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Abstract A three-dimensional numerical study was made

to investigate effects of fin angle, fin surface emissivity,

and tube wall temperature on heat transfer enhancement for

a longitudinal externally-finned tube placed vertically in a

small chamber. The numerical model was first validated

through comparison with experimental measurements and

the appropriateness of general boundary conditions was

examined. The numerical results show that the mean

Nusselt number increases with Rayleigh number for all the

fin angles investigated. The maximum heat transfer rate per

mass occurs when the fin angle is about 60� for fin surface

emissivity between 0.7 and 0.8 and 55� when the surface

emissivity increases to 0.9. With increasing tube wall

temperature, both the natural convection and radiation heat

transfer are enhanced, but the fraction of radiation heat

transfer decreases in the temperature range studied. Radi-

ation fraction increases with increasing fin surface emis-

sivity. Both convection and radiation heat transfer modes

are important.

List of symbols

A Total surface area

Cp Specific heat capacity (J kg-1 K-1)

D Outer diameter of base pipe (mm)

g Gravity acceleration vector

H Height of base tube (mm)

Nu Nusselt number

L Fin length (mm)

Qc Total convective heat rate (W)

P Pressure (Pa)

Ra Rayleigh number

S1 Thickness of base tube (mm)

S2 Fin thickness (mm)

T Temperature (K)

DT Temperature difference (K)

V Velocity vector

h Heat transfer coefficient (W m-2 K-1)

Greek symbols

a Thermal diffusivity (m2 s-1)

e Surface emissivity

q Density (kg m-3)

t Kinematic viscosity (m2 s-1)

b Thermal expansion coefficient (K-1)

k Thermal conductivity (W m-2 K-1)

Subscripts

? Infinity or at ambient environment

w Tube wall

1 Introduction

Finned tubes are widely used as a methodology for heat

transfer enhancement in petroleum industry, chemical

engineering, energy, metallurgy and nuclear power tech-

nologies. The earliest utilization of finned tubes could be

traced back to 1940s as air-cooling apparatus in petroleum

industry. Later, the technology was spread to other indus-

tries because of advantages of smaller volume, larger heat

transfer area and higher efficiency. In recent years, heat

transfer enhancement via finned tubes has been studied
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intensively and both theory and utilization have obtained a

rapid development. Nevertheless, it would be beneficial to

study combined heat transfer in finned tubes from the

viewpoint of heat transfer enhancement per unit mass of

tube and fin.

According to the installation position of a fin in its base

pipe, finned tubes can be categorized as externally-finned

tubes and internally-finned tubes, longitudinal finned tubes

and radial finned tubes. A finned tube can work in either

vertical or horizontal orientation. Most current researches

on longitudinal finned tube focus on internally-finned

tubes. Various fin shapes have been examined [1–4]. Zhang

and Zhang [5] numerically studied heat transfer and fluid

flow of helical internally-finned tube under turbulent flow

conditions. Fabbri [6] tried to optimize the geometry of

internally-finned tube under laminar flow condition. Kru-

piczka et al. [7] investigated heat transfer and flow resis-

tance of extruded type helical finned tubes and obtained the

heat transfer coefficient correlation and pressure drop

correlation on tube bundle geometric parameters.

With regard to longitudinal externally-finned tubes, Qiu

et al. [8] investigated experimentally forced convection in

horizontal tubes and obtained heat transfer and flow

resistance correlation under some extent. Wu and Tao [9]

studied numerically longitudinal externally-finned tube in

horizontal under natural convection and presented the

optimum fin numbers and fin placement to enhance heat

transfer. Sun et al. [10] investigated experimentally Ni-

based implanted longitudinal finned tubes and obtained the

relations of Nusselt number and Euler number with Rey-

nolds number for different fin heights, transverse pitches

and longitudinal pitches.

Ouzzane and Galanis [11] examined numerically

inclined tubes with external longitudinal fins under mixed

convection in a solar system. The results show that the

second flow induced by buoyancy has a great effect on the

axial flow and on the isotherms. Kumar [12] investigated

numerically vertical annulus with longitudinal fins under

natural convection and obtained heat transfer rate and flow

fields with various parameters. Braga and Saboya [13]

studied experimentally heat transfer coefficient and friction

factors for turbulent flow through annular ducts with con-

tinuous longitudinal fins.

