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Abstract: In the present work, the horizontal tubes with tilted rectangular fins under free convection
are experimentally investigated for the cooling of electronic devices. The temperature differences
of horizontal tubes with tilted rectangular fins are measured for several heat inputs, tilt angles, and
numbers of fins. Using the measurement results, a correlation for the prediction of the Nusselt number
is suggested. This correlation is suitable for the situation for Rayleigh numbers of 200,000–1,100,000,
tilt angles of 0◦–90◦, and numbers of fins of 9–36. On the basis of the correlation, the cooling
performances are presented for various numbers of fins and thicknesses of fins, and the value of the
optimal cooling performance is found. Finally, the optimal cooling performances of tubes with tilted
rectangular fins and conventional radial rectangular fins are compared. The comparison results show
that the optimal cooling performance of the tube with tilted fins is 6% greater than that of the tube
with radial rectangular fins.
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1. Introduction

Continuous miniaturization and performance enhancement of electronic devices have resulted
in a rapid increase in the amount of heat generated in electronic devices [1–4]. Without proper
thermal management, high rates of heat generation cause excessively high junction temperatures,
which degrade the performance and reliability of devices. For example, in the case of light-emitting
diodes (LEDs), the light output decreases as the temperature rises, because the quantum efficiency
decreases at higher temperatures due to an increase in non-radiative recombinations through defect
states [5–8]. The long-term stability and lifetime of LEDs also decrease with the increasing junction
temperature [9,10]. Therefore, thermal management is essential for the maintenance of the performance
and the durability of electronic devices [11,12]. Among several cooling techniques suggested for
thermal management, natural convective heat sinks are the most widely used because of their high
reliability, low cost, zero acoustic noise, and zero power consumption [5,13].

There has been a great deal of research work on the heat sinks under free convection [14,15].
In particular, finned horizontal tubes under free convection have been investigated by many previous
researchers. This is mainly because finned horizontal tubes are very widely used in various heat
exchangers [16]. In the case of the gas-to-liquid heat exchanger, thermal resistance of the gas side is
much greater than that of the liquid side, if there are no fins on the gas side [16]. As a result, finned
horizontal tubes are commonly used to reduce thermal resistance of the gas side to improve overall
thermal performance of the heat exchanger. Heat exchangers with finned horizontal tubes are widely
used in many engineering applications, including refrigerators, air conditioners, and heat pumps.
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Square vertical fins mounted on horizontal tubes under free convection were studied by Chen and
Chou, and Sparrow and Bahrami [17,18]. Annular fins of horizontal finned tube were investigated
experimentally, and Nusselt number correlations were developed by Hahne and Zhu, and Yildiz
and Yüncü [19,20]. Rectangular fins of radial heat sinks under free convection were investigated
experimentally and numerically by Yu et al. [21,22]. Tubes with radial rectangular fins, as shown in
Figure 1, are some of the most widely used heat sinks for the cooling of LED lighting. These finned
tubes were investigated experimentally and Nusselt number correlations were developed by the
present authors [23,24].
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Figure 1. Tube with radial rectangular fins.

Considerable efforts have been aimed at investigating heat transfer through tilted fins.
For example, the thermal performances of tilted pin fins in rectangular ducts were investigated
by Takeishi et al. [25]. They concluded that tilted pin fins dissipate heat more effectively compared to
normal pin fins because of the greater surface area of the tilted pin fins. Experimental and numerical
investigation on tilted rectangular fins mounted on vertical plates under free convection was conducted
by Hagote and Dahake [26]. They showed that tilted rectangular fins have higher thermal performances
compared to normal rectangular fins when the tilt angle is 60◦. Recently, the present authors conducted
an investigation to compare the thermal performances of tilted rectangular fins mounted on vertical
tubes under free convection to those of conventional radial rectangular fins [27]. It was shown that the
cooling performance of a vertical tube with rectangular fins can be enhanced by as much as 30% by
tilting the rectangular fins. Therefore, it is expected that the cooling performance of radial rectangular
fins mounted on horizontal tubes, shown in Figure 1, under free convection can be enhanced by tilting
fins, as shown in Figure 2. However, to the best of our knowledge, tilted rectangular fins mounted
on horizontal tubes under free convection have not been investigated experimentally yet. As a result,
in the case of horizontal configuration, the degree of cooling enhancement of rectangular fins on
horizontal tubes by tilting fins and the conditions under which this enhancement is maximized are not
clear, because free convection is strongly orientation-dependent.

