
Abstract Forced convection heat transfer from an

unconfined circular cylinder in the steady cross-flow

regime has been studied using a finite volume method

(FVM) implemented on a Cartesian grid system in the

range as 10 £ Re £ 45 and 0.7 £ Pr £ 400. The numeri-

cal results are used to develop simple correlations for

Nusselt number as a function of the pertinent dimen-

sionless variables. In addition to average Nusselt num-

ber, the effects of Re, Pr and thermal boundary

conditions on the temperature field near the cylinder

and on the local Nusselt number distributions have also

been presented to provide further physical insights into

the nature of the flow. The rate of heat transfer increases

with an increase in the Reynolds and/or Prandtl num-

bers. The uniform heat flux condition always shows

higher value of heat transfer coefficient than the con-

stant wall temperature at the surface of the cylinder for

the same Reynolds and Prandtl numbers. The maximum

difference between the two values is around 15–20%.

List of symbols
cp specific heat of the fluid, J/kg K

D diameter of circular cylinder, m

h local convective heat transfer coefficient,

W/m2 K

j Colburn factor for heat transfer (–)

k thermal conductivity of the fluid, W/m K

Ld downstream length from the center of

cylinder to the outlet (–)

Lu upstream length from the inlet to the center

of cylinder (–)

Lx length of the computational domain (–)

Ly half height of the computational domain (–)

Nu average Nusselt number (–)

Nufs Nusselt number at the front stagnation point

(–)

Nulocal local Nusselt number (–)

P Pressure (–)

Pe Peclet number = Re · Pr (–)

Pr Prandtl number (–)

qw heat flux on the surface of the cylinder, W/m2

Re Reynolds number (–)

t time (–)

T temperature (–)

T¥ temperature of the fluid at the inlet, K

Tw temperature at the surface of the cylinder, K

U¥ uniform velocity of the fluid at the inlet, m/s

Vx x-component of the velocity (–)

Vy y-component of the velocity (–)

x streamwise coordinate (–)

y transverse coordinate (–)

Greek symbols

l dynamic viscosity of the fluid, Pa s

/ dependent variable in convective boundary

condition (–)

h angular displacement from the front stagnation

point, degrees

q density of the fluid, kg/m3
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Abbreviations

CWT Constant wall temperature

FVM Finite volume method

QUICK Quadratic upwind interpolation for

convective kinematics

UHF Uniform heat flux

1 Introduction

Extensive literature is now available on the flow and

heat transfer from an infinitely long circular cylinder

to Newtonian fluids, e.g., see [1, 17, 18, 30–32].

Undoubtedly, in addition to the Reynolds and Pra-

ndtl numbers, the rate of heat transfer from a cyl-

inder to the streaming fluid is also influenced by the

type of thermal boundary condition prescribed at the

surface of the cylinder, namely, constant temperature

or uniform heat flux. While in practice, the boundary

conditions tend to be mixed and complex, these two

limiting thermal boundary conditions represent the

cases of a general thermal boundary condition, i.e.,

linear heat transfer to a fixed temperature, isoflux for

very low and isothermal for very high heat transfer

coefficients. Further complications arise from the

variety of the possible flow regimes depending upon

the value of the Reynolds number. It is now gener-

ally agreed that the flow characteristics past an

unconfined cylinder transit from one regime to an-

other as follows: steady flow without separation at

Re < 5, steady flow with two symmetric vortices up

to Re < 49, the onset of laminar vortex shedding at

Re � 49, three-dimensional (3D) wake-transition at

Re � 190–260, and shear-layer transition at

Re � 103–2 · 105 [30].

An inspection of the available literature clearly

shows that the flow characteristics have been studied

much more extensively than the heat transfer charac-

teristics. Furthermore, the bulk of the available liter-

ature on the heat transfer from a cylinder relates to the

flow of air (Pr = 0.71), e.g., see [1, 2, 17]. Indeed, little

numerical and experimental work is available on the

effect of Prandtl number on heat transfer from a cyl-

inder in the cross-flow configuration. Thus, for in-

stance, Dennis et al. [8] numerically solved the flow

and energy equations for the values of Prandtl number

up to 3.3 · 104 and of the Reynolds number up to 40

for the constant temperature case. Subsequently, the

range of these results has been extended by Chang and

Finlayson [6] for Reynolds numbers up to 150 and

Prandtl number up to 104 for the constant temperature

case.

