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Abstract

Purpose – The aim of this work is to determine the optimal number and location of the fin(s) for
maximum laminar forced convection heat transfer from a cylinder with multiple high conductivity
radial fins on its outer surface in cross-flow, i.e. Nusselt number, over a range of Reynolds numbers.

Design/methodology/approach – The effect of several combinations of number of fins, fin height,
and fin(s) tangential location on the average Nusselt number was studied over the range of Reynolds
numbers (5-150). The problem was investigated numerically using finite difference method over a
stretched grid. The optimal number and placement of the fins, for maximum Nusselt number, was
determined for several combinations of Reynolds number and fin height. The percentage improvement
in heat transfer per fin(s) unit length, i.e. cost-efficiency, was also studied.

Findings – The results indicate that the fin(s) combination with the highest normalised Nusselt
number is not necessarily the combination that results in the highest fin cost-efficiency.

Originality/value – The results of the study can be used to design highly efficient cross-flow forced
convection heat transfer configurations from a horizontal cylinder with minimum cost.
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Nomenclature
D ¼ cylinder diameter, 2r0 (m)
E ¼ parameter in computational domain,

pepj

F ¼ number of fins
g ¼ gravity (m/s2)
H ¼ non-dimensional fin height, hf/ro

h ¼ local convection heat transfer
coefficient (W/m2 K)

hf ¼ fin height (m)
k ¼ conduction heat transfer coefficient

(W/m K)
M ¼ number of grid points in the

tangential direction
N ¼ number of grid points in the radial

direction
NuD ¼ local Nusselt number based on

cylinder diameter
NuD ¼ average Nusselt number based on

cylinder diameter for a smooth
cylinder, no fins

NuD,F ¼ average Nusselt number based on
cylinder diameter, cylinder with F
number of fins

NUD,F ¼ normalized Nusselt number,
equation (11)

P ¼ non-dimensional pressure
p ¼ pressure (Pa)
Pr ¼ Prandtl number
R ¼ non-dimensional radius
r ¼ radius (m)
Re ¼ Reynolds number based on cylinder

radius, U1ro/n
ReD ¼ Reynolds number based on cylinder

diameter, U1D=n ¼ 2Re
T ¼ temperature (K)
U ¼ non-dimensional radial velocity
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Introduction
Laminar forced convection across a heated cylinder is an important problem in heat
transfer. It is used to simulate a wide range of engineering applications as well as to
provide a better insight into more complex systems of heat transfer. Accurate
knowledge of the convection heat transfer around circular cylinders is important in
many fields, including heat exchangers, hot water and steam pipes, heaters,
refrigerators and electrical conductors. Because of its industrial importance, this class
of heat transfer has been the subject of many experimental and analytical studies.
Though a lot of work has been done in this area, it still remains the subject of many
investigations. Recent economic and environmental concerns have raised the interest
in methods of increasing or reducing the convection heat transfer, depending on the
application, from a horizontal cylinder. Researchers continue to look for new methods
of heat transfer control. The use of porous materials to alter the heat transfer
characteristics has been reported by several researchers including Vafai and Huang
(1994), Al-Nimr and Alkam (1998) and Abu-Hijleh (2001).

Fins have always been used as a passive method of enhancing the convection heat
transfer from cylinder (Ahmad, 1996). Previous work by the author has shown that
increasing the number of uniformly spaced fins beyond a Reynolds number dependent
value does not result in further enhancement in the convection heat transfer and can
even result in a reduction in the Nusselt number (Abu-Hijleh, 2003). No published work
could be located that discusses the selective, non-uniformly spaced, placement of fins
for maximum forced convection heat transfer from a horizontal cylinder. This paper
details the changes in the Nusselt number due to the use of one or more high
conductivity fin(s) placed at different locations around the cylinder’s outer surface. The
aim is to establish the optimal configuration for maximum heat transfer as well as the
optimal configuration for maximum return on the cost of using the fins. The fluid
under consideration is air. The elliptic momentum and energy equations were solved
numerically using the stream function-vorticity method on a stretched grid. This study
included varying the Reynolds number from 5 to 150, number of fins from 1 to 11, and
the non-dimensional fin height from 0.25 to 2.0. This range of values was based on the

u ¼ radial velocity (m/s)
V ¼ non-dimensional tangential velocity
v ¼ tangential velocity (m/s)
a ¼ thermal diffusivity (m2/s)
b ¼ coefficient of thermal expansion (K21)
[ ¼ measure of convergence of numerical

results
h ¼ independent parameter in

computational domain representing
tangential direction

hfc ¼ percentage fin “cost-efficiency”,
equation (12)

u ¼ angle (degrees)
n ¼ kinematic viscosity (m2/s)
j ¼ independent parameter in

computational domain representing
radial direction

r ¼ density (kg/m3)
f ¼ non-dimensional temperature
c ¼ stream function
v ¼ vorticity function