Therefore, in the present study, the horizontal tubes with tilted rectangular fins under free
convection are investigated experimentally for the cooling of electronic devices, as an extension of
our previous work on the vertical tubes [27]. The temperature differences of horizontal tubes with
tilted rectangular fins are measured for several heat inputs, tilt angles, and numbers of fins. Using
the measurement results, a correlation for the prediction of the Nusselt number is suggested. On the
basis of the correlation, the cooling performances are presented for various numbers of fins and
thicknesses of fins, and the value of the optimal cooling performance is found. Finally, the optimal
cooling performances of tubes with tilted rectangular fins and conventional radial rectangular fins
are compared.
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Figure 2. Tube with tilted rectangular fins. (a) Schematic drawing; (b) Top view (α: tilt angle, Hf:
fin height, t: fin thickness, D: tube diameter, H: heat sink height).

2. Experimental Investigation

The temperature differences of tubes with tilted rectangular fins under free convection were
measured with respect to several heat inputs, tilt angles, and numbers of fins. Schematic drawings
of the tube with tilted fins are shown in Figure 2, and the dimensions are listed in Table 1. Eleven
different tilted finned tubes with various numbers of fins and tilt angles were tested. However, the
case with large tilt angle (α = 90◦) and large number of fins (N = 36) was excluded in the test, because
the fin spacing was excessively small, and adjacent fins touch and bend each other. An aluminum
alloy tube and a cylindrical heater were assembled first (Figure 3a). The cylindrical heater used in
the present study was a cartridge heater. The electrical resistance of the heater was 15 Ω and the
maximum heating capacity was 60W. For the proper assembly, a thermal interface material was applied
between the tube and the heater to enhance the contact between the tube and the heater. The thermal
interface material used in the present study was a TC-5080 thermally conductive compound from
Dow Corning. The thermal conductivity of this compound is 1 W/m·K and the resulting contact
resistance was 0.0022 K/W. Then, aluminum alloy fins were attached on the tube via interference
fitting. The Teflon cylinders were used to support the tube and to insulate the left and right sides
of the tube (Figure 3b,c). The heater in the tube was powered by a DC power supply (E3633A;
Agilent Technology, Santa Clara, CA, USA). Power of 2–38 W was applied to the heater. Four T-type
thermocouples were circumferentially attached to the outer surface of tube to measure the tube
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temperatures. For temperature data acquisition from thermocouples, an acquisition unit (34970A DAQ;
Agilent Technology, Santa Clara, CA, USA) was used. The temperatures were recorded when the
fluctuations of the temperatures were smaller than ±0.1 ◦C for two minutes. The experiments were
conducted in a quiescent and isolated place. The uncertainty analysis was conducted after finishing
the experiments (Appendix A).
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Appl. Sci. 2017, 7, 352 5 of 15

Table 1. Dimensions of tested tubes with tilted fins.

No. N α L D H t

1 9
90◦

50 mm 60 mm 30 mm 1.0 mm

2 12
3 18

4 9

60◦
5 12
6 18
7 36

8 9

30◦
9 12
10 18
11 36

3. Results and Discussion

The measurement results on the temperature differences between the tube and the surroundings
(Tt − Ts) for several tilt angles (α), numbers of fins (N), and heat inputs (q) are shown in Table 2 and
Figure 4. From the measurement results, the cooling performances of tilted finned tubes are calculated
and presented in Table 2 and Figure 5. In the present study, the thermal conductance, which is a
reciprocal of the thermal resistance Rth, is used as an index of cooling performance. The thermal
conductance 1/Rth can be defined as:

1
Rth

≡ q
Tt − Ts

(1)

The thermal conductance 1/Rth is the heat dissipation rate per unit temperature difference between
the tube and the surroundings. As shown in Figure 5, the cooling performance of the horizontal tube
with tilted rectangular fins is maximized when α = 60◦ and N = 36. According to Figure 4 in [27], in the
case of vertical configuration, the cooling performance is also maximized when α = 60◦ and N = 36.
Therefore, among eleven tested finned tubes, the tilted finned tube with α = 60◦ and N = 36 is the best,
regardless of configuration.