Similarly, very few investigations have studied heat

transfer from a cylinder subjected to the constant heat

flux condition. Both Ahmad and Qureshi [2] and Badr

[3] have reported numerical results for mixed convec-

tion heat transfer with air for the uniform heat flux and

constant temperature boundary conditions, respec-

tively, in the Reynolds number range 1 £ Re £ 60 and

1 £ Re £ 40, respectively. More recently, Soares et al.

[26] have studied the heat transfer from a cylinder to

power-law fluids. In the limit of Newtonian fluid

behavior, they have presented very few results for

Prandtl number values up to 100. The effect of tem-

perature-dependent physical properties (viscosity and

density) on the rate of heat transfer for air has been

studied by Shi et al. [25]. Similarly, Eckert and Soe-

hngen [11] and Krall and Eckert [16] reported the

experimental values of the local Nusselt number on the

surface of the cylinder for the flow of air. Combined

together, these two studies encompassed a wide range

of Reynolds numbers as 10 £ Re £ 400.

The role of the two types of thermal boundary

conditions was elucidated experimentally by Baughn

and Saniei [4] with air and for a fixed value of the

Reynolds number, Re = 34,000. As expected, not only

they reported higher values of the Nusselt number for

the uniform heat flux case than that for an isothermal

cylinder, but the type of boundary condition exerted

greater influence on heat transfer in the front part than

that in the rear of the cylinder. Wang and Travnicek

[29] have explored the role of temperature-dependent

viscosity on heat transfer for air. Nakamura and Igar-

ashi [19–21] have experimentally explored the un-

steady and 3D characteristics of the heat transfer from

a circular cylinder to air in different flow regimes and

presented the Nusselt number correlation for the range

of Reynolds number 70–30,000. More recently, Sanitjai

and Goldstein [22] have reported experimental results

for a cylinder subjected to the constant heat flux con-

dition for a range of values of the Prandtl number by

using air, water and ethylene glycol mixtures of varying

concentrations in the range 103 £ Re £ ~105. The flow

regime was found to exert a strong influence on the

nature of dependence on Reynolds and Prandtl num-

bers. Aside from these results based on the experi-

mental investigation and/or solution of the complete

governing equations, there have been some studies

based on the boundary layer flow approximations

(Khan et al. [15]).

It is thus fair to say that the adequate information is

now available for estimating the value of the Nusselt

number as a function of Reynolds and Prandtl numbers
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for an isothermal cylinder. On the other hand, much less

is known about the effect of Prandtl number on the heat

transfer from an isoflux cylinder, except the experi-

mental results [4, 22] which relate to Re > 1,000 or the

numerical results [7, 23] for the flow of air for Re > 50.

Hence, the present work is aimed to study the role

of Prandtl number and of the two limiting thermal

boundary conditions on the rate of heat transfer from a

circular cylinder in the low Reynolds numbers in the

steady cross-flow regime. Extensive numerical results

are presented for the Reynolds number range 10 £
Re £ 45, and Prandtl number range 0.7 £ Re £ 400,

respectively. These values have been used to develop

simple predictive correlations.

2 Problem statement and mathematical formulation

Consider the 2D, steady and incompressible flow of an

uniform velocity U¥ and temperature T¥ over a cir-

cular cylinder of diameter, D. The unconfined flow is

simulated here by considering the flow in a channel

with the cylinder placed symmetrically between two

plane walls with slip boundary conditions, as shown in

Fig. 1. The cylinder is situated at a distance of Lu from

the inlet and at a distance of Ld from the outflow

boundary (Fig. 1). The surface of the cylinder is

taken to be either at a constant wall temperature

(CWT) Tw, or at a uniform heat flux (UHF) qw.