Subscripts

D ¼ value based on cylinder diameter
f ¼ value at fin
0 ¼ value at cylinder surface
1 ¼ free stream value
1 ¼ value for the fixed first fin, in the

two non-uniformly spaced fins
configurations

2 ¼ value for the second fin, in the
two non-uniformly spaced fins
configurations
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experience gained from a previous work using uniformly spaced fins for the same
configuration (Abu-Hijleh, 2003). Owing to symmetry, the computations were carried
on half the physical domain making use of the horizontal symmetry passing through
the center of the cylinder. The number of fins reported herein is for half a cylinder, due
to symmetry, and should be doubled for a complete cylinder. No fins were located on
the symmetry plane.

Mathematical analysis
The steady-state equations for 2D laminar forced convection over a horizontal cylinder
are given by:
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Equations (1)-(4) are subject to the following boundary conditions.

(1) On the cylinder surface, i.e. r ¼ r0; u ¼ v ¼ 0 and T ¼ T0:

(2) Far-stream from the cylinder, i.e. r !1; u! U1 cos u and v!2U1 sin u: As
for the temperature, the far-stream boundary condition is divided into an
outflow ðu # 908Þ and an inflow ðu . 908Þ regions (Figure 1). The far-stream
temperature boundary conditions are T ¼ T1 and ›T=›r ¼ 0 for the inflow
and outflow regions, respectively.

(3) Plane of symmetry; u ¼ 0 and 1808 v ¼ 0 and ›u=›u ¼ ›T=›u ¼ 0:

Figure 1.
Schematic of the cylinder,
showing a non-uniformly

spaced fins case
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(4) On the fin surface; u ¼ v ¼ 0: Since the fins are assumed to be very thin and of
very high conductivity, the temperature at any point along the fin will be that
of the cylinder surface, i.e. T f ¼ T0: The fins are equally spaced around the
perimeter of the cylinder. No fins were placed on the horizontal plane of
symmetry, i.e. at u ¼ 0 and 1808 (Figure 2).

In actual applications, the fin’s temperature will vary along its radial distance and the
variation will depend on the thickness and conductivity of the fin. But this gives rise to
a conjugated heat transfer problem where the conduction heat transfer in the fin and
the convection heat transfer in the surrounding air need to be solved simultaneously.
This will greatly complicate the solution process. The assumption of constant fin
temperature used in boundary condition 4 is intended to cancel the need to solve the
conjugated heat transfer problem. Future work will try to address this issue and
ascertain the effect of using “real” fin properties.

The local Nusselt number, based on diameter, on the cylinder surface is given by:

NuDðuÞ ¼
DhðuÞ
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¼ 2
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The local Nusselt number at fin, based on diameter, is given by:
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The following non-dimensional groups are introduced:
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Using the stream function-vorticity formulation, the non-dimensional forms of
equations (1)-(4) are given by (Anderson, 1994):

v ¼ 72c ð7Þ
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Figure 2.
Schematic of the grid in
the physical (left) and
computational (right)
domains, showing a
uniformly spaced fins case
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The new non-dimensional boundary conditions for equations (7)-(9) are given by:

(1) on the cylinder surface, i.e. R ¼ 1:0; c ¼ ›c=›R ¼ 0; v ¼ ›2c=›R 2; and
f ¼ 1:0;

(2) far-stream from the cylinder, i.e. R!1; ð›c=›RÞ ¼ sin u and ð1=RÞ ð›c=›uÞ ¼
cos u: For the non-dimensional temperature, f ¼ 0 and ›f=›R ¼ 0; for the
inflow and outflow regions, respectively;

(3) plane of symmetry; c ¼ v ¼ ›f=›u ¼ 0; and

(4) on the fin surface; c ¼ 0; v ¼ ð1=R 2Þð›2c=›u 2Þ; and fij ¼ 1:0:

The effect of adding the fin(s) on the convection heat transfer from the cylinder will be
presented in terms of the normalized Nusselt number ðNUD;F Þ and the percentage fin
“cost-efficiency” (hfc), as per equations (11) and (12) shown below. The first term shows
the relative change in the Nusselt number while the second shows the percentage
relative change in the Nusselt number per unit length of fin(s) used. The percentage fin
“cost-efficiency” should not be confused with the standard definition of fin efficiency or
effectiveness. This parameter is intended to give an idea about the economic return of
using the fin(s).

