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Abstract In this article a semi-analytical approach is

employed to obtain dimensionless heat transfer correlations

for forced convection from isothermal circular cylinders

with active ends and different aspect ratios ðl=d� 8Þ in

laminar axial air flows. Then, using the present results and

previous works, the modeling is extended to higher aspect

ratios ðl=d� 8Þ) as long as the entire flow field remains

completely laminar. Validations of the present work are

done not only with the available data on drag coefficients

but with previous works for long cylinders with inactive

ends and long spheroids. Two general correlations are also

developed for a rough estimate of forced convection heat

transfer from isothermal cylinders with active ends and

arbitrary aspect ratios in the range of 1
2
� l

d � 8 and

l=d� 8.

List of symbols

A Body surface area (m2)

Ae Surface area of the volume equivalent sphere

(m2)

b Reynolds’ exponent for best curve fitting

(Eqs. 29, 31, 33, 35, 37, 39, 41, 43, 45, 47)

c Specific heat (J/kg K)

C ffiffiffi

A
p Coefficient in Eq. 27 (Eqs. 38–47)

Cd Coefficient in Eqs. (28–37) (Table 3)

D Diameter of tubular domain (m) (Fig. 3)

d Diameter (m)

de Diameter of the volume equivalent sphere (m)

h Convection heat transfer coefficient (W/m2 K)

k Thermal conductivity (W/m K)

L Length of tubular domain (Fig. 3)

l Cylinder length (m)

Nu Nusselt number

Nu ffiffiffi

A
p Nusselt number based on square root of

surface area

Nu ffiffiffi

A
p

; l:b:l Convective Nusselt number obtained for the

laminar boundary layer solution

Nu� ffiffiffi
A
p Conduction limit based on square root of

surface area

Nu�d Conduction limit based on diameter

Nud Nusselt number based on diameter

Pe Peclet number

Pr Prandtl number

R The distance from the axis of symmetry to the

surface of the body (m), (Fig. 1)

Re Reynolds number

Red Reynolds numbers based on diameter

Re ffiffiffiA
p Reynolds numbers based on square root of

surface area

s Upstream distance (m) (Fig. 3)

T Temperature (K)

Ts Body surface temperature (K)

T? Flow temperature (K)

t Time (s)

U External flow velocity (m/s)

ux Velocity component in the direction of x (m/s)

uy Velocity component in the direction of y (m/s)

v Axis of abscissa in Fig. 2

w Axis of ordinate in Fig. 2

x Coordinate parallel to the surface of the body

(Fig. 1)

X Dimensionless x, Eq. 10
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XM Maximum value of X

y Coordinate normal to the surface of the body

(Fig. 1)

Greek symbols

a Thermal diffusivity (m2/s)

e Average error of curve fitting

fs Surface vorticity (s-1)

N Dimensionless R, Eq. 11

q Density (kg/m3)

1 Introduction

Forced convection heat transfer from isothermal or isoflux

bodies (cylinder, sphere, cone or cube) is an important

problem in science and engineering. A diverse range of

applications are typically encountered, including heat

transfer from printed circuit boards with low profile chip-

on-board packages, cooling of electronic packages, trans-

formers, thermal spreaders, cooling or heating of food

items, heat exchangers or packed beds designs. Forced

convection heat transfer from spheres has been studied

extensively. However, similar works for other geometries

such as cuboids or blunt cylinder bodies are very few, if

none. A cursory inspection of available literature reveals

the preponderance of studies involving the flows of air, i.e.

with a Prandtl number value of 0.7, for example see [1–3].

Pop et al. [4] studied the steady incompressible laminar

mixed convection boundary layer flow along a rotating

vertical slender cylinder with an isothermal wall. They

solved transformed coupled nonlinear partial differential

equations numerically using the Keller box method.

Richelle et al. [5] examined momentum and thermal boun-

dary layers along a yarn of circular cross section in an axial

flow for two types of boundary conditions: semi-infinite

body and continuous moving surface, using finite differ-

ence scheme. Agarwal et al. [6] investigated momentum

and thermal boundary layers for power-law fluid over a

thin needle numerically under wide range of kinematic and

physical conditions. Wiberg and Lior [7] measured local

convective heat transfer coefficient on a two-diameter long

cylinder in an axial flow of air. The Reynolds number

based on the cylinder diameter was between 8.9 9 104 and

6.17 9 105. Sawchuk and Zamir [8] presented a quasi-

similar solutions for boundary layer on a circular cylinder

in axial flows using a Keller-box numerical scheme; their

solution cover a wide range of cylinder radii from

very small (needle case) to very large (Blasius case).