Heat transfer and flow resistance performance of radial

finned tube were studied numerically and experimentally

with varying parameters of fin height and thickness, radial

diameter and fin pitch [14–17], targeting on finding opti-

mum structure parameters. Some other studies [18–22]

tried to drill holes in the poor heat transfer area, investi-

gating the size and position of the holes and optimizing fin

design with holes or interrupted surfaces. Three-dimen-

sional fin structures [23, 24] and longitudinal vortex gen-

erators [25–27] were also investigated.

However, few reports are found in the literature for

natural convection and radiation heat transfer for longitu-

dinal externally-finned tubes in vertical. The present paper

reports some results of numerical simulation in such cases.

Experiments were conducted to verify the numerical model

and the appropriateness of boundary conditions. The

effects of tube wall temperature, fin angle, and fin surface

emissivity on natural convection and radiation heat transfer

are investigated. Optimization of the fin angle with regard

to heat transfer rate per unit mass is considered.

2 Physical model and experimental setup

The schematic of the externally-finned tube to be studied is

shown in Fig. 1. The hot working fluid (water) flows

through inside the base pipe and heat is dissipated into a

closed chamber. The two external fins and the base circular

pipe form two vertical channels of natural air flow. Com-

bined heat transfer of natural convection and radiation

occurs between the pipe outer surface and the fins and

chamber walls. Table 1 lists the tube geometrical details in

the present studies.

The experimental system is shown in Fig. 2. The closed

chamber is made of Q235 steel plates painted with metallic

white paint whose surface emissivity is 0.8. The chamber is
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Fig. 1 Schematic of a longitudinal externally-finned tube

Table 1 Dimensions of the basic model in the experimental study

Parameters Dimension (mm)

Outer diameter of base tube, D 40

Thickness of base tube, S1 3

Height of base tube, H 600

Fin length, L 30

Fin thickness, S2 1
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maintained at nearly a constant temperature via a circu-

lating cooling air interlayer which is surrounded by a

thermal insulation layer. The test tube in the experimental

study has a fixed fin angle at 60� and is suspended verti-

cally, about 100 mm above the floor. It was tested under

three different operation conditions as summarized in

Table 2. The temperature difference between the inlet

water and outlet water inside the base pipe is maintained at

1.6 ± 0.1 �C by setting the controller temperature and

regulating the water flow. The temperature at the datum

point (which is the chamber x–y plane center about

750 mm above the floor) of the room is 22.1 ± 0.3 �C

during the experiments. All tested data are collected at least

6 times. The difference between any single test mass flow

and the average mass flow is \1 %. Thus, the whole sys-

tem has a high stability and repeatability.

3 Mathematical model

In the present numerical studies, a finned tube with various

fin angles is placed in the X–Y plane center of a small

chamber of dimensions 400 mm (X) 9 400 mm (Y) 9

2,500 mm (Z). The tube is also suspended vertically (Z-

dir.), 100 mm above the floor. When the X and Y dimen-

sions are double, the change of the total heat transfer rate is

found \1.0 %. The chamber walls are made of steel and

kept at a constant temperature T? (22.1 �C). The emis-

sivity of the chamber walls is 0.8. The flow and heat

transfer are three-dimensional. Since the structure of the

finned tube is symmetric, only a quarter dimension needs to

be computed.

Constant fluid properties are used except the density

variation where the Boussinesq approximation is assumed.

The governing equations for the steady-state natural con-

vection flow and heat transfer using conservation of mass,

momentum and energy can be written as:

r � V ¼ 0 ð1Þ

ðr � VÞ � V ¼ � 1

q
rPþ vr2Vþ g ð2Þ

V � rT = ar2T þ 1

qCp
r � qr ð3Þ

where V is velocity vector, g is gravity acceleration vector,

T denotes the temperature, Cp, v and a are specific heat

capacity, kinematic viscosity and thermal diffusivity,

respectively, P is the pressure, q is the density, andr � qr is

the divergence of radiative heat flux.

