cylinder while a
hyperbolic tangent distribution is in the outer region, and uniform
grids are used in the spanwise direction. At the inflow and far-field
boundaries, the Dirichlet boundary conditions, u = 1, v = 0, w = 0
and T = 0, are enforced. On the surface of the cylinder or immersed
boundary, no-slip and no-penetration boundary conditions, u = 0,
v = 0 and w = 0, are imposed for the velocity field, while an isother-
mal boundary condition, T = 1, is enforced for the temperature.
The convective boundary conditions, oui/ot + coui/ox = 0 and,
oT/ot + coT/o x = 0 are applied at the outflow boundary, where c is
the space-averaged streamwise exit velocity, u, v and w are the
velocity components in x, y and z directions, respectively. A peri-
odic boundary condition is used in the spanwise direction.

The geometry of the wavy cylinder is described by dz = d + 2a-
cos(2pz/k). Here, dz is the normalized local diameter, d is the nor-
malized diameter, a is the normalized amplitude of the surface
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curve, k is the normalized wavelength, and z is the spanwise loca-
tion. The terminology used to describe the wavy cylinder is defined
in Fig. 1(b). The axial locations of the maximum diameter are here-
after termed ‘node’, while the axial locations of the minimum
diameter are denoted as ‘saddle’. The origin of the coordinate is lo-
cated at the center of a nodal cross-section.

The number of grid points used in the present calculation is given
in Table 1. The grid independence study to find optimum grid reso-
lution has been performed for the wavy cylinder with a wavelength
value of p/2 and the smooth cylinder. For the wavy cylinder, the grid
dimensions of the coarse, medium and fine grid systems considered
are 200 � 180 � 146, 260 � 220 � 186 and 300 � 250 � 209 in the
x, y and z directions, respectively. In case of the smooth cylinder,
the grid dimensions of the coarse, medium and fine grid systems
considered are 200 � 180 � 36, 260 � 220 � 49 and 300 � 250 �
64 in the x, y and z directions, respectively. For both the wavy and
the smooth cylinders, the difference in time-averaged body forces
and Nusselt numbers obtained using the medium and fine grid sys-
tems is less than 0.05%. However, these values using the coarse grid
system show a little deviation from those using the medium and fine
grid systems. Accordingly, we used respectively the medium grid
system of 260 � 220 � 186 and 260 � 220 � 49 for the wavy
cylinder and the smooth cylinder in the present computation. The
condition of CFL 60.3 is chosen to determine the non-dimensional
time step used in the present calculation. A series of computational
studies have been carried out for the fixed value of a = 0.1 and the
different wavelength values of p/4,p/3 and p/2.

Once the velocity and temperature fields are obtained, the local,
time-averaged local, spanwise local surface-averaged-, time- and
spanwise local surface-averaged-, total surface-averaged, and
time- and total surface-averaged Nusselt number are defined as
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where n is the normal direction to the walls, Wz is the spanwise lo-
cal surface area, L is the spanwise arc length and tP is the period of
time integration.

The validation of the present numerical method has been per-
formed by the comparisons with previous experimental and com-
putational results for a smooth cylinder at Re = 300 as shown in
Table 2. Drag, lift and base suction coefficients are in good agree-
ment with those of Kim and Choi [24], Kravchenko et al. [25] and
Posdziech and Grundmann [26]. Also, the present Nusselt number
represents the results of Churchill and Bernstein [27] well.

3. Results and discussion

The temperature fields around a wavy cylinder depend on the
flow fields because the temperature is a passive scalar which is
governed by the distribution of fluid flow. The presence of wavi-
ness along the spanwise direction increases the three-dimension-
ality in the fluid flow past a wavy cylinder compared with the
flow around a smooth cylinder. Fig. 2 shows the contours of the
instantaneous spanwise velocity in the x � z plane at y = 0 and
Table 2
Comparisons between the present study with previous results

