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Abstract A numerical study is carried out to investigate the laminar forced convection heat transfer
from a circular cylinder. The fluid is assumed to be incompressible, the Reynolds number ranged from
0.1 t0 1000, and the Prandtl number was equal to 0.7. Therange of study includes heat transfer in creeping
flow (Re<1), flow with steady and symmetric eddies (7<Re<40), and the flow with periodic vortex
shedding (Re>40). The equations were discretized by a control-volume-based finite difference technique,
and they were solved by the SIMPLE algorithm. The problem formulation is such that it can handle both
steady and steady periodic situations. The paper presents the isotherms for the cylinder with isothermal
wall and constant wall heat flux. The results indicate that the periodic nature of eddies causes an oscillatory
behavior in the heat transfer coefficients. The oscillations are intensified as the Reynolds number is
increased.

Key Words Cylinder, Heat Transfer, Vortex Shedding, Laminar Flow, Forced Convection

0392 gl T3 Jloms ol 03 s 2 (g8 by, & lgial Sl o o] ez 0 Syl JGTl 00K
Jb‘d&:@ls‘b;ﬂ&d)ﬂszrl.jw‘ ’/VLJ)_»‘)JJ.:JI).;QA.CD\‘ e ey )I)«\]H)é.\_cé'mai"
Lf"’)"‘“ﬁ)l'-'-)'-” (Y <Re<¥- )&‘JCAJB).)Q)LE_L&SL&Agb}fL_vrl,i'ol.if?A(Re<\)u.5}$ol._u_)>_)$o)|)>
Q)yg)@Wﬁw@é,wyw&s)qQYQb.é’_ﬁu_a‘_}al..ﬁ‘) (Re> \“)u_.,L.JLSLmule)f
)EJ).) ‘)&suwjbgw.ﬂoh.llrﬁ.\il’.:@wéwr}.wlou&%ﬂﬁ)’ﬁlb’ohtaw
L5 s el o a1 Syl 3o L b ilg il g ol (glas b ilgasl gl LauiSCs dogha s e eyl .0 0%
Copis s, 0 ol U Lilugs ol oS e losgs Lo 44l oglis 100 Syl o JLADH g s o S n

INTRODUCTION

The flow of fluid around cylinders is diverse and
complex. The special features of the flow depends on
the value of Reynolds number. ForRe <1, the flow is
identified as creeping flow, and the Oseen[1] solution
can be used. In this case, the fluid flows smoothly
around the cylinder and there is no evidence of eddy
or recirculating motion behind the cylinder. The
formation of the first eddies is observed when Re is
near 7 {2]. The eddies are symmetric and stable.
However, as Re is increased, the eddies become
longer.

The complexity of the flow becomes apparent
when Re exceeds 40. The eddies behind the cylinder
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begin to oscillate. They are periodically separated
from the cylinder and are released in the flow. The
oscillatory motion of the flow increases with Re.
These oscillations are mainly limited to the region
behind the cylinder and affect the local parameters of
the fluid there. The complex recirculating flow has
profound effect on heat transfer. For example, one
can refer to the strong oscillations of heat transfer
coefficient at high Re.

Heat transfer in flow around cylinders has been
the subject of many previous investigations [4-17].
Some investigators have studies the effectof buoyancy
[18] and some others have focused on the accuracy of
numerical techniques and bench marking them for
the flow around cylinders [19]. Despite the
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aforementonsd stadics, it appears that the effect of
coeflicient has not been paid dhe doe atention hefore.