The Rayleigh number is defined as

Ra ¼ gbDTH3

va
ð4Þ

where b is the air thermal expansion coefficient, DT is the

temperature difference between the tube wall temperature

Tw and the infinitely far fluids temperature T?, and H is the

height of the finned tube.

The maximum Rayleigh number in the present study is

about 8.0 9 108 (corresponding to a tube wall temperature

at 80 �C) Thus, a laminar flow model is considered. Unless

at constant heat flux (CHF) condition in the case for

comparison with experiment results, the tube wall tem-

perature is constant, set at 50, 60, 70, or 80 �C. The infi-

nitely far fluids (air) temperature is fixed at 22.1 �C. The

properties of the air are evaluated at the reference tem-

perature (Tw ? T?)/2.

The commercially-available finite-volume-based CFD

code ‘‘Fluent 6.3.26’’ (ANSYS Inc) was employed to

model the three-dimensional fluid flow and heat transfer

outside the tube (excl. tube internal flow, but incl. internal

flow in the channels formed between fins and tube). SIM-

PLE (Semi-Implicit Method for Pressure Linked Equa-

tions) method was adopted. The discrete ordinate (DO)

Radiation Model in Fluent was selected for surface radia-

tive heat transfer analysis. The air in the chamber is

assumed to behave like an ideal gas; and thus, is a non-

Fig. 2 Schematic diagram of the experimental system

Table 2 Experimental

conditions
Case Average inlet water

temperature (�C) ± r
Average outlet water

temperature (�C) ± r
Average datum point

temperature (�C) ± r
Average mass flow

rate (kg/s) ± r

1 58.6 ± 0.02 57.0 ± 0.04 22.3 ± 0.10 0.01058 ± 0.00004

2 69.1 ± 0.05 67.5 ± 0.05 21.9 ± 0.10 0.01470 ± 0.00002

3 79.1 ± 0.03 77.5 ± 0.05 22.1 ± 0.23 0.01720 ± 0.00001
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participating medium. The base pipe is assumed of constant

properties of steel with emissivity of 0.8. Fin surface

emissivity varies from 0.5 to 0.95.

Grid-dependency is checked with five different

unstructured grid levels: 131, 222, 439, 587 and 792

thousands cells. As expected, the error in the total heat

transfer rate decreases by refining the grid system. The

error between the finest grid having 792 thousands cells

and the grid having 439 thousands cells was \0.69 % for

the total heat transfer rate. Therefore, the setting of the grid

of the latter (439 thousands cells) was used for investiga-

tion thereafter. As an example, part of the unstructured grid

used in computation for the case with fin angle of 60� is

plotted in Fig. 3.

4 Results and discussion

The boundary condition in simulation studies is generally

simplified as either uniform CHF or constant tube wall

temperature in the analysis of finned tube heat transfer. The

tube wall temperature distributions predicted with the

boundary condition of uniform CHF are compared with the

experimental measurements in Fig. 4. The azimuth posi-

tions A and B of six measuring points are marked in Fig. 1.

The experiments were carried out at three various cases as

specified in Table 2. Since the temperature difference

between the flow inlet and outlet of the base pipe is

maintained at 1.6 ± 0.1 �C, it is seen from Fig. 4 that the

measured tube outer wall temperature increases from

the inlet position (0.1 m) to the outlet (0.7 m) position

along the axis within a very small temperature range

(DT *2.6–4.1 �C). The temperatures measured at azi-

muthal position A are always greater than those at position

B because position B is located at the joint of tube wall and

fin while position A is away from the fin. Thus, the finned

tube is not axisymmetric, and three-dimensional modeling

is required. The temperature difference between points

A and B at the same axial location is \2 �C. Through the

temperature difference between the inlet and outlet with

known mass flow rate, the total heat transfer rate of the

finned tube can be obtained for each the specified operation

condition and is assumed to be uniformly applied to the

tube wall for numerical simulation with CHF condition.

The simulated temperature distributions along the axis at

azimuthal directions A and B for the three cases are quite

different from the experimentally measured results. The

tube wall temperature difference between inlet and outlet

reaches to about 10 �C in the simulations. It is concluded

that the uniform CHF boundary condition is not appropri-

ate for the present situation.