Bourne and Davies [9] developed a method of calculating

the distribution of rate of heat transfer into a laminar

incompressible boundary layer from the surface of a cyl-

inder being at a constant temperature and the flow parallel

to the cylinder axis. Seban and Bone [10] gave a solution

for the case of the laminar boundary layer of an incom-

pressible fluid on the exterior of a cylinder with flow

parallel to the cylinder axis. They evaluated the local skin-

friction and heat transfer coefficients and compared them

with the similar parameters for the flow over a flat plate;

the effect of the curvature is shown to be significant in

some practical cases. Nowak and Stachel [11] studied

the heat transfer process on the external wall of a heated

cylinder for laminar axial flows under high pressure con-

ditions, experimentally. Their investigations were aimed at

determination of the limits of existence of mixed convec-

tion and explanation of the influence of free convection on

the disturbances of heat transport during laminar flow of a

medium. They also demonstrated the intensification of heat

transfer process occurring during a flow under conditions

of high pressures. Besides, some experimental investiga-

tions have been performed for estimation of drag coeffi-

cients of a cylinder for different situations [12]. It includes

drag coefficient as a function of length to diameter ratio in

incompressible axial flows, drag coefficient of a cylinder in

subsonic flow as a function of Mach number and estimation

of drag and pressure forces on a cylinder in axial flow for

Mach numbers between 0.5 and 8.

In this article, laminar forced convection heat transfer

from isothermal cylinders of different aspect ratios, in

axial fluid flows, is studied through a semi-analytical

method. To fulfill this, Nu–Re relations for different

aspect ratios, namely 1/2, 1, 2, 4, 8 are presented. In

addition, a general correlation for an estimate of forced

convection heat transfer from a cylinder with 1
2
� l

d � 8 is

also given. Then, using the obtained results and some

previous works the modeling is extended to higher aspect

ratios (l=d� 8) as long as all flow field remains com-

pletely laminar.

1.1 Governing equations

For incompressible Newtonian fluid with constant proper-

ties and neglecting viscous dissipation term, the simplified

energy equation becomes [1]:

DT

Dt
¼ ðk=qcÞr2T ð1Þ

where T is temperature, t time, k, q and c are thermal

conductivity, density and specific heat, respectively. r2 is

the Laplacian operator and DT
Dt is material derivative of

temperature. For heat transfer in continuous fluid it is

possible to simplify Eq. 1 when flow Peclet number (Pe) is
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large. For high Peclet number the temperature varies only

in thin layer adjacent to the particle. In this region the

gradient of temperature normal to the surface is much

larger than the gradient parallel to the surface. The thin

thermal boundary layer approximation consists of neglecting

diffusion parallel to the surface and retaining only the term

involving the derivative normal to the surface on the right-

hand side of Eq. 1. Formally this requires Pe ? ?, which

for most particular situations means Pr ? ? for any finite

Reynolds number. This approximation is often reasonable

down to Pr of order unity. The body shape and the

appropriate boundary layer coordinates are sketched in

Fig. 1. The x coordinate is parallel to the surface while the

y coordinate is normal to the surface. The distance from

the axis of symmetry to the surface is R. Equation 1

subjected to the thin thermal boundary layer approximation

then becomes [1]:

ux
oT

ox

� �

þ uy
oT

oy

� �

¼ k

qc

� �

o2T

oy2

� �

: ð2Þ

With boundary conditions:

T ¼ Ts at y ¼ 0 ð3Þ
T ¼ T1 as y!1 ð4Þ
T ¼ T1 at x ¼ 0: ð5Þ

Here ux and uy are velocity components in the direction

of x and y, respectively. Ts is particle surface temperature

and T? is the flow temperature. In the thin layer adjacent to

the particle surface the overall continuity equation may be

written as [1]:

oðuxRÞ
ox

þ oðuyRÞ
oy

¼ 0: ð6Þ

Since we only require ux and uy near the surface, the

following approximation may be used.