CD CL,rms CPb hhNuii

Present 1.30 0.46 �1.01 8.87
Kim and Choi [24] 1.32 0.46 �1.03 –
Kravchenko et al. [25] 1.28 0.40 �1.01 –
Posdziech and Grundmann [26] 1.27 0.44 �1.00 –
Churchill and Bernstein [27] – – – 8.71
0.4 for the smooth cylinder and the wavy cylinder with k = p/2.
Although the shape of the smooth cylinder is two-dimensional, it
is well known that the three-dimensional transition in the wake
of the smooth cylinder occurs near Re = 194, as shown by
Williamson [8]. Thus, at Re = 300 considered in the present study,
the spanwise velocity for a smooth cylinder shows clearly three-
dimensional characteristics in the wake region at two different
positions of y = 0 and 0.4, as shown in Fig. 2(a) and (b). For the case
of the wavy cylinder, the sign of the spanwise velocity in front of
wavy cylinder varies regularly along the spanwise direction as
shown in Fig. 2(c) and (d), depending on the shape of the wave,
which does not appear in the front region of the smooth cylinder.
At the more distant position of y = 0.4 from the vertical center of
cylinder (y = 0), the strength of three-dimensionality of the flow
in front of wavy cylinder becomes weaker owing to the reduction
of waviness and the direction of spanwise velocity in the near wake
region become more regular, compared with those at y = 0, as
shown in Fig. 2(c) and (d).

Fig. 3 shows the time-averaged flow and temperature fields in
y � z plane for different streamwise locations for the wavy cylinder
with k = p/2. For the case of the smooth cylinder, the spanwise com-
ponent of velocity does not exist in the time-averaged flow field be-
cause the shape of the smooth cylinder is homogeneous in the
spanwise direction. In contrast, for the case of the wavy cylinder,
the spanwise velocity appears because the flow follows the wavy
surface. As a result, in front of the wavy cylinder at x = �0.5, the span-
wise flow moves from the node to the saddle alternately as shown in
Fig. 3(a). As the flow moves downward, the direction of spanwise
flow is opposite to that of the spanwise flow in front of the wavy cyl-
inder, resulting in the flow moving from the saddle toward the node,
as shown in Fig. 3(b) and (c). The isotherms in the upward regions of
x = �0.5 and 0 are distributed densely near the surface of wavy cyl-
Fig. 2. Contours of instantaneous spanwise velocity in the two different x–z planes
for the smooth cylinder (a and b) and the wavy cylinder with k = p/2 (c and d)
(Contour values range from �0.5 to 0.5 with 21 levels).



Fig. 3. Contours of the time-averaged spanwise velocity (left column) and
temperature (right column) for the wavy cylinder with k = p/2 (Contour values of
spanwise velocity range from �0.3 to 0.3 with 25 levels and contour values of
temperature range from 0.1 to 0.9 with 9 levels).

Fig. 4. Streamlines around (a) smooth cylinder and (b) wavy cylinder with k = p/2.
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inder as shown in Fig. 3(a) and (b), whereas the isotherms in the
downward region of x = 0.5 are distributed widely due to flow mix-
ing as shown in Fig. 3(c).

In order to observe clearly the occurrence of the spanwise flow
induced by the presence of waviness along the spanwise direction
shown in Fig. 3, the streamlines around a wavy cylinder are com-
pared with those around a smooth cylinder, as shown in Fig. 4.
The streamlines in Fig. 4 are shown in the x–z plane slightly over
the cylinder. The flow in front of the wavy cylinder converges on
the saddle, whereas the flow in the rear of the wavy cylinder di-
verges from the saddle, which is not observed for the case of the
smooth cylinder. These results are consistent with the previous
observations by Lam et al. [17].

For the purpose to investigate the effect of the presence of wav-
iness along the spanwise direction on the upstream flow in front of
the cylinder, the time-averaged streamwise velocity �u and pressure
P along the spanwise distance for the smooth cylinder and three
different wavy cylinders with k = p/4,p/3 and p/2 at the position
of x = �0.7 and y = 0 are shown in Fig. 5. The time-averaged
streamwise velocity and pressure for the case of a smooth cylinder
has constant values, meaning that �u and P have no variation along
the spanwise direction in front of the smooth cylinder. However,
for the case of a wavy cylinder, �u and P vary as a function of dis-
tance in the spanwise direction in front of the wavy cylinder. The
distribution of �u and P for three different wavy cylinders is gener-
ally similar with a parabolic shape. The value of the radius at the
node of the wavy cylinder is highest whereas the value of the
radius at the saddle is lowest. Thus the pressure has a maximum



Fig. 5. Time-averaged streamwise velocity and pressure along the spanwise
distance for the smooth cylinder and three different wavy cylinders with k = p/4,
p/3 and p/2 at the position of x = �0.7 and y = 0.