NUD;F ¼
NUD;F

NUD

ð11Þ

hfcðper centÞ ¼
ðNUD;F 2 1Þ

FH
£ 100 ð12Þ

In order to accurately resolve the boundary layer around the cylinder, a grid with small
radial spacing is required. It is not practical to use this small spacing as we move to the
far-stream boundary. Thus a stretched grid in the radial direction is needed (Anderson,
1994). This will result in unequally spaced nodes and would require the use of more
complicated and/or less accurate finite difference formulas. To overcome this problem,
the unequally spaced grid in the physical domain (R,u) is transformed into an equally
spaced grid in the computational domain (j,h) (Anderson, 1994) (Figure 2). The two
domains are related as follows:

R ¼ epj; u ¼ ph ð13Þ

Equations (7)-(9) along with the corresponding boundary conditions need to be
transformed into the computational domain. In the new computational domain, the
current problem will be given by:
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E ¼ pepj ð17Þ

The transformed boundary conditions are given by:

(1) on the cylinder surface, i.e. j ¼ 0; c ¼ ›c=›j ¼ 0; v ¼ ð1=p 2Þð›2c=›j 2Þ; and
f ¼ 1:0;

(2) far-stream from the cylinder, i.e. j!1; ›c=›j ¼ E sin u: In the
inflow region; v ¼ 0 and f ¼ 0: In the outflow region; ›v=›j ¼ 0 and
›f=›j ¼ 0;

(3) plane of symmetry, i.e. h ¼ 0 and h ¼ 1; c ¼ v ¼ ›f=›h ¼ 0; and

(4) on the fin surface; c ¼ 0; v ¼ ð1=E 2Þð›2c=›h 2Þ; and fij ¼ 1:0:

The system of elliptic PDEs given by equations (14)-(16) along with the
corresponding boundary conditions was discretized using the finite difference
method. The resulting system of algebraic equations was solved using the hybrid
scheme (Patankar, 1980). Such a method proved to be numerically stable for
convection-diffusion problems. The finite difference form of the equations was
checked for consistency with the original PDEs (Patankar, 1980). The iterative
solution procedure was carried out until the error in all solution variables (c,v,f)
became less than a predefined error level ([ ). Other predefined parameters needed
for the solution method included the placement of the far-stream boundary condition
(R1) and the number of grid points in both radial and tangential directions, N and
M, respectively. Extensive testing was carried out in order to determine the effect of
each of these parameters on the solution. This was done to ensure that the solution
obtained was independent of and not tainted by the predefined value of each of
these parameters. The testing included varying the value of [ from 1023 to 1026,
R1 from 5 to 50, N from 100 to 200, and M from 100 to 140. The results reported
herein are based on the following combination: N ¼ 189; M ¼ 120; R1 ¼ 25; and
[¼ 1025:

In the previous work for uniformly spaced fins (Abu-Hijleh, 2003), the number of
grid points was varied in the radial and tangential directions in order to ensure that
all fins coincided with one of the grid’s radial lines and that the fins end coincided
with one of the grid’s tangential lines (Figure 2). The need for the fins to coincide with
the grid was also observed in this study but in a different fashion. In order to avoid
any changes that might result from using different grids for different combinations of
number fin(s) and fin height, a fixed grid size (189£ 120) was used for all
combinations in this study. In this study the fin’s tangential location was varied in
158 increments between 15 and 1658. Thus using M ¼ 120 insured that the tangential
grid resolution was suitable for all tangential fin locations. The hardest part was
adjusting the radial grid resolution to ensure that the fin’s end coincided with one of
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the radial grid points. In this study the nominal fin height (H) used was: 0.25, 0.5, 1.0,
1.5, and 2.0. The combination of N ¼ 189 and R1 ¼ 25 resulted in a difference of less
than 1 per cent between the actual fin height and the nominal fin height used in the
current study. The actual height being that of the fin used in the calculation with its
end coinciding with the closest radial grid point while using a fixed radial grid
resolution ðN ¼ 189Þ: The current gird resolution is finer than most grid resolutions
used in published studies of natural (Saitho et al., 1993), forced convection from a
heated cylinder (Ahmad, 1996), and mixed convection at different angles of attack
(Abu-Hijleh, 1999). The large number of grid points in the tangential direction
ðM ¼ 120Þ was to ensure that there were sufficient grid points between the fins to
properly resolve the flow between the fins, even when using 11 fins. In comparison,
the use of 60 points in the tangential direction would have been sufficient to resolve
the flow around a smooth cylinder (Abu-Hijleh, 1999). Figure 3 shows very good
agreement between the profiles of the average Nusselt number calculated by the
current code and several results reported in the literature (Ahmad, 1996; Abu-Hijleh,
1999; Incropera and DeWitt, 1996; Badr, 1980), for the case of a smooth cylinder, i.e.
no fins.