ux ¼ fs y ð7Þ

where fs is the surface vorticity, given by:

fs ¼
oux

oy

� �

y¼0

: ð8Þ

This is so, because ðouy=oxÞy¼0 ¼ 0 for all points on the

body surface. Combination of Eqs. 2–7 yields an equation

which may be solved to give temperature profiles from

which heat transfer rate may be found. The average Nusselt

number may be obtained from [1]:

Nu ¼ hðA=AeÞde

k
¼ 0:641

Z

XM

0

fs de

2U
N3

� �1=2

dX

8

<

:

9

=

;

2=3

Pe1=3

ð9Þ

where

X ¼ 2 x=de ð10Þ
N ¼ 2 R=de ð11Þ
Pe ¼ U de=a: ð12Þ

Here XM is the maximum value of X and A is the body

surface area. Also, de and Ae are the diameter and surface

area of the volume equivalent sphere, respectively.

Besides, h is the convection heat transfer coefficient and

U is the external flow velocity.

2 Methodology

Equation 9 has been used for evaluating Nusselt number of

cylinders with aspect ratios of: 1/2, 1, 2, 4, 8 in axial

incompressible flows of air. Here, as an example, the

procedure is explained for a cylinder with l/d = 1; to do so,

Eq. 9 may be rewritten as:

Nu ¼ hd

k
¼ 0:641

Z

XM

0

fsd

2U
N3

� �1=2

dX

8

<

:

9

=

;

2=3

Pe2=3 d Ae

de A

� �

:

ð13Þ

In the above equation, A is the lateral surface area of the

cylinder.

A ¼ 2
pd2

4

� �

þ pd2 ¼ 3

2
pd2 ð14Þ

de ¼ ð3=2Þ1=3d ð15Þ

Ae ¼ pd2
e ¼ ð3=2Þ2=3pd2 ð16Þ

X ¼ 16=3ð Þ1=3 x

d
ð17Þ

N ¼ 16=3ð Þ1=3 R

d
ð18Þ

Pe ¼ de U

a
¼ ð3=2Þ1=3 d U

a
: ð19Þ

Based on the parameters shown in Fig. 2, the following

relations can be written:

Fig. 1 Coordinates for thin thermal boundary layer approximation
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x ¼

w OA

d

2

� �

þ v AB

3 d

2

� �

þ d

2
� w

� �

BC

8

>

>

>

>

>

<

>

>

>

>

>

:

: ð20Þ

Substituting Eq. 20 in Eq. 17,

X ¼

16

3

� �1=3
w

d
OA

16

3

� �1=3
1

2
þ v

d

� �

AB

16

3

� �1=3

2� w

d

� �

BC

8

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

:

: ð21Þ

Based on Fig. 2, one can write:

R ¼

w OA

d

2
AB

d

2
� w BC

8

>

>

>

>

<

>

>

>

>

:

: ð22Þ

Now, by substituting Eq. 22 in Eq. 18, one gets:

N ¼

16

3

� �1=3
w

d
OA

1

2

16

3

� �1=3

AB

16

3

� �1=3
1

2
� w

d

� �

BC

8

>

>

>

>

>

>

>

>

>

<

>

>

>

>

>

>

>

>

>

:

: ð23Þ

To evaluate an average Nusselt number from Eq. 13, the

integral of this equation should be calculated, first. In

contrast to N that can be expressed as a mathematical

function for simple geometries, fs should be estimated

numerically. For this reason, flow field around cylinders

was solved numerically for different Reynolds numbers.

The calculations will lead to have the values of fs as a

function of X which in turn give the required average

Nusselt number values.

Two-dimensional flow of an incompressible fluid with a

uniform velocity over a cylinder, of diameter d placed in

an infinite medium is simulated by considering the flow in

a tubular domain with the cylinder symmetrically on the

tube axis. Slip boundary conditions, uniform velocity inlet

and outflow were prescribed on the walls, left cross-section

area and right cross-section of the tube, respectively.

No-slip boundary condition was also considered on the

cylinder surface. The length and diameter of the tubular

domain are L and D; the cylinder is situated at an up stream

distance of s (Fig. 3).

2.1 Numerical scheme

Because of axisymmetry, in the present numerical model-

ing the grid needs to be generated only in the half of the

radial plane of the domain with axisymmetry boundary

condition on the axis of the tube. A domain independence

study has been carried out so the selected domain is large

enough to include all the effects of body on the flow.