Now, use of another common boundary condition is

examined in Fig. 5, in which the total heat transfer rates

from simulation with the assumption of uniform constant

wall temperature are compared with the experimental

measurements for the three experimental conditions. From

the measured temperatures shown in Fig. 4, it is known

that the temperature varies in a very narrow temperature

range along the axis as well as between the azimuthal

points A and B. The six measured temperatures (three with

azimuthal direction A and three with direction B) are

averaged to get the constant wall temperature for each

experimental condition; and then used for simulation. The

three constant wall temperatures are 51.2, 59.7 and

67.8 �C, corresponding to cases 1–3. From Fig. 5, a good

agreement is found between the numerical results and

the experimental data, in particular for cases 1 and 3.

The maximum difference exists for case 2 and it is just

about 3.95 %. Therefore, the results in Figs. 4, 5 verify

Fig. 3 Part of the grid structure used in the computation for the case

with fin angle of 60�

Fig. 4 Comparison of tube wall temperature profiles between

experimental measurements and simulations with the specified

boundary condition of constant heat flux

408 Heat Mass Transfer (2013) 49:405–412

123

Author's personal copy



constant wall temperature as an appropriate boundary

condition and such a condition is adopted in the calcula-

tions thereafter.

The contours of divergence of heat flux for fin angle of

60� are displayed in Fig. 6 at two different planes for the

case when the tube wall temperature is kept at 60 �C. The

fin root area shows the greatest divergence of heat flux and

the divergence decreases with the stretch of the fin into the

chamber. Comparing the two contours it is seen that the

divergence of heat flux is also larger at the inlet of air than

that at the outlet of air.

The variation of mean Nusselt number due to convection

outside the finned tube versus Rayleigh number for three

different fin angles is plotted in Fig. 7. Here, the mean

Nusselt number is defined as

Nu ¼
�hH

k
ð5Þ

in which k is the tube thermal conductivity, and the mean

convective heat transfer coefficient �h is calculated as

follows:

�h ¼ Qc

ADT
ð6Þ

in which A is the total surface area of the finned tube

including tube external wall and fins, Qc is the total

convective heat transfer rate, and the averaged temperature

difference is calculated by

DT ¼ 1

A

Z
ðT � T1ÞdA ð7Þ

It is seen from Fig. 7 that the mean Nusselt number

increases with increasing Rayleigh number for all the three

fin angles investigated. For a given Rayleigh number, the

mean Nusselt number decreases with increasing fin angle,

with one exception at Ra of 8.0 9 108 where the mean

Nusselt number at fin angle of 60� is over that at angle of

45�. This is because the mean Nusselt number increases

more rapidly with increasing Ra at larger fin angles (such

as 60� and 75�) than at smaller angles (such as 45�). At Ra

of 8.0 9 108, the tube wall temperature reaches to 80�
which is the highest in the present study. Increasing the fin

angle will enlarge the channel formed by the tube wall and

the fins; and consequently reduce the compression of the

relatively stronger convection field formed in the channel

Fig. 5 Comparison of total heat transfer rates between experimental

measurements and simulations with the specified boundary condition

of constant wall temperature

Fig. 6 Contours of divergence

of heat flux at two different

planes: fluid inlet

(z = 0.101 m) and outlet

(z = 0.699 m)
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at higher tube wall temperature, such that the convective

heat transfer is improved.

When the fin angle increases from 45� to 60�, the total

surface area of the finned tube is increased by 9.77 % (the

length for the fins from the tube is the same, but the length

of the connecting fin increases). With increasing surface

area, total convection heat certainly increases. But the

increase of the total convective heat transfer rate depends

on the tube wall temperature, and we found 6.75, 8.51,

8.57, and 10.55 % increase corresponding to tube wall

temperature at 50, 60, 70, and 80 �C, respectively. Only at

80 �C, the 10.55 % increasing rate of convection heat is

over that 9.77 % of the total surface area; and thus the

mean Nusselt number at fin angle of 60� is over that at fin

angle of 45�. At other lower temperatures, the fin efficiency

decreases with increasing fin angle. In particular, when the

fin angle is further increased from 60� to 75� (an increase

of 7.85 % in total surface area), the change in convection

heat is \1 % and much smaller than the increase of the

surface area. Hence, the mean Nusselt number is the lowest

at fin angle of 75�.