Results
The effect of fins on the forced cross-flow heat transfer from a horizontal isothermal
cylinder was studied for several combinations of number of fins ðF ¼ 1; 2; 3; 5; 6; 11Þ;
non-dimensional fin height ðH ¼ 0:25; 0:5; 1:0; 1:5; 2:0Þ; and Reynolds number
ðReD ¼ 5; 20; 70; 150Þ: The change in the average Nusselt number, for a given
value of Reynolds number, due to the addition of F number of fin(s) ðNUD;F Þ was
normalized by the Nusselt number of a smooth cylinder, no fins, at the same Reynolds
number ðNUDÞ: This was done in order to focus on the relative effect of adding the fins
ðNUD;F Þ:

Figure 3.
Comparison of the local
Nusselt number for the

case of a smooth cylinder.
The equations’ numbers
are from their respective

references
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The presence of the fins has an effect on both the aerodynamic as well as the thermal
characteristics of the flow. The fins tend to obstruct the airflow near the cylinder
surface, thus reducing the heat transfer from the cylinder’s surface to the surrounding
fluid. On the other hand, the fins increase the heat transfer area resulting in an
increase in the heat transfer from the cylinder to the surrounding fluid. The net result
of these two opposing effects depends on the combination of number of fins, fin
height, and Reynolds number. Detailed results and discussion of these changes for
the case of uniformly spaced fins can be found in a previous work by the author
Abu-Hijleh (2003). For completeness and as a reference, some of the uniformly spaced
cases were repeated in this study. Figure 4 shows the changes in the NUD;F as a
function of the number of uniformly spaced fins of different heights for the Reynolds
number values covered in this work. The results of the uniformly spaced fins were
used to establish the maximum increase in Nusselt number that can be achieved by
using uniformly spaced fins. These values served as the reference for the assessment
of the effectiveness of fin placement optimization. Figure 4 already shows that there
is an optimal number of fins beyond which the Nusselt number will not increase or
even decrease. The use of short fins, H # 0:5; tended to result in a lower Nusselt
number than for the case without any fins, especially at low Reynolds numbers.
The short fins significantly disrupted the airflow around the cylinder and created a
buffer between the free stream and the cylinder surface (Figure 5). This resulted in a
significant drop in heat transfer from the cylinder surface. The extra heat transfer
area due to the addition of short fins, and resulting additional heat transfer to the
surrounding fluid was small and did not compensate for the reduction of heat
transfer from the cylinder surface. One result from this figure that will be used in the
optimization part is the value of the maximum normalized Nusselt number that can
be achieved using uniformly spaced fins and the number of those fins. For cases
where the use of any number of fins resulted in a reduction in the Nusselt number,
the Nusselt number value that will be used will be that of the smooth cylinder,
i.e. F ¼ 0: For example, at ReD ¼ 70 and H ¼ 0:25; the maximum value of
normalized Nusselt number will be 1.0 achieved at F ¼ 0: The use of this value will
become clearer in the next paragraph.