The thermal conductance 1/Rth can be expressed as a function of the effective surface area Aeff, the
unfinned surface area Ab, the fin surface area Af, the heat transfer coefficient h, and the fin efficiency η:

1
Rth

= hAe f f = h(Ab + ηNA f ) (2)

where
Ab = πDL − NLt (3)

A f = Lt + 2H f t + 2H f L (4)

h = NuDk f /D (5)

η =

√
hpks Ac

hA f

(
h/
√

hp
ks Ac

ks

)
+ tanh

(√
hp

ks Ac
H f

)
(

h/
√

hp
ks Ac

ks

)
tanh

(√
hp

ks Ac
H f

)
+ 1

(6)

Here, kf and ks are the thermal conductivities of the fluid and the solid, respectively. In Equation
(6), the convection heat transfer from the fin tip is considered. The fin height Hf, the fin perimeter p,
and the fin cross-sectional area Ac are given as:

H f =
√

HD + H2 + D2 cos2 α/4 − D cos α/2 (7)

p = 2t + 2L (8)

Ac = Lt (9)
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Table 2. Cooling performances and Nusselt numbers calculated from measurement results.

No. α N Tt − Ts [◦C] q [W] 1/Rth [W/◦C] NuD

1 90◦ 9

10.4 ± 0.5 2.24 ± 0.01 0.216 ± 0.011 8.71 ± 0.44
20 ± 0.5 4.58 ± 0.02 0.228 ± 0.006 9.23 ± 0.25

30.6 ± 0.5 7.57 ± 0.01 0.247 ± 0.004 9.99 ± 0.17
40.4 ± 0.6 10.61 ± 0.02 0.263 ± 0.004 10.61 ± 0.15
49.9 ± 0.6 14.39 ± 0.02 0.289 ± 0.003 11.66 ± 0.14

2 90◦ 12

10.1 ± 0.5 2.27 ± 0 0.226 ± 0.011 7.14 ± 0.36
20.5 ± 0.5 5.53 ± 0.01 0.269 ± 0.007 8.51 ± 0.22
30.3 ± 0.6 8.99 ± 0.02 0.297 ± 0.006 9.39 ± 0.18
39.7 ± 0.5 12.83 ± 0.02 0.323 ± 0.004 10.22 ± 0.14
50.3 ± 0.6 16.91 ± 0.02 0.336 ± 0.004 10.63 ± 0.12

3 90◦ 18

10.8 ± 0.5 2.79 ± 0.01 0.26 ± 0.012 5.71 ± 0.27
21.1 ± 0.7 6.53 ± 0.04 0.309 ± 0.01 6.81 ± 0.22
29.5 ± 0.8 10.37 ± 0.05 0.352 ± 0.01 7.75 ± 0.21
40.4 ± 0.5 15.28 ± 0.01 0.378 ± 0.005 8.32 ± 0.11
49.9 ± 0.6 20.28 ± 0.03 0.406 ± 0.005 8.94 ± 0.12

4 60◦ 9

10.3 ± 0.5 2.29 ± 0.02 0.221 ± 0.011 11.28 ± 0.59
20.6 ± 0.6 4.92 ± 0.03 0.239 ± 0.007 12.16 ± 0.36
29.9 ± 0.5 7.63 ± 0.02 0.255 ± 0.005 13.01 ± 0.24
40 ± 0.6 10.31 ± 0.03 0.258 ± 0.004 13.14 ± 0.21
49 ± 0.5 13.42 ± 0.02 0.274 ± 0.003 13.95 ± 0.15