Furthermore, the thermo-physical properties of the

fluid are assumed to be temperature independent and

with negligible viscous dissipation. Admittedly, the

temperature dependence of thermo-physical properties

(or of Prandtl number) varies from one substance to

another, the objective here is to elucidate the role of

Prandtl number over a wide range of conditions rather

than focusing on any specific fluid. Furthermore, it is

also appropriate to make a comment about the role of

free convection over the range of conditions studied

herein. Vilimpoc et al. [28] reported that the forced

convection (0.02 £ Re £ 64; 5.5 £ Pr £ 2,700) heat

transfer from a cylinder in Newtonian liquids domi-

nates for the high Prandtl number fluids up to a value

of Richardson number (Ri = Gr/Re2 = gbDTD/U2
¥) of

4. Since the ranges of conditions covered herein are

generally within this range, it is reasonable to neglect

the buoyancy effects in the present work.

The momentum and energy equations are non-di-

mensionalized using D, U¥, D/U¥ and qU2
¥ as scaling

variables for length, velocity, time and pressure,

respectively. The temperature is non-dimensionalized

using (Tw – T¥) for the CWT case or qw D/k for the

UHF condition. Only dimensionless equations, vari-

ables and values are reported hereafter.

In a Cartesian coordinate system, the flow and heat

transfer together with the above-noted simplifying

assumptions are governed by the following equations:

• Continuity equation

@Vx

@x
þ @Vy

@y
¼ 0 ð1Þ

• x-Momentum equation

@Vx

@t
þ @ðVxVxÞ

@x
þ @ðVyVxÞ

@y
¼ � @p

@x
þ 1

Re

@2Vx

@x2
þ @

2Vx

@y2

� �

ð2Þ

• y-Momentum equation

@Vy

@t
þ @ðVxVyÞ

@x
þ @ðVyVyÞ

@y
¼ � @p

@y
þ 1

Re

@2Vy

@x2
þ @

2Vy

@y2

� �

ð3Þ

• Thermal energy equation

@T

@t
þ @ðVxTÞ

@x
þ @ðVyTÞ

@y
¼ 1

Pe

@2T

@x2
þ @

2T

@y2

� �
ð4Þ

where, the Reynolds, Prandtl and Peclet numbers are

defined as

Re ¼ DU1q
l

; Pr ¼ cpl
k

andPe ¼ Re� Pr: ð5Þ

Cylinder

T   or   q

Circular

  w          w

V =1x
V =0y
T =0

u                                     dL                                     L

Lx

2Ly

Slip Boundary

Slip Boundary

No–Slip Boundary

D

Fig. 1 Schematics of the unconfined flow around a circular
cylinder
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The boundary conditions for this problem may be

written as follows.

• At the inlet boundary: uniform flow condition

Vx ¼ 1; Vy ¼ 0;
@p

@x
¼ 0andT ¼ 0 ð6Þ

• At the upper boundary: slip flow condition

@Vx

@y
¼ 0; Vy ¼ 0;

@p

@y
¼ 0and

@T

@y
¼ 0ðadiabaticÞ

ð7Þ

• On the circular cylinder: no slip condition

Vx ¼ 0; Vy ¼ 0;

@p

@ns
¼ 0and

T ¼ 0 ðCWT caseÞ
@T

@ns
¼ �1 ðUHF caseÞ

8><
>: ð8Þ

where ns represents the unit normal vector on s, the

surface of the cylinder.

• At the exit boundary: the homogeneous Neumann

boundary condition has been used:

@/
@x
¼ 0andp ¼ p1 ¼ 0 ð9Þ

where / is a scalar (i.e., Vx, Vy and T).

• At the plane of symmetry, i.e., center line: sym-

metric flow condition

@Vx

@y
¼ 0; Vy ¼ 0;

@p

@y
¼ 0and

@T

@y
¼ 0: ð10Þ

Owing to the symmetry, the solution is obtained

only in the upper half of the domain in Fig. 1. The

numerical solution of Eqs. (1)–(4) along with the

above-noted boundary conditions yields the velocity,

pressure and temperature fields and these, in turn, are

used further to deduce the global characteristics like

drag coefficients and Nusselt number, as outlined

elsewhere [5]. The local Nusselt number on the surface

of the circular cylinder is evaluated by the following

expressions:

Nulocal ¼
hD

k
¼

� @T

@ns
ðCWT caseÞ

1

T
ðUHF caseÞ

8>><
>>:

ð11Þ

Such local values have been further averaged over

the entire cylinder to obtain the surface averaged (or

overall mean) Nusselt number.