Fig. 6. Time-averaged streamlines and superimposed temperature contours at
three different spanwise locations for k = p/2 ; (a) node, (b) middle and (c) saddle
and (d) smooth cylinder (Contour values of temperature range from 0.1 to 0.9 with
nine levels).
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value at the node and a minimum one at the saddle, whereas the
velocity has a minimum value at the node and a maximum one
at the saddle. However, the magnitude of �u and P for the wavy cyl-
inders depends on the wavelength. As the wavelength increases,
the extent of variation in �u and P becomes wider. As a result, the
values of �u at the node for k = p/2 is smaller than that for k = p/3
and p/4, whereas �u at the saddle for k = p/2 is larger than that for
k = p/3 and p/4. The variation in the magnitude of P is opposite
to �u as shown in Fig. 5.

Fig. 6 shows time-averaged streamlines and superimposed iso-
therms at different spanwise locations of the node, middle and sad-
dle of a wavy cylinder when k = p/2. Because the flow on the node
plane converges in the near wake as shown in Fig. 4, a pair of vor-
tices on the node side is squeezed in both the longitudinal and
transverse direction as shown in Fig. 6(a). As a result, the separa-
tion is delayed and the separation point moves to the streamwise
direction. As we move from the node to the saddle, the flow
spreads out more because the flow diverges from the node to the
saddle. As a result the separation point moves to the upstream
direction and the size of the recirculation bubble in the near wake
becomes larger. The distribution of isotherms around a wavy cylin-
der depends on this flow pattern strongly. At the front stagnation
point, the thermal gradient has a maximum value with the small-
est thermal boundary layer thickness. As the flow moves to the
downstream direction from the stagnation point along the wavy
cylinder surface, the thermal gradient decreases with increasing
thermal boundary layer thickness. The thermal gradient has a min-
imum value with the largest thermal boundary layer thickness at
the separation point. As the flow moves further to the downstream
direction from the separation point along the wavy cylinder sur-
face, the thermal gradient increases again with decreasing thermal
boundary layer thickness. Because the flow pattern around a wavy
cylinder varies along the spanwise direction, the distribution of
isotherms also varies along the spanwise direction as shown in
Fig. 6.

Fig. 7 shows the total surface-averaged Nusselt number as a
function of time for a smooth cylinder and wavy cylinders with



Fig. 7. Total surface-averaged Nusselt number as a function of time: -��-, k = p/4; - - -,
k = p/3; –�–, k = p/2 and —, smooth cylinder.
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different wavelengths of k = p/4,p/3 and p/2. The total surface-
averaged Nusselt number for the smooth cylinder and wavy
cylinders shows strong time-dependence characteristics. The total
surface-averaged Nusselt numbers have different time-averaged
mean values depending on the wavelength, because the flow and
temperature fields have different distributions depending on the
wave pattern of wavy cylinder.

Fig. 8 shows the time-averaged local Nusselt number Nu, tem-
perature T and streamwise velocity �u as a function of the circum-
ferential direction h at different spanwise locations of node,
middle and saddle for different wavelengths of k = p/4,p/3 and
p/2. The distribution of Nu; T and �u at different spanwise loca-
tions for the wavy cylinders is compared with those for the
smooth cylinder. h = 0� and 180� in Fig. 8 represent the front
and rear stagnation points. For both the smooth cylinder and
the wavy cylinder, the distribution of Nu as a function of h shows
a similar pattern. Nu has a maximum value at the front stagna-
tion point of h = 0�. When h increases from the front stagnation
point to the separation point, Nu decreases and reaches a mini-
mum value at the separation point (see Table 3 for the separa-
tion points for the wavy and smooth cylinders). If we increases
h further from the separation point to the rear stagnation point,
Nu increases again due to the mixing effect caused by the flow
separation.

However, the magnitude of time-averaged local Nusselt num-
ber for a wavy cylinder depends on the wavelength of wavy cyl-
inder. Because the diameter at the node of the wavy cylinder is
larger than at the middle and saddle of the wavy cylinder and
the smooth cylinder, the approaching cold fluid meets the node
of wavy cylinder first. As a result, the values of Nu and �u at
the node of wavy cylinder are generally larger than those at
the middle and saddle of the wavy cylinder, whereas T at the
node is generally smaller than that at the middle and saddle, ex-
cept for the wake region. If the wavelength is small, the slope of
the valley formed on the wavy cylinder becomes sharper, giving
more resistance to the flow around a wavy cylinder. As a result,
for the case of k = p/4, we can observe big differences in the mag-
nitude of Nu; T and �u for different spanwise positions of the node,
middle and saddle of the wavy cylinder and for the smooth cyl-
inder. However, if we increase the wavelength, the slope of the
valley formed on the wavy cylinder becomes gentle and the
resistance to the flow around the wavy cylinder decreases,
resulting in the decreasing differences in the magnitude of
Nu; T and �u at different positions of the node, middle and saddle
of the wavy cylinder. For the case of k = p/2, the streamwise
velocity in the front of cylinder becomes larger with increasing
wavelength and more cold fluid is transferred to the saddle di-
rectly. As a result Nu near the front stagnation has the largest va-
lue at the saddle.