5 60◦ 12

10.7 ± 0.5 2.42 ± 0 0.226 ± 0.011 9.11 ± 0.43
20.5 ± 0.8 5.47 ± 0.05 0.267 ± 0.011 10.74 ± 0.44
29.7 ± 1.3 9.11 ± 0.1 0.306 ± 0.014 12.35 ± 0.56
39.9 ± 0.6 12.19 ± 0.03 0.305 ± 0.005 12.3 ± 0.2
50.6 ± 0.5 16.61 ± 0.02 0.328 ± 0.004 13.21 ± 0.14

6 60◦ 18

10 ± 0.7 2.98 ± 0.04 0.297 ± 0.02 8.44 ± 0.56
20.3 ± 0.7 6.86 ± 0.04 0.338 ± 0.012 9.6 ± 0.33
30.9 ± 0.7 11.66 ± 0.04 0.377 ± 0.009 10.73 ± 0.24
39.4 ± 0.7 16.54 ± 0.05 0.419 ± 0.008 11.92 ± 0.23
51.2 ± 1 21.85 ± 0.07 0.427 ± 0.008 12.13 ± 0.23

7 60◦ 36

10 ± 0.6 3.16 ± 0.02 0.315 ± 0.018 4.76 ± 0.28
19.9 ± 0.5 7.62 ± 0.01 0.383 ± 0.01 5.78 ± 0.15
29.6 ± 0.7 13.32 ± 0.04 0.451 ± 0.01 6.8 ± 0.16
39.7 ± 0.7 19.93 ± 0.05 0.502 ± 0.009 7.57 ± 0.14
51.7 ± 1.1 28.51 ± 0.08 0.551 ± 0.011 8.31 ± 0.17

8 30◦ 9

10.2 ± 1 1.99 ± 0.07 0.195 ± 0.02 11.55 ± 1.17
20.2 ± 0.8 3.89 ± 0.03 0.192 ± 0.007 11.4 ± 0.44
29.7 ± 0.7 6.31 ± 0.13 0.212 ± 0.007 12.59 ± 0.39
40.1 ± 0.9 9.12 ± 0.2 0.227 ± 0.007 13.49 ± 0.42
51.5 ± 1.6 12.72 ± 0.55 0.247 ± 0.013 14.65 ± 0.77

9 30◦ 12

10 ± 0.9 2.19 ± 0.06 0.219 ± 0.021 10.36 ± 0.99
19.2 ± 1.6 4.48 ± 0.13 0.233 ± 0.021 11.02 ± 0.97
30.6 ± 1.4 7.64 ± 0.11 0.249 ± 0.012 11.81 ± 0.56
41.4 ± 1.4 11.37 ± 0.11 0.274 ± 0.009 12.99 ± 0.45
48.8 ± 1.5 14.3 ± 0.12 0.293 ± 0.009 13.88 ± 0.44

10 30◦ 18

10.1 ± 0.5 2.51 ± 0.01 0.248 ± 0.012 8.35 ± 0.42
20.1 ± 0.5 5.99 ± 0.01 0.298 ± 0.008 10.05 ± 0.26
30.1 ± 0.7 9.93 ± 0.04 0.33 ± 0.007 11.12 ± 0.25
40.5 ± 0.9 14.99 ± 0.07 0.37 ± 0.009 12.49 ± 0.29
49.5 ± 1.7 18.69 ± 0.14 0.378 ± 0.013 12.75 ± 0.45

11 30◦ 36

10.3 ± 0.5 3.34 ± 0.67 0.324 ± 0.067 5.87 ± 1.22
19.2 ± 0.6 7.01 ± 0.05 0.364 ± 0.011 6.6 ± 0.2
29.3 ± 0.6 13.02 ± 0.11 0.444 ± 0.01 8.05 ± 0.17
40.2 ± 0.8 19.55 ± 0.22 0.487 ± 0.011 8.82 ± 0.2
50.8 ± 0.8 26.65 ± 0.62 0.525 ± 0.015 9.52 ± 0.27
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The Nusselt numbers NuD in Equation (5) are calculated from measured temperature differences
and heat inputs by using Equations (1)–(9), and are tabulated in Table 2. In addition, the hydraulic
diameter Dh of the yellow region in Figure 2b, i.e., the channel between two adjacent fins, is given as:

Dh =
π(D + 2H)2/N − πD2/N − 4H f t

2πR/N + 2H f − t
(10)

Therefore, the dimensionless hydraulic diameter Dh* can be defined as:

D∗
h =

Dh
D

(11)

In the present study, the Nusselt number correlation for the horizontal tubes with tilted rectangular
fins that best matches the measurement results is developed. The functional form of the Nusselt number
correlation is proposed by modifying that for the horizontal tube without fins as follows:

NuD = f · NuD,cyl (12)
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NuD,cyl is the Nusselt number for the horizontal tube without fins, and is given as the following
equation [28]:

NuD,cyl =

0.60 +
0.387Ra1/6

D(
1 + (0.559/Pr)9/16

)8/27


2

(13)

In Equation (13), the Rayleigh number RaD is defined as Equation (14) in terms of the thermal
diffusivity of the fluid αf, the kinematic viscosity of the fluid νf, the volume expansion coefficient of
the fluid βf, and the gravitational acceleration g:

RaD =
gβ f (Tw − Tamb)D3

ν f α f
(14)

The function f in Equation (12) is related to the influence of the tilted fins on the heat dissipation.
Function f should monotonically decrease as the hydraulic diameter Dh decreases. This decrease
occurs because the heat dissipation from a fin is suppressed by adjacent fins owing to the overlap of
the thermal boundary layers developing on the surfaces of the fins. As the hydraulic diameter Dh
decreases, the fin-by-fin spacing decreases, and the overlap of the thermal boundary layers and the
suppression of the heat dissipation from the fins increases. Several functional forms for function f that
satisfy this condition are tested by using a least-squares fit on the measurement results, and it is found
that the functional form:

f = C1 − C2 exp(−C3D∗
h) (15)

best matches with the measurement results when the coefficients are given as:

C1 = 1.08, C2 = 1.17, C3 = 5.02 (16)

The coefficient C1 is the ratio of Nusselt numbers of the tubes with and without fins in the case
when the hydraulic diameter of the space between two adjacent fins is much greater than the diameter
of the tube. Therefore, the heat transfer coefficient of the tube with tilted fins is 1.08 times greater than
that of the tube without tilted fins, when the hydraulic diameter is much greater than the tube diameter.

Finally, the Nusselt number correlation for the horizontal tubes with tilted rectangular fins under
free convection is given as:

NuD = (1.08 − 1.17 exp(−5.02D∗
h))

0.60 +
0.387Ra1/6

D(
1 + (0.559/Pr)9/16

)8/27


2

(17)

When the fin length is zero (H = 0, Dh* = 0), the Nusselt number should be reduced to that for
the horizontal tube without fins. To satisfy this limiting conduction, the correlation can be modified
as follows:

NuD =

((
2.17 − 2.18

H
D

)
− 1.17 exp(−5.02D∗

h)

)0.60 +
0.387Ra1/6

D(
1 + (0.559/Pr)9/16

)8/27


2

(18)

Equations (17) and (18) are identical when H/D is 0.5. In Figure 6a, the Nusselt numbers obtained
from the measurement results for the tilt angles of 30◦ and 60◦ and those calculated from Equation (18)
are presented as functions of the dimensionless hydraulic diameter. Figure 6a indicates that the Nusselt
number is strongly dependent on the hydraulic diameter, and that the Nusselt number correlation is in
good agreement with the measurement results within a ±10% error. The Nusselt numbers obtained
from the measurement results for the tubes with radial rectangular fins (α = 0) presented in [24] are
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also compared with those calculated from Equation (18). The correlation can predict the Nusselt
numbers of the tubes with radial rectangular fins within a ±10% error, in spite of the fact that the
correlation is developed for the tubes with tilted fins. In Figure 6b, the Nusselt numbers obtained from
the measurement results for the tilt angle of 90◦ are compared with those calculated from Equation (18).
In this case, Equation (18) can predict the Nusselt number within a ±20% error. In addition, another
correlation for the Nusselt number is developed to improve the prediction regarding only the tilt angle
of 90◦, as in the following:

NuD = (0.932 − 1.03 exp(−4.71D∗
h))

0.60 +
0.387Ra1/6

D(
1 + (0.559/Pr)9/16

)8/27


2

(19)
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When the fin length is zero (H = 0, Dh* = 0), the Nusselt number should be reduced to that for
the horizontal tube without fins. To satisfy this limiting conduction, Equation (19) can be modified
as follows:

NuD =

((
2.03 − 2.196

H
D

)
− 1.03 exp(−4.71D∗

h)

)0.60 +
0.387Ra1/6

D(
1 + (0.559/Pr)9/16

)8/27


2

(20)

The functional forms of Equations (18) and (20) are identical; however, the values of the coefficients
for function f are slightly different. As shown in Figure 6b, Equation (20) can predict the Nusselt
number within a ±10% error.

As shown in Figure 6a,b, the ratio of the Nusselt number of the tube with tilted rectangular fins
(NuD) to the Nusselt number of the tube without fins (NuD,cyl) is less than 1. However, that does
not mean that the tube without fins has better cooling performance compared to the tube with tilted
rectangular fins. To compare the resistances of the tubes with and without tilted rectangular fins, it is
useful to consider the ratio of the thermal resistance of the tube without fins (Rth,cyl) to the thermal
resistance of the tube with tilted rectangular fins (Rth). This ratio satisfies the following equation:

Rth,cyl

Rth
=

hAe f f

hcyl Acyl
=

NuD
NuD,cyl

Ae f f

Acyl
(21)

In this equation, hcyl is the heat transfer coefficient of the tube without fins and Acyl is the surface
area of the tube without fins. This ratio of the thermal resistances is above 1 when the tube with tilted
rectangular fins is better. On the other hand, this ratio is below 1 when the tube without fins is better.
The effective surface area of the tube with tilted rectangular fins (Aeff) is much greater compared to
the surface area of the tube without fins(Acyl), because a lot of additional surface area is provided by
the fins in the case of the tube with tilted rectangular fins. As a result, Aeff/Acyl is much greater than 1.
Consequently, according to Equation (21), the ratio of the thermal resistances Rth,cyl/Rth is greater than 1,
because Aeff/Acyl is much greater than 1 even though NuD/NuD,cyl is less than 1. The tube with tilted
rectangular fins has much better cooling performance compared to the tube without fins in general.

Figures 7 and 8 show the cooling performances for several numbers of fins and tilt angles,
respectively. In Figure 7, the cooling performance increases as the number of fins increases.
This increase occurs mainly because the fin surface area increases as the number of fins increases.
The cooling performance also increases as the temperature difference increases because free convection
is driven by the buoyancy force, which increases as the temperature difference increases. In Figure 8,
the cooling performance increases as the tilt angle increases from 0◦ to 60◦, after which it decreases
for α > 60◦. Therefore, there exists a specific tilt angle (α = 60◦) for which the thermal resistance is
maximized. The reason is that even though the effective surface area ηNAf + Ab increases as the tilt
angle increases, the heat transfer coefficient h decreases because of the boundary layer overlap that
resulted from the excessive decrease in fin spacing. In addition, the cooling performance of the tube
without fins is also shown in Figures 7 and 8. As explained earlier, the cooling performance of the tube
with tilted rectangular fins is much greater compared to that of the tube without fins.