This article considers the effect of eddy motion on
heat transfer in the range 0,15 Re 1000, The
computations are camed oul for constant wall
temperature and constant heat Mux, The prandi
numibser is fixed ag 0,7, cormesponding to that [or aic,
The problem is solved by a well-known numerical
mecthod [2]. The results presented in this paper are
izothermal contours, temporal and spatial varation
of heat wransfer coefficients, and heat transfer
coefficionts at the stagnation point. The flow is entinely
assuméd 10 be laminar, The problem of transition w
turbilence is discussed in [ 20],

FORMULATION OF THE PROBLEM

The flow behavior can be formiulated mathematically
by writing the goveming differential equations. The
approprale equations are: CORtNUItY, MO entum,
and energy equations which have to be wrilten in
cylindrcal coordinates. In terms of dimensioniess
parameters, the equations ane,
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The imitial condition for velocity 15 the same as
that in the inviscid Mow around the cylinder, except
for the velocities on the wall which ane equal to zerm,
The initial temperature i5 equal 1o the temperature of
the free stream fuid (T=0), The boundary conditions
are zero velocities on the surface of the cyhinder and
uniform velocity far upstream -from the cylinder,
Two thermal boundary conditions wene considered:
constant wall temperature T and constant wall heat
NMux q_. Temperatre of the distant Auid is wniform
and equal o pero. In Equations 1 1o 4, the fluid
properiics anre assumed 0 be constant. Thus, the
momenium equations ang decoupled from the energy
cquation. In the present compatations, in each tme
step, Equations 1 o 3 wene solved first, The obtained
velocity field was then fed into the eneng y Squation o
get the emperatune ek,

COMPUTATIONAL APPROACH

The above equatons wene discretized by 3 congrol -
volume-based finite difference method and solved
numerically by the SIMPLE algorithm. The

computational mesh used in this work iz shown in
Figure | The cylinder is positoned at the center of
the mesh, as can be seen as a white circular point
the center. The mesh was generated algebraically in
such a way that o cluster the grid points near the
cylinder. The upstream hall of the mesh had fewer
points in the peripneral direction, while the
downstream halfwas denser, This arrangement could
give better resolution near the cylinder wall and in the
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Figure 1. The computational mesh. Flow is from left to right.

downstream area where vortices were present.
The conservation equations mentioned earliermay
be cast into the following general form,

3(p9)/dt+div(pt ¢)=div (T grad §)+ Sy  (5)

where the source term S, for V and U velocity

components are,
S, =U?%R - (2/Re) [V/R %+ 2/R* dU/36)] - dP/OR  (6)

S, =- UV/R+(2/Re)[(2/R?)(3V/3 8)- U/R?-1/R(IP/36)
)

These source terms were linearized and used in the
discretization equations. Details of the linearization
method is outlined in [3].

The time integration of various terms of the
differential equations was carried out by fully implicit
method and the interface values were interpolated by
power-law [3]. The continuity equation was applied
implicitly viaa pressure correction equation. Inevery
time step, the computations of the momentum
equations were continued until the velocity field
converged. The velocity results were subsequently
fed into Equation 4 and the computations proceeded
to convergence.

The outer boundary of the computational mesh
(large outer circle in Figure 1) was positioned at 103
radii from the cylinder axis. Before the onset of the
final computations, extensive numerical experiments
were performed to determine the location of the
outer boundary, number of mesh points, time
increment, and convergence criterion. A sample of
grid study is outlined in Tables 1 to 4. In these
tables the effect of number of grid points, location
of the outer boundary, mass residual appearing
in the pressure correction equation [3], and time
important been
investigated. From these initial runs, it was

step on parameters has
decided to have the outer boundary at 103 radii
from the cylinder axis, 9240 mesh points, a time
increment of 0.02, and the maximum mass
residual (used as the convergence criterion) of
105, All computations were performed on a 486

TABLE 1. Grid Study (Re=100).

Grid |Drag coefficient.'Separation angle,| Mean Nu |Nu at stagnation
Points C, | degree point, Nu,
5084 1.161 | 110.21 5.335 10.200
9020 1.172 | 111.35 5.216 . 9.751
11408 1179 112.10 5.182 9.640
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TABLE 2. Effect of the Outer Boundary (Re=100).