A non-uniform grid was generated by dividing compu-

tational domain into 5 sub-domains. This has the advantage

that grid points can be clustered in the regions of large gra-

dients and relatively coarse in the regions of minor interest.

Figure 4 shows the schematic representation of non-uniform

computational grid structures near the cylinder.

The finite volume method on a staggered grid has been

used to discretize and solve the governing equations with

an implicit scheme. The pressure terms are discretized

using standard scheme and the momentum terms are dis-

cretized using the first order upwind. SIMPLE algorithm

was employed to solve the equations. The final equations

were solved using Gauss–Seidel iterative algorithm [13].

l  

R 2/d  

x  

y  

x

y

y

x

O  

A  B

C  
v

w  

Fig. 2 Geometric parameters of cylindrical body

D

L

s

d

Fig. 3 Mathematical model and domain
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3 Results

3.1 Grid independency study

To study the grid independency, the average Nusselt

numbers were calculated for different grids; for instance,

the results of unity aspect ratio cylinder are shown in

Table 1. The presented results are for the maximum Rey-

nolds number to make sure that the flow remains laminar.

3.2 Cylinders with aspect ratios of 1
2
� l

d � 8

The following general expression for laminar convection

heat transfer (natural and/or forced) from three dimensional

isothermal convex bodies was first developed by Yovano-

vich [14, 15]:

Nu ffiffiffi

A
p ¼ Nu� ffiffiffi

A
p þ Nu ffiffiffi

A
p

;l:b:l: ð24Þ

Lee et al. [16] have shown that the characteristic

length
ffiffiffi

A
p

in the above equation is a superior choice for

bodies of arbitrary shape. Nu� ffiffiffi
A
p is conduction limit (value

of Nu as Re ? 0) which can be found by either

analytical or numerical methods as discussed by

Yovanovich [13], Jafarpur [17] and Bigdely [18].

Values of Nu� ffiffiffi
A
p for cylinders for 1

2
� l

d � 8 are reported

in Table 2 for quick reference. A general correlation can

also be obtained from Symthe’s correlation of

capacitance solution [19, 20]:

Nu� ffiffiffi
A
p ¼ 8þ 6:95ðl=dÞ0:76

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pþ 4pðl=dÞ
p 0� l=d� 8 ð25Þ

and for l=d� 8 from Yovanovich et al. [21]:

Nu� ffiffiffi
A
p ¼ 4

ffiffiffiffiffiffiffi

l=d
p

lnð2l=dÞ 8� l=d: ð26Þ

Finally, Nu ffiffiffi

A
p

; l:b:l, is the convective Nusselt number

obtained for the laminar boundary layer solution of the

given geometry. In other words, Nu ffiffiffi

A
p

; l:b:l based on Eq. 9

would be:

Nu ffiffiffi

A
p

;l:b:l ¼ C ffiffiffi

A
p Re1=2Pr1=3 ð27Þ

With C ffiffiffi

A
p (or Cd), calculated for 1

2
� l

d � 8, are given in

Table 3. Thus, for the cylinders examined in this work and

based on Eq. 24 the following correlations (Pr = 0.72) can

be constructed as:

Fig. 4 Schematic representation of non-uniform computational grid

of cylinder

Table 1 Average Nusselt number at Reynolds of 100 for three dif-

ferent grids for unity aspect ratio-cylinder

Red 100

Number of cells

90,000 8.105

114,000 8.0425

150,000 8.0328

Table 2 Conduction limit for cylinders with different aspect ratios

l/d Nu�d Nu� ffiffiffi
A
p

1/2 3.414 1.9261

1 3.436 1.5828

2 3.521 1.2564

4 3.705 0.9854

8 3.992 0.7725

Table 3 (A) The present results of the Cd and C ffiffiffi

A
p for correlations in

the form of Nu ¼ Nu� þ C Pr1=3 Re1=2. (B) The present results of the

Cd and C ffiffiffi

A
p for correlations in the form of Nu ¼ Nu� þ C Pr1=3 Reb

l/d Cd C ffiffiffi

A
p

(A)

1/2 0.6469 0.8613

1 0.5506 0.8112

2 0.4307 0.7211

4 0.2939 0.5628

8 0.2276 0.5174

l/d Cd C ffiffiffi

A
p b

(B)