Next, by using the proposed correlation, thermal optimization of horizontal tubes with tilted
rectangular fins under free convection is conducted. The constraints and the properties used for
thermal optimization are listed in Table 3. In Figure 9, a contour plot for the cooling performance is
presented for various thicknesses and numbers of fins. In this figure, as the number of fins increases,
the cooling performance rises. This occurs because the effective surface area rapidly increases as the
number of fins increases, as shown in Figure 10. For the fixed number of fins, as the thickness of fins
increases, the effective surface area increases due to an increase in the fin efficiency (Figure 10).
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Table 3. Constraints and properties for thermal optimization.

Constraints Properties

Tt−Ts 50 ◦C αf 2.23 × 10−5 m2/s
L 50 mm βf 0.0033/K
D 60 mm νf 1.6 × 10−5 m2/s
H 30 mm kf 0.026 W/m·K
N 9–36 ks 220 W/m·K
α 60◦ - -
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However, as the thickness of fins increases, the heat transfer coefficient decreases due to a decrease
in fin-by-fin spacing (Figure 11). As a result, for the fixed number of fins, there exists a specific thickness
of fins for which the cooling performance is maximized in Figure 9. Finally, Figure 9 shows that the
optimal cooling performance of the tube with tilted rectangular fins is 0.543 W/K. For comparison,
the cooling performances of the tubes with conventional radial rectangular fins are presented for
various thicknesses and numbers of fins in Figure 12. The optimal cooling performance of the tube
with conventional radial rectangular fins is 0.513 W/K. Finally, Figure 13 shows the comparison of the
optimal cooling performances of tubes with tilted rectangular fins and conventional radial rectangular
fins. As shown in the figure, the optimal cooling performance of the tilted finned tube with a tilt angle
of 60◦ is 6% greater than that of the radial finned tube. Therefore, the tube with tilted rectangular fins
can have better cooling performance compared to the tube with radial rectangular fins, if properly
designed. In addition, the cooling performance of the tube without fins is also shown in Figure 13.
The optimal cooling performance of the tilted finned tube with a tilt angle of 60◦ is 9.2 times greater
than that of the tube without fins.
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Last of all, the optimal dimensions and optimal cooling performances of the tube with tilted fins in
the horizontal and vertical configuration are listed in Table 4. The table shows that the optimal cooling
performance varies significantly, depending on the orientation. Therefore, orientation dependence
should be considered carefully if the orientation of the tube with tilted fins is not always fixed, and
may need to be adjusted for the cooling of electronic devices, such as retrofit LED bulbs [5].

Table 4. Optimal dimensions and optimal cooling performances of tubes with tilted fins.

Configuration N t [mm] 1/Rth [W/K]

Horizontal 36 0.4 0.543
Vertical [27] 36 0.62 0.943

4. Conclusions

In the present study, the horizontal tubes with tilted rectangular fins under free convection
have been experimentally investigated. The temperature differences of horizontal tubes with tilted
rectangular fins were measured for several heat inputs, tilt angles, and numbers of fins. Using the
measurement results, a correlation for the prediction of the Nusselt number was suggested. The
correlation is suitable for the ranges of Rayleigh numbers of 200,000–1,100,000, tilt angles of 0–90◦,
and numbers of fins of 9–36, in which the experimental data were obtained. On the basis of the
suggested correlation, the cooling performances were presented for various numbers of fins and
thicknesses of fins, and the value of the optimal cooling performance was found. Then, the optimal
cooling performances of tubes with tilted rectangular fins and conventional radial rectangular fins
were compared. Finally, the comparison results showed that the optimal cooling performance of the
tilted finned tube with a tilt angle of 60◦ is 6% greater than that of the tube with radial rectangular fins.
In addition, the optimal cooling performance of the tilted finned tube is 9.2 times greater than that
of the tube without fins. Therefore, tilted rectangular fins may potentially be used for the cooling of
various electronic devices.

Appendix A. Uncertainty Analysis

The uncertainty in the measurement was obtained from the following equation:

U =
(

B2 + P2
)1/2

=

(
B2 +

t2
95%s2

Ndata

)1/2

(A1)

In this equation, U, B, P, Ndata, s, and t95% are the uncertainty, bias error, precision error, number of
data, standard deviation of data, and t-distribution for a confidence level of 95%, respectively.
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