. Boundary Separation | Mean Nu [Nu at stagnation
location, R | angle, degree point, Nu,
288 110.68 5312 9.833
91.2 110.89 5.283 9.775
1913 110.90 5.270 9.747

temperature are presented in Figure 2a. The flow is
from left to right and the numbers in the figure refer
to the time sequence. The isotherms are plotted for a
large time in which the initial transients have damped
out and the steady periodic state has been established.
In this state, the eddies oscillate behind the cylinder
and distort the isotherms. The high density of the

DX2 (66 MHz) personal
CPU times for the runs are shown in Tables 3

computer. The typical

and 4. These values are for the runs that started from
the initial condition and continued to t=30. However,
since the final computations were continued to t=150,
the CPU times in these tables should be multiplied by
(150/30=) 5 o find CPU time for the final runs.

RESULTS AND DISCUSSION

The isotherms for the cylinder with constant wall

isotherms in front of the cylinder indicates a large
temperature gradient there. It is noteworthy that the
propagation of thermal field in front of the cylinderis
limited to a thin layer of fluid there. In contrast, the
major thermal influence is observed behind the
cylinder where the thermal effects travel to far
distances downstream. Another view of the thermal
wakes can be seen in Figure 2b. These photographs
correspond to the isotherms of Figure 2a identified
with numbers 3 and 5. The regions of uniform color
represent the nearly isothermal bands.

Figure 3 presents the isotherms for the cylinder

TABLE 3. Effect of Mass Residual (Re=100, Grid points=9020,

=30).
Mass Separation | Mean Nu| Nu at stagnatiory CPU time,
residual | angle, degree point, Nu_  |hr: min: sec
i ;’ -_11_0.79- -“;.28;37 | 9.77626 04:03:23
B"_ I 11_0.88 r 5.28301 - 9.77475 12:57:32
.- 1_07_ -_113.89 - 5.28295 - 9.77473 40:30:26
I 10° | 110.89 : 5_.2829_5 | ;7m 1 65_02;)

TABLE 4. Effect of Time Step (Re=100, Grid points=9020, t=30).

: Time step | Separation | Mean Nu

Nu at stagnationi| CPU time,

At angle, degree point, Nu, hr: min: sec

02 11091 | 5.28339 9.77461 19:07:39

0.1 110.89 | 5.28295 9.77473 40:30:26
i — Y -

| 0.02 110.82 5.28296 9.77597 82:51:42
e s s | -
0.01 110.82 5.28290 9.77602 | Not available

= l =1 '8 ]
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Figure 2 .(a) Isotherms for the cylinder with constant wall temperature, Re = 100. The numbers in the diagrams refer to the time sequence.
(b) Photographs of the isotherms for the cylinder with constant wall temperature, Re =100. Numbers 3 and 5 in the upper right corner refer

to the same numbers in Figure 2a.

with constant heat flux. In this case, the wall
temperature is not constant and the isotherms , as can
be seen in the figure, intersect with the cylinder
surface. Despite this point, the thermal field seen in
Figures 2a and 3 are not very different.

Temporal variation of heat transfer coefficient
and its approach to the steady periodic state are
shown in Figure 4. At low Re, the eddies behind the
cylinder are stable and there is no evidence of
oscillation in heat transfer coefficient. However, as
Reisincreased the eddies and heat transfer coefficients
beginto oscillate. As seenin the figure, the oscillations
are intensified with increase in Re.
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A more useful result for practical engineer is the
mean heat transfer coefficient. In Figure 5, the mean
Nusselt number Nu is plotted against Re and is
compared with those in the literature. The figure
shows that heat transfer coefficient increases with
Re. IfReisrestricted to anarrow range, the variations
can be well represented by Nu = a Re'Pre. However,
since the present investigation covers a large range of
Re, this is not possible.