The first part of the optimization process was to see the changes in the Nusselt
number as a function of the tangential location of a single fin. Figure 6 shows the
change in NUD;F as a function of the tangential location of a single fin of different
heights at different Reynolds numbers. The tangential location was changed from 15
to 165 in 158 increments. Note that the direction of the x-axis has been reversed in
order to match the schematic shown in Figure 1. A small insert showing the cylinder
and direction of the incoming flow is also shown in this figure. The same format
applies for subsequent figures as noted in their respective captions. The NUD;F value
shown at 1808 is the maximum value obtained using uniformly spaced fins, based on
the results shown in Figure 4, with the corresponding number of fins used shown
next to those points. Two conclusions can be drawn form this figure. First, a properly
placed single fin can result in a NUD;F value higher than that obtained from using the
optimal number of uniformly spaced fins. This was the case for all combinations of
ReD $ 70 and H $ 0:5: This is the first indication that optimization of the tangential
placement of the fin(s) is important. Figure 6 also gives an idea as to the locations
where the fin placement is most effective, even in cases where the single fin did not
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Figure 4.
Normalized average

Nusselt number as a
function of the number of

uniformly spaced fins at
different combinations of

fin height and ReD
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Figure 5.
Streamlines (left) and
isothermal (right) counters
at different values of
uniformly spaced fins, for
the case of ReD¼70 and
H ¼ 0.25
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Figure 6.
Change of the normalized

average Nusselt number
as a function of the

tangential location using a
single fin. Direction of

x-axis reversed to comply
with direction shown in

Figure 1
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result a NUD;F higher than that obtained using the optimal number of uniformly
spaced fins. The values of these “best” single fin tangential locations are listed in
Table I for all Reynolds number and fin height combinations. The best location for a
single fin seems to be at or around the point of flow separation for the case of a
smooth cylinder. Figure 7 shows the tangential distribution of the local vorticity and
Nusselt number along the surface of a smooth cylinder. Since the cylinder wall is
assumed to be impermeable, there is no radial velocity at the cylinder surface
ðU ¼ ›c=›u ¼ 0Þ: Since this condition applies along the entire surface of the
cylinder, then the tangential gradient of the radial velocity at the cylinder surface will
also be zero ð›U=›u ¼ ›2c=›u 2 ¼ 0Þ: Given this condition, and from the vorticity
definition in equation (14), the vorticity at the cylinder wall is equivalent to the radial
gradient of the tangential velocity component along the cylinder surface ðv0 ¼
›V=›j ¼ ›2c=›j 2Þ: Thus a wall vorticity value of zero is equivalent to flow
separation at the cylinder surface. The distribution of the wall vorticity in Figure 7
shows the tangential locations of the flow separation for the case of a smooth cylinder
at different values of Reynolds number. Note that there is no separation for the case
of ReD ¼ 5: This correlation between the separation point and the best location of a
single fin can be explained by the fact that most of the heat transfer from the surface
of a smooth cylinder occurs at the “front” of the cylinder, i.e. the region before
separation (Figure 7). Thus adding a fin around that location would result in minimal
reduction in the heat transfer from the front of the cylinder while providing
additional heat transfer area. Having the fin located near the point of separation and
not further toward the back of the cylinder means that the fin will also extend further
into the cold incoming airflow, which increases the temperature differential and
resulting heat transfer. If the fin is placed further toward the back of the cylinder it
will be in the relatively hot and low velocity recirculation region which would make
the fin less “productive” due to the smaller temperature differential between the fin
and the surrounding fluid. This can been seen from the local Nusselt distribution as
well as the streamline and isothermal contours in Figure 8 for the cases of ReD ¼ 70;
H ¼ 2:0; F ¼ 1; and u ¼ – ; 15; 60; 150:

Figure 9 shows the change in NUD;F for the case of two non-uniformly spaced fins,
of equal height, at different values of Reynolds number. In this figure, one fin was fixed
at best tangential location of a single fin, as per Table I, while the tangential location of
the second fin was varied from 15 to 1658, bypassing of course the location of the fixed
fin. For the most part, using two fins resulted in a normalized Nusselt number similar
to that of the maximum obtained using a single fin. The values of these “best” second
fins tangential locations are listed in Table II for all Reynolds number and fin height
combinations. At high values of Reynolds number and long fins, ReD $ 70 and