Nu ¼ 1

p

Zp

0

Nulocal dh: ð12Þ

The average Nusselt number can be used in process

engineering design calculations to estimate the rate of

heat transfer from the cylinder in the CWT case, or to

estimate the average surface temperature of the cyl-

inder for the UHF condition.

3 Numerical methodology

Since detailed description of the solution procedure and

of the choice of numerical parameters is available

elsewhere [5], only the salient features are recapitulated

here. The governing equations have been discretized

using the semi-implicit finite volume method [12] on a

non-staggered and non-uniform grid, QUICK scheme

[9, 10, 14, 24] for convective terms and central differ-

ence scheme for other terms. The final equations were

solved using a Gauss–Seidel iterative algorithm. The

steady-state solution has been obtained using the false-

transient method. A zero-volume cell at each boundary

condition has been used to implement the boundary

conditions, which enables the exact boundary condi-

tions at the surface of the cylinder. The fully converged

velocity field [5] was used as the input for the thermal

energy equation. The fully converged temperature

field, then, is used to deduce the values of the local and

average Nusselt number on the surface of the cylinder.

The results presented herein are based on the domain

size, Lu = Ld = Ly = 30.5 and a 101 · 283 grid, which

was found to be adequate to capture all possibilities of

the flow and heat transfer phenomena [5].

4 Results and discussion

Numerical computations have been carried out for

Re = 10–45 in steps of 5 and for a range of values of the

Prandtl number varying from 0.7 to 400. However, the

maximum value of the Peclet number never exceeded

4,000.

4.1 Domain and grid independence

The domain independence study was performed with

the non-uniform grid at Re = 10, Pr = 0.7 and 400 and
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at Re = 45, Pr = 0.7 and 75, respectively for both

thermal boundary conditions. The domain is assumed

to have Lu = Ld = Ly, and these dimensions simulta-

neously were varied to find a domain size that is suf-

ficiently large to justify the unconfined flow

approximation. The G3 grid used for the domain study

has a minimum spacing of 0.05 in the region 2.5D up-

stream and downstream of the cylinder and a spacing

of 0.5 in the outer domain. The number of grid points

on the half surface of the cylinder was 101. Table 1

shows the change of five units in the domain size results

in a very slight change in the values of the average

Nusselt number. Therefore, bearing in the mind the

slight change in the results from a domain size of 30.5–

35.5 at the expanse of a rather significant increase in

CPU time, the domain size of 30.5 is believed to be

adequate to obtain the results free of the domain ef-

fects.

Having fixed the domain size, the grid independence

study was carried out for six non-uniform grids for the

same values of the Reynolds and Prandtl numbers.

Table 2 shows the effect of the grid size on the average

Nusselt number. The refinement in the grid from G5 to

G6 shows change < 1%, in the results. Therefore, the

grid G6 (101 · 283) is believed to be sufficiently re-

fined to resolve the heat-transfer phenomena. Also, the

grid G6 has the grid spacing of 0.01 in the inner region

of the domain, which is fine enough to resolve the

thermal boundary layers for the ranges of the condi-

tions covered in this study. Therefore, the results pre-

sented herein are based on the domain size 30.5 and a

101 · 283 grid.