A careful attention to the data obtained in the
present work shows that heat transfer coefficient for
constant heat flux condition (open circles in Figure 5)
is always higher than that for the constant wall
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Figure 3. Isotherms for the cylinder with constant wall flux, Re = 100. The numbers in the diagrams refer to the time

sequence.

temperature. This is observed in many heat transfer
problems dealing with the boundary layer or shear
layers. Further, itis noticed that at lower values of Re,
the results show a smaller slope. As Re is increased,
the slope is also increased, showing a stronger
dependence on Re. At lower Re, the diffusion
(conduction) terms are dominant in the differential
equations, and the Nusselt number is expected to
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Figure 4. Temporal variation of heat transfer coefficient for the
cylinder with constant wall temperature. At higher Re, the heat
transfer coefficient oscillates in time.
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approach a constant value. Indeed, if Re approaches
zero and a stagnant cylindrical body of fluid envelopes
the cylinder, a simplified analysis of heat conduction
from the cylinder through the fluid layer under this
limiting condition would lead to a value of 0.432 for
Nu. This value is surprisingly close to Nu values of
0.501 (constant heat flux) and 0.489 (constant wall
temperature) for the two data points corresponding to
Re=0.1 in Figure 5. This limiting-case comparison
together with the good agreement seen with other
investigations in the figure, supports the present
computational approach.

Local heat transfer coefficients at a specific time
are presented in Figure 6. The angle 0=0in this figure
corresponds to the stagnaion point in front of the
cylinder. The largest heat transfer coefficient occurs
at this point. As 0 is increased, the heat transfer
coefficient decreases rapidly due to the growth of the
boundary layer. The coefficient attains its minimum
value at the point of separation, thereafter it increases
due to high flow activities in the wake region behind
the cylinder. The flow activities are strengthened as
Reis increased and the corresponding graphsindicate
higher increases.

It should be noted that as Re is increased to 40,
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Figure 5. Mean Nusselt number and comparison with the literature.

periodic vortex shedding is observed downstream.
The periodic character of the vortices affect the

separation point, so that the point of separation also
oscillates with time. So, it may be concluded that
separation angle is a function of both Re and time.
The asymmetry seen in Figure 6 at Re> 40 is a
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Figure 6. Local heat transfer coefficient for the cylinder with
constant wall temperature . The graphs are not symmetnc due to
the eddy oscillations.
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reflection of these oscillations. If Nu, curves are
plotted for a specific value of Re>40 at different
times, the curves would not be coincident.

Figure 7 presents similar results for the constant
heat flux condition. The general trend is similar to
Figure 6. However, the variations of the heat transfer

q.= 1.1
Re=1000
&0 Fo e
ey .-"".
HLI.:J \
20 I| .."'d_"ul' |I
e 7 y |
't —=—] Re=100
— N R .
0 | | | |
i aq 180 270 J80
(7]

Figure 7. Local heat transfer coefficient for the cylinder with
constant wall heat flux. The graphs are not symmetric due to the
eddy oscillations.
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coefficient in the wake region is less pronounced.
Forthe cylinder with constant heat flux, the surface
temperature is variable. Surface variation forRe=100
and 1000is presented inFigure 8. The boundary layer
thickness and thermal resistance increase with 6.
Therefore, to keep the heat flux constant, the surface
temperature should increase. This tempearture
increase is clearly seen in Figure 8. It is noteworthy
that the flow separation further downstream disturbs
the boundary layer and prevents further increase in
temperature. Figure 8 shows that after the point of
separation, the surface temperature decreases slightly.
The temperature fluctuations seen in this region are
due to the oscillation of the eddies behind the cylinder.
For the cylinder with a constant wall temperature,
the wall heat flux is a function of 6 (Figure 9). The
largest value of heat flux occurs at the stagnation
point (8 = 0) and the lowest value is at the point of
separation. In the wake region, depending on Re, the
heat flux may remain constant or fluctuate with time.
The flow activities in the wake region are intensified
with Re, and the fluctuations of heat flux are increased.