1/2 0.8381 1.16 0.4327

1 0.7638 1.2 0.417

2 0.6592 1.223 0.400

4 0.4538 0.9673 0.4286

8 0.3626 0.9347 0.4235

Heat Mass Transfer (2011) 47:59–68 63

123



l/d = 8

Nud ¼ 0:7725þ 0:2276 Pr1=3 Re
1=2
d

1�Red � 1; 000 ð28Þ

Nud ¼ 0:7725þ 0:3626 Pr1=3 Re0:424
d

1�Red � 1; 000 ð29Þ

l/d = 4

Nud ¼ 0:9854þ 0:2939 Pr1=3 Re
1=2
d

1�Red � 1; 000
ð30Þ

Nud ¼ 0:9854þ 0:4538 Pr1=3 Re0:429
d

1�Red � 1; 000 ð31Þ

l/d = 2

Nud ¼ 1:2564þ 0:4307 Pr1=3 Re
1=2
d

1�Red � 160 ð32Þ

Nud ¼ 1:2564þ 0:6592 Pr1=3 Re
2=5
d

1�Red � 160 ð33Þ

l/d = 1

Nud ¼ 1:5828þ 0:5506 Re
1=2
d Pr1=3

1�Red � 100 ð34Þ

Nud ¼ 1:5828þ 0:7638 Re0:417
d Pr1=3

1�Red � 100 ð35Þ

l/d = 1/2

Nud ¼ 1:9261þ 0:6469 Pr1=3 Re
1=2
d

1�Red � 100 ð36Þ

Nud ¼ 1:9261þ 0:8381 Pr1=3 Re0:433
d

1�Red � 100 ð37Þ

The above correlations can be rewritten with Nusselt

and Reynolds based on square root of total surface area as

follows, which e is the average difference of each

correlation when compared with the present numerical

data (curve fitting error).

l/d = 8

Nu ffiffiffi

A
p ¼ 3:992þ 0:5174 Pr1=3 Re

1=2
ffiffiffi

A
p

5�Re ffiffiffiA
p � 5170 e ¼ 10:2% ð38Þ

Nu ffiffiffi

A
p ¼ 3:992þ 0:9347 Pr1=3 Re0:424

ffiffiffi

A
p

5�Re ffiffiffiA
p � 5; 170 e ¼ 1:9% ð39Þ

l/d = 4

Nu ffiffiffi

A
p ¼ 3:705þ 0:5698 Pr1=3 Re

1=2
ffiffiffi

A
p

3:7�Re ffiffiffiA
p � 3; 760 e ¼ 10:57% ð40Þ

Nu ffiffiffi

A
p ¼ 3:705þ 0:9673 Pr1=3 Re0:429

ffiffiffi

A
p

3:7�Re ffiffiffiA
p � 3760 e ¼ 3:315% ð41Þ

l/d = 2

Nu ffiffiffi

A
p ¼ 3:521þ 0:7211 Pr1=3 Re

1=2
ffiffiffi

A
p

2:8�Re ffiffiffiA
p � 445 e ¼ 7:66% ð42Þ

Nu ffiffiffi

A
p ¼ 3:521þ 1:223 Pr1=3 Re

2=5
ffiffiffi

A
p

2:8�Re ffiffiffiA
p � 445 e ¼ 0:838% ð43Þ

l/d = 1

Nu ffiffiffi

A
p ¼ 3:436þ 0:8112 Re

1=2
ffiffiffi

A
p Pr1=3

2�Re ffiffiffiA
p � 220 e ¼ 5:633% ð44Þ

Nu ffiffiffi

A
p ¼ 3:436þ 1:2 Re0:417

ffiffiffi

A
p Pr1=3

2�Re ffiffiffiA
p � 220 e ¼ 0:558% ð45Þ

l/d = 1/2

Nu ffiffiffi

A
p ¼ 3:414þ 0:8613 Pr1=3 Re

1=2
ffiffiffi

A
p

1:7�Re ffiffiffiA
p � 177 e ¼ 4:13% ð46Þ

Nu ffiffiffi

A
p ¼ 3:414þ 1:16 Pr1=3 Re0:433

ffiffiffi

A
p

1:7�Re ffiffiffiA
p � 177 e ¼ 0:835% ð47Þ

It can be observed that correlations show greater

difference (with the presented numerical results) when

the exponent of 1/2 is applied to Reynolds number rather

than when this exponent calculated optimally. The reason

may be appreciable differences in local flow conditions for

this problem as compared to the case of sphere heat transfer

problem with exponent of 1/2 [22]. The coefficients Cd and

C ffiffiffi

A
p can be expressed as functions of aspect ratio (l/d) for

each correlation given in the range of 1
2
� l

d � 8:

For : Nud ¼ Nu�d þ Cd Re
1=2
d Pr1=3

Cd ¼ 0:546 expð�0:473ðl=dÞÞ þ 0:214 ð48Þ

For : Nu ffiffiffi

A
p ¼ Nu� ffiffiffi

A
p þ C ffiffiffi

A
p Re

1=2
ffiffiffi

A
p Pr1=3

C ffiffiffi

A
p ¼ 0:466 expð�0:384ðl=dÞÞ þ 0:487 ð49Þ

For : Nud ¼ Nu�d þ Cd Reb
d Pr1=3

Cd ¼ 0:632 expð�0:332ðl=dÞÞ þ 0:31 ð50Þ

b is the Reynolds exponent when it is calculated

optimally (Eqs. 29, 31, 33, 35, 37).

To show curve fitting accuracy, the predictions based

upon Eqs. 38 and 40 (correlations for aspect ratios 8 and 4)

are compared with those of Eq. 49, in Figs. 5 and 6. The

average differences are 1.75% and 0.82% for l/d = 4 and

l/d = 8, respectively.
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No previous research found in the literature on con-

vection heat transfer from cylinders in axial flow, which

include the ends effect. For this reason, the validation of

numerical solution is conducted by comparing the drag

coefficient of the present results for the examined geome-

tries with those of previous data [23] as shown in Table 4.

It should be pointed out that the numerical solution does

not involve the energy equation and Nusselt number is

estimated by combining the analytical part of method,

namely Eq. 9 and the conduction limit (i.e., Eq. 24). In

order to show the validation of the solver used in the

current work a general numerical solution was also carried

out to estimate average Nusselt number for a cylinder with

unity aspect ratio (l/d = 1) co-oriented with the flow at

three different Reynolds numbers. The outputs have been

compared with the results obtained through the thermal

boundary layer approximation in Table 5. As this table

shows, the differences do not exceed 6%. A comparison is

also done with the results of Bourne and Davies [9] as well

as Seban and Bone [10] for l/d = 8 as demonstrated in

Fig. 7 (for the range of Reynolds number stated by Bourne

and Davies [9]). These works (excluding the present work)

are without end effects and Bourne and Davies [9] also did

not include conduction limit. Therefore, for the relatively

high aspect ratio the comparison is very good (the maxi-

mum differences are 7.1% and 10.3% with the results of

Bourne and Davies [9] and those of Seban and Bone [10],

respectively). In Fig. 8 the results of present study (cylin-

der with l/d = 8) is also compared with the correlation

given by Culham et al. [24] for a cuboid with square cross

section and equivalent aspect ratio in axial flow condition

with the average difference of 6.9%. Figure 9 compares the

result of Seban and Bone [10] and the spheroid of Culham

et al. [24] with the present result for a cylinder with l/d = 5

A
Re

A
Nu

8/ =dl

0

5

10

15

20

25

30

35

40

1 10 100 1000 10000

Eq. (38)
Eq. (49)

Fig. 5 Comparison of Eq. 38 based on the present numerical solution

and corresponding correlation with curve fitting C ffiffiffi

A
p from Eq. 49

(l/d = 8)

0

5

10

15

20

25

30

35

40

1 10 100 1000 10000

Eq. (40)

Eq. (49)

A
Nu

A
Re

4/ =dl

Fig. 6 Comparison of Eq. 40 based on the present numerical solution

and corresponding correlation with curve fitting C ffiffiffi

A
p from Eq. 49

(l/d = 4)

Table 4 Comparison of the present results with available data

l/d Present results Previous data

(White [23])

1/2 1.11 1.15

1 0.901 0.90

2 0.86 0.85

8 1.052 0.99

Drag coefficient for cylinders with four different aspect ratios

co-oriented with flow for Re C 104

Table 5 Comparison between the values of Nud (Results based on

thermal boundary layer approximation and those estimated using a

general numerical solution) for a cylinder with l/d = 1, at three dif-

ferent Reynolds numbers

Red Nud estimated based

on thermal boundary

layer approximation

Nud estimated

using a general

numerical solution

1 2.285 2.301

63.096 5.451 5.581

100 6.173 6.553

A
Re

A
Nu

8/ =dl
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3900 4400 4900 5400

Present Study (Eq.( 38))
Seban and Bond [10]

Bourne and Davies [9]

Fig. 7 Comparison of the present study with Bourne and Davies [9]

and Seban and Bond [10] (flow on cylinder lateral surface in the range

of Reynolds number suggested by Bourne and Davies [9])
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that has a very good agreement especially with the spheroid

(average differences do not exceed 4.4%).