Non-dimensional fin height (H)
Reynolds number (ReD) 0.25 0.5 1.0 1.5 2.0

5 15 30 45 45 45
20 15 15 15 60 60
70 60 60 60 60 60
150 60 60 60 60 75

Table I.
Best tangential location
for maximum NUD;1

when using a single fin
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H $ 1:0; the NUD;F values from a single fin were equal to or better than all
combinations of two non-uniformly spaced fins as well as the highest value obtained
using uniformly spaced fins. The addition of the second fin increased the heat transfer
area but further disrupted the flow around the cylinder surface. The best location for
the second fin tended to be at either the very front or back of the cylinder where it
resulted in the least disruption to the flow around the cylinder. Other location of the
second fin resulted in significant flow disruptions that outweighed the additional heat
transfer area. Also placing the second fin ahead of the first fixed fin resulted in a
significant reduction in the contribution of the fixed fin as it fell in the immediate wake

Figure 7.
Variation of the local

vorticity (top) and Nusselt
number (bottom) along the
cylinder’s wall for the case

of smooth cylinder.
Direction of x-axis

reversed to comply with
direction shown in Figure 1

Optimal forced
convection heat
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Figure 8.
Local Nusselt number
distribution along the
cylinder surface (top) and
the streamline (bottom
left) and isothermal
(bottom right) contours for
the case of ReD¼70,
H ¼ 2.0, F ¼ 1, and
u ¼ –, 15, 60, and 150
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Figure 9.
Change of the normalized

average Nusselt number
as a function of the

tangential location using
two fins. Direction of

x-axis reversed to comply
with direction shown in

Figure 1

Optimal forced
convection heat
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of the second upstream fin, e.g. when the second fin was located at u2 ¼ 1358. This was
not the case when the second fin as located behind the fixed fin or at the very front of
the cylinder, u2 ¼ 15 and 165, respectively. Figure 10 shows the local Nusselt
distribution as well as the streamline and isothermal contours for the case of ReD ¼ 70;
H ¼ 2:0; F ¼ 2; and angle of the second fin ðu2Þ ¼ – ; 15; 135; 165: In this figure, the
first fin is fixed at the best tangential location of a single fin as given in Table I, i.e.
u1 ¼ 60:

Figure 11 shows the two fins “cost-efficiency” (hfc) as a function of the
tangential location of the second fin. Also included in the figure are the hfc for
the combinations of uniformly spaced fins and a single fin that resulted in the
maximum normalized Nusselt number for each arrangement, from Figures 4 and 6.
The general trend is that when using long fins, H $ 1:0; a properly positioned
fin tends provides the best return in terms of enhanced heat transfer per fin cost.
For shorter fins, H # 0:5; the use of two properly positioned fins tends provides
the best return in terms of enhanced heat transfer per fin cost. Comparing
Figures 6, 9, and 11 shows that the fin(s) combination that results in the highest
normalised Nusselt number is not always the same combination that results in
the highest fin “cost-efficiency”. Thus it is important to establish the relative
priority of enhanced heat transfer requirements versus the economic return of
using fins before making a decision as to the number of fins to be fitted to a
cylinder.

Conclusions
The problem of cross-flow forced convection heat transfer from an isothermal
horizontal cylinder with high conductivity fins was studied numerically. Changes in
the normalized average Nusselt number at different combinations of number of fins, fin
height, fin(s) tangential location, and Reynolds number were reported. The results
indicated that the optimal configuration consists of using one or two fins, depending on
the fin height and Reynolds number. The best position of the first fin is around the
point of separation for the case of a smooth cylinder. The best position of the second
fin, for the two-fin configurations, is either toward the very front or back of the
cylinder. The fin cost-efficiency was also studied and showed that the configuration
with the highest fin cost-efficiency did not always coincide with that resulting in the
maximum Nusselt number. The results can be used to design highly efficient
cross-flow forced convection heat transfer configurations from a horizontal cylinder
with minimum cost.

Non-dimensional fin height (H)
Reynolds number (ReD) 0.25 0.5 1.0 1.5 2.0

5 75 60 75 60 165
20 45 45 45 15 165
70 75 30 165 165 165
150 15 15 15 15 30

Table II.
Best tangential location
of the second fin for
maximum NUD;2 when
using two fins. Angle of
first fin fixed at value
shown in Table I
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Figure 10.
Local Nusselt number
distribution along the

cylinder surface (top) and
the streamline (bottom

left) and isothermal
(bottom right) contours for

the case of ReD¼70,
H ¼ 2.0, F ¼ 2, and u2¼ –,

15, 135, and 165
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Figure 11.
Change of fin
cost-efficiency as a
function of the tangential
location of the second fin.
Direction of x-axis
reversed to comply with
direction shown in Figure 1
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