70 =10
| .-I / i f ""-|
“ % | |Re=1000
|I | I
|I A\ |II !
Ty 35 / i ¥
ol = _
I T '*-1. T—
_ “~.Re=100
0 ki el
0 80 180 270 260
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Figure 8. Variation of the wall temperature for the cylinder with
constant heat flux. The hot spot is near the point of separation
where the boundary layer is thick.
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Figure 9. Variation of the wall heat flux for the isothermal
cylinder. The largest heat flux occurs at the stagnation point.

The heat transfer coefficient for the stagnation
point for the two thermal boundary conditions is
presented in Figure 10. The heat transfer coefficient
increases with Re. As can be seen from the figure, the
type of boundary conditionis apparently insignificant

100
-
S T ®
T -
10 & -

Nu E [
} "
“»
-||!:._ ! -JILIJ_I_I_Ll--.:. i -.__|-|__-_|_,h il i
Q.1 1 10 100 1000

Figure 10. Heat transfer coefficient at the stagnation point. The
effectof the thermal boundary condition on heat transfer coefficient
is apparently insignificant.
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and the data points for the two condition are nearly
overlapped. It should be noted, however, that inmost
heat transfer problems, the Nusselt number for
constant heat flux condition is generally higher than
that for the constant wall temperature. Apparently
this does not apply to the stagnation point of the
cylinder, as evidenced from Figure 10.

CONCLUDING REMARKS

Inthis article, anumerical investigation was performed
to study heat transfer for laminar incompressible
flow around cylinder. The eddies formed behind the
cylinder affect the thermal fiels. For Re > 40, the
eddies oscillate and cause oscillations of the isotherms.
The temperature variations in front of the cylinder is
restricted to boundary layer and does not influence
the upstream fluid. Behind the cylinder, however, the
formation of eddies and release of them in the flow
causes the thermal wakes to travel to far distances
downstream. The results for the two thermal boundary
conditions indicate that the heat transfer coefficients
are nearly insensitive to the boundary conditions.
The heat transfer coefficients oscillate at higher Re,
and the oscillations are strengthened asRe isincreased.
The largest heat transfer coefficient occurs at the
stagnation point and the lowest value is at the point of
separation. Depending on the Re value, the heat
transfer coefficient behind the cylinder is either

constant or oscillatory.
NOMENCLATURE
c specific heat
h convective heat transfer coefficient
h, local heat transfer coefficient at 0 location
h, local heat transfer coefficient at stagnation point

©=0)
k thermal conductivity of the fluid
Nu  Nusselt number, h(2R)/k
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2n
Nu mean Nusselt number ( J Nugd8)/27n

0

local Nusselt number, h (2R)/k

Nu__  maximum values of fluctuating Nusselt number in
Nu graphs (Figure 4)

Nu_. minimum values of fluctuating number in Nu graphs
(Figure 4)

Nu, Nusselt number at stagnation point

P fluid pressure

P dimensionless fluid pressure, p/pu_?

Pr Prandtl number, v/o

q, wall dimensionless heat flux, q°_/(pcu _AT")

q’ wall heat flux

r radial coordinate, r = O refers to the center of the
cyliner

R dimensionlessradial coordinate, 1/R cylinder radius

Re Reynolds number, u_(2R)/n

t dimensionless time, tu_/R

T  (T-TAT,T)

T wall temperature

T temperature

T temperature at the stagnation point

T free stream temperature

u circumferential velocity component

dimensionless circumferential velocity component,

uw/u_
u_ free stream velocity
v radial velocity component
v dimensionless radial velocity component, v/u_
Greek Symbols

o thermal diffusivity, k/pc
AT (T',-T")

0 circumferential coordinate, 8 =0 at stagnation point
in front of the cylinder

18 fluid viscosity

v kinematic viscosity, p/p

P fluid density

T time

V?  Laplacian operator
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