The heat transfer modes between the finned tube and the

surroundings include natural convection and radiation

between the finned tube and chamber walls. Figure 8

shows the ratios of radiation over the sum of convection

and radiation and the total heat transfer rate against tube

wall temperature for three different values of fin surface

emissivity. It is seen that with increasing tube wall tem-

perature the total heat transfer rate increases quickly and

the ratio of radiation decreases. The increase of tube wall

temperature increases the temperature difference between

the tube wall and the surrounding air and chamber wall;

and consequently strengthens the ‘‘chimney effect’’ of

convection in the fins as well as the radiation heat transfer.

The decrease in the radiation ratio indicates that the degree

by which convection heat transfer is enhanced is greater

than that of radiation heat transfer enhancement in the

considered tube wall temperature range.

The effect of fin surface emissivity on the ratio of

radiation and total heat transfer rate is investigated in

Fig. 9. Both the radiation ratio and the total heat transfer

rate increase as the fin surface emissivity increases. With

the increase of emissivity from 0.5 to 0.95 (90 % growth

rate), the ratio of radiation increases from 28.3 to 41.2 %

(45.9 % growth rate); while the total heat transfer rate

increases from 81.6 to 99.1 W (21.5 % growth rate). The

total heat transfer rate is nearly linearly proportional to the

fin surface emissivity. Thus, appropriate painting of fin

surface is critical for heat transfer enhancement.

The fin structure (i.e. the fin angle) will influence both

the convection and radiation heat transfer. The ratio of

radiation over the sum of convection and radiation versus

fin angle is shown in Fig. 10 for three different surface
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three different fin angles
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emissivity values. It is seen that the influence of fin angle

on the radiation ratio is smaller as compared to the influ-

ence of fin surface emissivity. When the fin angle varies

from 40� to 90�, the variation in radiation ratio is no more

than 5 % for any given fin surface emissivity. When the

emissivity increases from 0.7 to 0.9, however, the radiation

ratio difference could reach to 20 %.

As fin angle increases, the fin mass increases and so does

the total mass of the finned tube. In many situations, design

of fins for heat transfer enhancement should consider the

cost and weight. Figure 11 shows the heat transfer rate per

unit mass of base pipe and fins and the total heat transfer

rate versus the fin angle at three different fin surface

emissivity values. It is seen that the total heat transfer rate

increases monochromatically with increasing fin angle at

any fin surface emissivity. However, there exists an opti-

mal fin angle in terms of heat transfer rate per unit mass.

For fin surface emissivity between 0.7 and 0.8, the maxi-

mum heat transfer rate per unit mass occurs at fin angle

around 60�; while for emissivity at 0.9, the maximum heat

transfer rate per unit mass occurs at fin angle around 55�.

5 Conclusions

The natural convection and radiation heat transfer is

investigated for a longitudinally-finned tube placed verti-

cally in an enclosed chamber. Through comparison with

experimental measurements, it is found that adoption of

constant wall temperature as the boundary condition in

simulation is more appropriate. Three-dimensional numer-

ical calculations with such a kind of boundary condition are

carried out to study the influences of tube wall temperature,

fin surface emissivity and fin angle in the fin structure. The

results revealed that the mean Nusselt number increases

with Rayleigh number. As tube wall temperature increases,

both convection and radiation heat exchanges are enhanced.

However, the enhancement to convection is greater than to

radiation in the temperature range studied. The fin surface

emissivity affects the radiation significantly. The total heat

transfer rate is almost linearly proportional to the fin surface

emissivity, although the radiation ratio is just 28–42 % of

the total heat transfer. The total heat transfer rate increases

with increasing fin angle. However, the increase of fin angle

will increase the overall mass of the finned tube. The

maximum heat transfer rate per unit mass occurs when the

fin angle is 60� for fin surface emissivity between 0.7 and

0.8 and 55� for fin surface emissivity at 0.9.
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