4.2 Validation of results

The numerical methodology used in this work has al-

ready been validated extensively in terms of the recir-

culation length, separation angle, individual and total

drag coefficients, surface vorticity, and pressure coeffi-

cient and their value at the stagnation points, all of

which show excellent correspondence with the literature

values [5]. Since most of the previous studies for heat

transfer in the range of Reynolds number 10–45 relate

to the flow of air, the present results for air at Re = 10,

20 and 40 have been compared with some of the prior

numerical and experimental results (Table 3). There

Table 1 Domain independence study for the average Nusselt number

Domain size (Lu = Ld = Ly) Nu (CWT) Nu (UHF) Nu (CWT) Nu (UHF)

Re = 10, Pr = 0.7 Re = 10, Pr = 400
25.5 1.8475 2.0257 13.9809 16.6415
30.5 1.8446 2.0221 13.9620 16.6099
35.5 1.8425 2.0196 14.0521 16.7400

Re = 45, Pr = 0.7 Re = 45, Pr = 75
25.5 3.4256 3.9684 17.1191 18.8177
30.5 3.4221 3.9664 17.0930 18.7632
35.5 3.4194 3.9630 17.0736 18.7181

Table 2 Grid independence study for the average Nusselt number

Grid Grid size (N · M) No. of cells d Nu (CWT) Nu (UHF) Nu (CWT) Nu (UHF)

Re = 10, Pr = 0.7 Re = 10, Pr = 400
G1 61 · 106 6,466 0.05 1.8454 2.0225 14.0595 16.7101
G2 61 · 174 10,614 0.02 1.8641 2.0413 14.2913 17.0187
G3 101 · 106 10,703 0.05 1.8444 2.0219 13.9605 16.6084
G4 61 · 283 17,263 0.01 1.8969 2.0773 14.5741 17.2451
G5 101 · 174 17,574 0.02 1.8508 2.0271 14.0358 16.6628
G6 101 · 283 28,583 0.01 1.8623 2.0400 14.1419 16.6668

Re = 45, Pr = 0.7 Re = 45, Pr = 75
G1 61 · 106 6,466 0.05 3.4304 3.9704 17.4932 19.1048
G2 61 · 174 10,614 0.02 3.4594 3.9860 17.8122 20.1883
G3 101 · 106 10,703 0.05 3.4219 3.9630 17.0968 18.7684
G4 61 · 283 17,263 0.01 3.5194 4.0530 18.1401 20.3905
G5 101 · 174 17,574 0.02 3.4280 3.9517 17.3189 19.6881
G6 101 · 283 28,583 0.01 3.4484 3.9727 17.4337 19.7993

N Number of grid points on the half surface of the cylinder, M number of grid points on the upstream and downstream symmetry lines,
d grid spacing in the 2.5D region in the upstream and downstream of the cylinder
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present results are well within ± 2–3% of the previous

numerical results and are within 10–15% of the exper-

imental results estimated using the correlation the cor-

relation of Sparrow et al. [27]. The extent of the

differences seen in Table 3 is not uncommon in such

studies. These inherent uncertainties in the results are

due to (a) modelling error (i.e., the differences in the

flow schematics, problem formulations, etc.), (b) dis-

cretization error (i.e., discretization schemes, etc.), (c)

numerical error due to iteration, round-up and pro-

gramming, and (d) grid and accuracy of the scheme, etc.

The Nusselt number values reported in the literature [3,

8] itself differ by as much as 5–6% and the present re-

sults are well within the range of values. Similarly, the

experimental results in this field frequently entail errors

up to ~ 15–20%. Bearing in mind all these factors, it is

fair to conclude that the present results are probably

reliable to within 3–4%. Finally, based on the idea of

equal surface area available for heat transfer, Ahmad

[1] has outlined a method to link the results for a cir-

cular and square cylinder. This approach has been used

to predict the results for a circular cylinder from that for

a square cylinder as reported by Dhiman et al. [10].

These values are seen to deviate from the present values

at most by 5% and the correspondence improves as the

Reynolds number increases. This inspires confidence in

the reliability and accuracy of the present method.

4.3 Heat transfer results

The heat transfer results in terms of isotherm patterns,

distribution of local Nusselt number on the surface of

the cylinder and the average Nusselt number for

10 £ Re £ 45, 0.7 £ Pr £ 400 and two thermal bound-

ary conditions are presented and discussed in next

sections. The average Nusselt number has also been

presented in terms of the Colburn heat transfer factor,

j for both the thermal boundary conditions.