Fig. 9 shows the isometric views for the distribution of time-
averaged local Nusselt numbers ðNuÞ over the surfaces for the
smooth cylinder and the wavy cylinders with different wave-
lengths of k = p/4,p/3 and p/2. S in Fig. 9 is the arc length defined
by rz � h where rz is the local radius along the spanwise direction
and 0 6 h 6 p. In Fig. 9(b)–(d), the spanwise distance z is normal-
ized by the wavelength k of the corresponding wavy cylinder. As
expected, Nu for the smooth cylinder is independent of the span-
wise direction and has a maximum value at the front stagnation
point and a minimum one at the separation point, as shown in
Fig. 9(a). For the cases of the wavy cylinders, the variation of Nu
along the circumferential direction is similar to that for a smooth
cylinder with a maximum value at the front stagnation point and
a minimum value at the separation point. However, as we have al-
ready discussed, the variation of Nu along the circumferential
direction for the wavy cylinder shows a strong dependence on
the spanwise direction. Generally, the value of Nu for a wavy cylin-
der has a peak value at the node and decreases in the form of a par-
abolic shape as we move from the node to the saddle, as shown in
Fig. 9(b)–(d).

Fig. 10 shows the time- and spanwise local surface-averaged
Nusselt number, hNui, as a function of z/k for the wavy cylinders
with different wavelengths of k = p/4, p/3 and p/2 and the
smooth cylinder. hNui for a smooth cylinder has a constant value,
meaning that hNui does not depend on the spanwise direction.
However, hNui for wavy cylinders has a maximum value at the
node and decreases as we move from the node to the saddle,
which is similar to the distribution of time-averaged local Nus-
selt number shown in Fig. 8. The values of hNui at the node for
the wavy cylinders are larger than hNui for the smooth cylinder,
with the largest value when k = p/4. For the cases of k = p/3 and
p/2, the values of hNui in the large part of the spanwise direction
for the wavy cylinder are lower than those for the smooth cylin-
der. When k ¼ p=4; hNui at the saddle is the lowest value. When
k ¼ p=2; hNui approaches the value of a smooth cylinder as we
move from the node to the saddle.

Table 4 shows the time-averaged drag coefficient CD, time- and
total surface-averaged Nusselt number hhNuii and time- and span-
wise local surface-averaged Nusselt number hNui for the smooth
cylinder and the wavy cylinders with different wavelengths of
k = p/4,p/3 and p/2. For the case of the wavy cylinders, because
the diameter at the node is largest, the incoming flow hits first
the node and as a result hNui has the largest values at the node.
As we move from the node to the saddle, hNui decreases with
decreasing diameter, showing the dependence of hNui on the span-
wise direction. However, for the case of the smooth cylinder, hNui
does not vary along the spanwise direction and has a constant va-
lue. The values of hNui at the node for the wavy cylinders with
k = p/4,p/3 and p/2 are respectively 33%, 18% and 8.7% larger than
those of the a smooth cylinder. The values of hNui at the saddle for
wavy cylinders with k = p/4,p/3 and p/2 are, respectively, 25%, 11%
and 0.1% lower than those of the smooth cylinder. The values of the
time-averaged drag coefficient CD for k = p/2 and p/3 are about
6.15% and 1.54% lower than those of the smooth cylinder, respec-
tively, whereas the value of CD for k = p/4 is about 3.85% higher
than that of the smooth cylinder. The value of time- and total sur-
face-averaged Nusselt number hhNuii for k = p/2 is about 2.7% lar-
ger than that of the smooth cylinder whereas the values of hhNuii
for k = p/4 and p/3 are 1.2% and 6.2% less than that of the smooth
cylinder, respectively, due to the before-mentioned reasons in Figs.
8 and 10. However, the total surface areas exposed for heat transfer
for the cases of the wavy cylinders with k = p/4,p/3 and p/2 are



Fig. 8. Time-averaged local Nusselt number, temperature and streamwise velocity as a function of the circumferential direction h at different spanwise locations for
(a) k = p/4, (b) k = p/3 and (c) k = p/2.