3.3 Cylinders with arbitrary aspect ratio

Figures 10 and 11 demonstrate the present modeling of

Nu–Re relations based on diameter and on square root of

surface area, respectively. As Fig. 11 depicts, all data

almost collapse onto a single curve; for this reason, a

general expression based on the data of Fig. 11 with

average values of conduction limit would be:

Nu ffiffiffi

A
p ¼ 3:614þ 0:5611 Pr1=3 Re

1=2
ffiffiffi

A
p e ¼ 14:4% ð51Þ

Nu ffiffiffi

A
p ¼ 3:614þ 1:2 Pr1=3 Re

2=5
ffiffiffi

A
p e ¼ 2:55% ð52Þ

which may be used as rough estimates of forced convection

from axisymmetric isothermal cylinders with 1
2
� l

d � 8 in

axial laminar flows. Moreover, to have a correlation for

cylinders with higher aspect ratios (8� l=d) based on the

work of Seban and Bone [10] (for air Pr = 0.715) namely,

Nu ffiffiffi

A
p ¼ 1:366

ffiffiffiffiffiffiffiffiffiffiffiffiffi

pðl=dÞ
p

þ 0:664ðp1=4Þ
ðl=dÞ1=4

Re1=2 Pr1=3 ð53Þ

the following expression is extracted for C ffiffiffi

A
p and for

8� l=d:

C ffiffiffi

A
p ¼ 0:664ðp1=4Þ

ðl=dÞ1=4
ð54Þ

Figure 12 compares Eq. 53 with correlations presented

in this study for aspect ratios equal to 4, 6 and 8. On the

other hand, Fig. 13 shows C ffiffiffi

A
p versus l/d for Seban and

Bone [10] correlation and this work (Eq. 49), for

1� l=d� 16. By close examination of Figs. 12 and 13 in

addition to the use of Eqs. 26 and 49 suggests that the

8/ =dl
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Present Study ,Cylinder ( Eq. (38)) 

Culham et. al [24], Cuboid 

Fig. 8 Comparison of the present study with the square cross-

sectional cuboid of Culham et al. [24] for l/d = 8
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Fig. 9 Comparison of the present study with Seban and Bond [10]

(flow on cylinder lateral surface) and an isothermal Spheroid of

Culham et al. [24] for l/d = 5

Fig. 10 Present results of Nud versus Red for aspect ratios of
1
2
� l

d � 8

Fig. 11 Present results of Nu ffiffiffi

A
p Vs Re ffiffiffiA

p for aspect ratios of
1
2
� l

d � 8
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following correlation can be developed for laminar con-

vection heat transfer from constant temperature cylinders

in axial flow with 8� l=d and (Pr = 0.715):

Nu ffiffiffi

A
p ¼ 4

ffiffiffiffiffiffiffi

l=d
p

lnð2l=dÞ þ ð0:466 expð�0:384ðl=dÞÞ

þ 0:487ÞRe
1=2
ffiffiffi

A
p Pr1=3: ð55Þ

It should be kept in mind that the above correlation is

applicable as long as the entire flow field remains laminar.

4 Conclusions

In the present study a semi-analytical method is employed

to investigate forced convection heat transfer from cylin-

ders with active ends and different aspect ratios in laminar

axial air flows. In addition, the drag coefficients for cyl-

inders in this work were also in close agreement with the

available data. Based on obtained Nusselt numbers, ten

correlations of Nu–Re are given for cylinders with aspect

ratios of 1/2, 1, 2, 4, 8. Moreover, a general correlation for

rough estimates of forced convection heat transfer from

isothermal cylinders with aspect ratio in the range of
1
2
� l

d � 8 is presented, as well. Finally based on the results

of the present study and the work of Seban and Bone [10] a

correlation is given for cylinders with higher aspect ratios

namely 8� l=d in laminar flow regime. It is worth to

emphasis that all correlations developed in this article are

for cylinders with active ends.
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