4.3.1 Isotherm patterns

Figure 2a–d shows representative isotherms in the

vicinity of the cylinder for Re = 10 and 45 at different

Prandtl numbers. The upper half and lower half of the

figures show the isotherms for CWT and UHF condi-

tions, respectively. It is seen that the front surface has

the maximum clustering of temperature isotherms

which indicates high temperature gradients (and thus

highest local Nusselt number), as compared to the

other points on the surfaces of the cylinder. For a fixed

Reynolds number, the temperature gradients near the

rear surface of the cylinder increases with an increase

in the Prandtl number for both thermal boundary

conditions. The clustering of isotherms also increases

with an increase in the Reynolds number and/or Pra-

ndtl number or both. This is due to the increase in the

recirculation region with Reynolds number and/or due

Table 3 Comparison of the average Nusselt number (Pr = 0.7) with the literature values

Source Re = 10 Re = 20 Re = 40

Constant wall temperature (CWT) condition
Present results 1.8623 2.4653 3.2825
Badr [3] – 2.5400 3.4800
Dennis et al. [8] 1.8673 2.5216 3.4317
Lange et al. [17]a 1.8101 2.4087 3.2805
Soares et al. [26] 1.8600 2.4300 3.2000
Sparrow et al. [27]b 1.6026 2.2051 3.0821

Uniform heat flux (UHF) condition
Present results 2.0400 2.7788 3.7755
Ahmad and Qureshi [2] 2.0410 2.6620 3.4720
Dhiman et al. [10]c 2.1463 2.8630 3.7930

aEvaluated from their equation
bExperimental correlation
cThe results of Dhiman et al. [10] for a square cylinder have been used to predict these values via the approach of Ahmad [1]

(a) Re=10, Pr=0.7 (b) Re=10, Pr=50

(c) Re=45, Pr=0.7 (d) Re=45, Pr=50

Fig. 2 Isotherm plots [upper and lower half represents the
constant wall temperature (CWT) and uniform heat flux (UHF)
conditions, respectively] for Re = 10 and 45 at various Prandtl
numbers
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to the thinning of the thermal boundary layer at high

Prandtl numbers.

4.3.2 Local Nusselt number

Owing to the underlying inherent differences, the re-

sults for the two thermal boundary conditions are dis-

cussed separately.

CWT condition The variation of the local Nusselt

number on the surface of the cylinder at Re = 10, 20 and

45 for a range of Prandtl numbers is shown in Fig. 3a–c.

As expected, the Nusselt number increases with an in-

crease in the Reynolds number and/or Prandtl number.

These figures show that the relatively large values of the

Nusselt number seen at the front stagnation point

(h = 0) decrease gradually along the surface of the cyl-

inder, to a minimum value near the point of separation

due to the thickening of the thermal boundary layer. A

gradual increase in the values of the Nusselt number can

be seen with an increase in the Reynolds number and

Prandtl number in the rear part of cylinder, i.e. from the

point of separation to the rear stagnation point (h = p).

The change in the slope in the Nusselt number variation

after the separation points indicates the existence of a

vortex. The local Nusselt number is seen to be strongly

affected by the value of the Prandtl number. At

Re = 10, the local Nusselt number at the front stagna-

tion point increases from 2.73 to 25.32 as the Prandtl

number increases from 0.7 to 400. However, the in-

crease in the Nusselt number at the rear stagnation

point is comparatively small, i.e. from 0.94 to 1.77. At

Re = 45, the front stagnation Nu increases from 5.88 to

31.96 while the rear stagnation Nu increases from 1.22 to

10.06 as Pr increases from 0.7 to 75. The variation of the

Nusselt number, Nufs at the front stagnation point

(h = 0�) for the ranges of this study can be best repre-

sented by the following correlation:

Nufs ðath ¼ 0Þ ¼ 0:85 Re0:555 Pr0:355 ð13Þ

which has an average and maximum deviation of 1.32

and 4.63%, respectively. Note that the Eq. (13) com-

pares favorably with the corresponding expression of

Goldstein [13] for the flow of air.