Table 3
Separation point for a smooth cylinder and wavy cylinders with different wavelengths
of k = p/4, p/3 and p/2

k Node Middle Saddle

Wavy cylinder p/4 136 º 121 º 115 º

p/3 137 º 123 º 117 º

p/2 137 º 126 º 121 º

Smooth cylinder – 128 º
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about 15%, 9% and 4% larger than that for the smooth cylinder,
respectively, due to the presence of waviness along the spanwise
direction. As a result the total heat transfer rate for the cases of
the wavy cylinders with k = p/4, p/3 and p/2 are about 8%, 8%
and 7% larger than that for the smooth cylinder, respectively, even
though the values of hhNuii for the wavy cylinders with k = p/4 and
p/3 are lower than those for the smooth cylinder. Thus the wavy
cylinder can be used as a method to enhance the heat transfer rate
under the condition of lower flow resistance at the Reynolds num-
ber of 300.
4. Conclusions

The present study solves the three-dimensional and time-
dependent equations to govern the fluid flow and heat transfer
around wavy cylinders numerically using the finite volume meth-
od. The immersed boundary method is used to handle the geome-
try of a wavy cylinder in the rectangular grid system. In order to
consider the effects of the presence of waviness along the spanwise
direction on the fluid flow and heat transfer around a wavy cylin-
der, we adopted three different wavelengths of k = p/2, p/3 and p/4
with the fixed wavy amplitude of 0.1 at a Reynolds number of 300
and a Prandtl number of 0.71, and compared the present results for
the wavy cylinders with those for a smooth cylinder. The number
of grid points used is more than 10 million. The present results
for the smooth cylinder agree well with the previous research re-
sults, showing the validity of the present computation.

The occurrence of the spanwise flow, which is induced by the
presence of waviness along the spanwise direction of the wavy
cylinders, is observed by comparing the streamlines and span-
wise velocity contours around the smooth cylinder with those



Fig. 9. Isometric views for the distribution of time-averaged local Nusselt number over the surfaces for (a) the smooth cylinder and the wavy cylinders with different
wavelengths of (b)k = p/4, (b) k = p/3 and (c) k = p/2.

Fig. 10. Time- and spanwise local surface-averaged Nusselt number as a function of
z/k for the smooth cylinder and the wavy cylinders with different wavelengths of
k = p/4,p/3 and p/2.

Table 4
Time-averaged drag coefficient, time- and total surface-averaged Nusselt number and
time- and spanwise local surface-averaged Nusselt number for a smooth cylinder and
wavy cylinders with different wavelengths of k = p/4, p/3 and p/2

k CD hhNuii hNui

Node Middle Saddle

Wavy cylinder p/4 1.35 8.32 11.79 7.65 6.62
p/3 1.28 8.76 10.46 8.36 7.89
p/2 1.22 9.11 9.64 8.92 8.86

Smooth cylinder – 1.30 8.87 – – –
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around the wavy cylinders. The flow converges on the saddle in
front of the wavy cylinder and diverges from the saddle in the
back of the wavy cylinder. As we move from the node to the sad-
dle of the wavy cylinder, the separation along the circumferential
direction on the wavy cylinder surface occurs earlier and the size
of a pair of time-averaged vortices formed in this direction be-
comes larger.
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The variation of the time-averaged local Nusselt numbers Nu
along the circumferential direction for the wavy cylinders has a
similar pattern to that of the smooth cylinder, having maximum
and minimum values at the front stagnation and separation points,
respectively. However, the variation of Nu for a wavy cylinder
along the spanwise direction has a strong dependence on the loca-
tion in the spanwise direction, with a larger value at the node than
at the saddle of the wavy cylinder.

A value of time- and total surface-averaged Nusselt numbers
hhNuii for k = p/2 is higher than that of the smooth cylinder,
whereas the values of hhNuii for k = p/4 and p/3 are lower than that
of the smooth cylinder. However the total heat transfer rate for the
wavy cylinders is larger than that of the smooth cylinder because
of the increase in the total surface area exposed to heat transfer.
Thus the wavy cylinder can be used as a method to enhance the
heat transfer rate under the condition of lower flow resistance at
the Reynolds number of 300.
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