UHF condition Representative results on the varia-

tion of the local Nusselt number on the surface of the

cylinder for this case are shown in Fig. 3d–f for a range

of the Reynolds and Prandtl numbers. These figures

show qualitatively similar features as seen in Fig. 3a–c

for the CWT condition. In this case also, the variation

of the Nusselt number at the front stagnation point for

the whole range of Re and Pr is best represented by

Eq. (13), with the resulting average and maximum

deviation of 1.48 and 4.42%, respectively.

4.3.3 Average Nusselt number

The average Nusselt number is obtained by averaging

the local Nusselt number over the surface of cylinder

(Eq. 12). In the engineering literature, it is convenient

to use the Colburn heat transfer factor, j, which affords

the possibility of reconciling the results for a range of

Reynolds and Prandtl numbers on to a single curve.

This is in contrast to the earlier investigations where

Nusselt number correlations have been presented for

fixed values of Prandtl number e.g., see [1, 2, 11].

Figure 4a–b shows the variation of the average

Nusselt number with the Reynolds number at different

Prandtl numbers for the two thermal boundary condi-

tions. As expected, that the average Nusselt number

for the cylinder increases with the Reynolds number

and/or Prandtl number. Further analysis of data sug-

gested the Nusselt number exhibits the classical

dependence on Prandtl number, i.e. Nu a Pr 1/3. This

allows the reconciliation of the results for different

Prandtl numbers through use of the j-factor as shown

in Fig. 5. A least-squares method applied to the pres-

ent results for 10 £ Re £ 45 and 0.7 £ Pr £ 400 yields

the following expression

j ¼ 0:6738 Re�0:5321 ð14Þ

for the CWT case. Equation (14) correlates the present

numerical data with the maximum and average devia-

tions of 5.65 and 1.55%. The corresponding expression

for the UHF condition is given by

j ¼ 0:7837 Re�0:5342 ð15Þ

which shows maximum and average deviations of 3.16

and 0.95%, respectively. Attention is drawn to the al-

most identical power indices of the Reynolds number

in Eqs. (14) and (15). However, the average Nusselt

number is always higher for the UHF condition than

that for CWT condition as indicated by the multipli-

cative constant in two equations.

Finally, it is appropriate to make some general re-

marks about the utility of the results reported herein

from an engineering application viewpoint. Admit-

tedly, the thermo-physical properties, notably viscosity,

(and hence Prandtl number) of fluids do vary with

temperature. However, since the average Nusselt

number varies only as Pr1/3, even a 100% increase in

the value of Prandtl number will change the value of
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Fig. 3 Local Nusselt number variation on the surface of the cylinder for Re = 10, 20 and 45 at various Prandtl numbers for CWT and
UHF conditions, respectively
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the Nusselt number by 26%. Therefore, the assumption

of constant thermo-physical properties used in this

work is not as bad as it seems. Thus, the present results

can be used when moderate variation in the value of

Prandtl number is encountered by using the physical

properties evaluated at the mean temperature. There-

fore, the results reported herein can be used at least as

a first-order approximation even when there is a

moderate variation in the values of Prandtl number

due to temperature-dependent properties. However, in

case of large variations, one needs to solve the coupled

non-linear differential equations which further adds to

the computational difficulty, as is reflected by the lack

of such results in the literature even for air and water.

5 Conclusions

In the present study, the effect of Prandtl number

(0.7 £ Pr £ 400) and of two different thermal boundary

conditions on the forced convection heat transfer from

an unconfined circular cylinder has been investigated in

the Reynolds number range 10 £ Re £ 45 in the steady

cross-flow regime. At a fixed point on the surface of the

cylinder, the local Nusselt number increases with an

increase in the values of the Reynolds number and/or of

the Prandtl number. On the other hand, for a fixed

values of Re and Pr, the local Nusselt number on the

surface of cylinder decreases from the front stagnation

point to the point of separation. However, it is seen to

increase again from the point of separation to the rear

stagnation point. The maximum value of the Nusselt

number corresponding to the front stagnation point also

increases with Reynolds number and/or Prandtl num-

ber. The Nusselt number at the front stagnation point is

always higher for UHF than that for CWT condition.

Finally, the numerical results are correlated in terms of

the Colburn j-factor which allows an easy calculation of

the Nusselt number for intermediate values of the

Prandtl and Reynolds numbers.
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