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ABSTRACT - A numerical study is carried out to test the effect of tube shape on heat transfer and QE\;L(;;:E‘l;llJSJnOZROYZO

fluid flow in a finned tube heat exchanger. The effects of different shapes (circular, flat, elliptical Accepted: 22¢ Jan 2020
and oval in both orientations: left and right) are analyzed. The simulations are carried out for two-

dimensional and external flow of an incompressible fluid with Reynolds numbers varying between KEYWORDS

3000 and 20000. The results obtained indicate that the shape of the tube directly affects the thermal Heat transfer;

and dynamic behaviors of a fin and tube heat exchanger. Where the circular tube ensures higher fin and tube heat exchanger;
heat transfer coefficient of about 18% than the flat tube, and it generate a moderate pressure drop fmfe% :‘7;/:%6;

of about 10% in the same conditions. Also, some reliable empirical correlations are proposed to
predict the Nusselt number and the friction factor.

INTRODUCTION

Tubular bundles are essential equipment for designing fin and tube heat exchangers, where the tube design plays a
vital role in improving the heat transfer phenomenon in these systems. Usually, the circular tube is widely used in the
design of fin and tube heat exchangers [1-7]. The thermal performance of heat exchangers is very low by using gaseous
fluids compared to liquid fluids. In contrast, the convection resistance of the gaseous fluid is generally dominant due to
the thermophysical properties of the gaseous fluid [8, 9]. Besides, the tube orientation has considerable effects on the
thermal performance of such systems [10].

In a thorough search, Tahseen et al. [11] reported that the flat tubes are vital equipment in various industrial
applications such as modern heat exchangers, automotive radiators, air conditioning, and other applications. Compared
with circular tube heat exchangers, they found that the flat tube heat exchangers have a lower friction factor and
considerable heat transfer rates. In the same context, Benarji et al. [12] confirmed that the sound and vibration are low
for a flat tube relative to the circular tube. They also proposed correlations to predict the Nusselt number and friction
factor, taking into account the effect of the longitudinal and transverse tube ratios on heat transfer and pressure drop.
Although the flat tube is recommended in the design of heat exchangers, there are several works in the literature on this
research axis that have confirmed that the tube shape remains a necessary geometric parameter to be optimized [13-17].
Yogesh et al. [18] numerically investigated the fluid flow and heat transfer characteristics of a fin and tube heat exchanger
having elliptical tubes of various elliptical ratios and different angles of elliptical tube orientation. They reported that the
friction factor varies proportionally with the tube inclination and elliptical rate, whereas it decreases with the rise of
Reynolds number. Recently, Li et al. [19, 20] confirmed that the flat tube merits to be considered in the design of fin and
tube heat exchangers. In addition of the importance of the fin shapes on the thermal performances of fin and tube heat
exchangers [21], Sahel et al. [22] reported in its numerical study that in the presence of vortex generators inside tubes
bank; the flat tubes create better heat transfer execution compared with circular cells. Han et al. [23] numerically
investigated the fluid flow and heat transfer behaviors of finned tube heat exchangers. They examined the effects of
different oval and circular tubes. They concluded that using the oval fin-tube can not only decrease the flow resistance
but also enhance the heat transfer performance of the heat exchangers. Also, As compared with the big circle-tube louver
fin, the heat transfer coefficient of finned oval tube is augmented by 1.5-4.9%, while the pressure loss is reduced by 22.0-
31.8%. Lavasani et al. [24] experimentally verified the thermal execution of a cam-shaped tube bank. They showed that
the pressure loss and heat transfer rate of cam shaped tubes depend on the position of tubes in the tube bank. Also, the
thermal performance factor of the cam shape tube is about six times better than that for the circular tube. Tahseen et al.
[25] studied the thermal and hydrodynamic performances of airflow in an in-line flat tube bundle, and they showed that
the arrangement of tubes presents another parameter, which is need to analyzing. In the same field, Zhang et al. [26]
reported that wake region formed in the downstream of the flat tube may be rectified in using vortex generators.

In this article and given the importance of tube shape on heat transfer and fluid flow, a numerical investigation is
carried out on the influence of different forms of the tube (circular, flat, elliptical and oval) on the thermal and dynamic
behaviors of a finned tube heat exchanger. Effects of the fins are not explored in this study, and we based in our
investigation only on the shape of tubes. The obtained results show that the circular-shaped tube ensures the best heat
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transfer coefficient, compared to the other cases. However, the elliptical tube yields the lowest pressure losses compared
to the other configurations. Then, reliable correlations have been proposed to predict the Nusselt number and the friction
factor.

GEOMETRY OF THE PROBLEM STUDIED

The geometry of the problem under investigation is illustrated in Figure 1. It concerns a finned tube heat exchanger,
where different shapes of the tube are realized. The in-line arrangement of tubes was analyzed in this study. Three rows
of tubes and four tubes in each row were also studied. The extended regions in the inlet and outlet of the section are
essential for flow developing in these sections. Nevertheless for identical comparison with available data we used the real
configurations which exist in literature. The geometrical configuration of the tube allows the use of the symmetry option
to reduce the calculation time. The outer diameter of the tube (D) is 10.55 mm, the transverse tube advance (Py) is 25.4
mm, and the longitudinal tube advance (P1) is 22 mm. Where the length of flat, elliptical, oval RO, and oval LO tubes
equal to 2D. The Aluminum was used as a construction material of tubes and fins, where its thickness is neglected since
the present work out to analyzing only the convective heat transfer of different shaped tubes.

The profiles of velocity and temperature of airflow are recognized in the inlet section. The thermo-physical properties
of air are summarized in Table 1. A uniform velocity U = U;, and a constant temperature Ti, = 300 K are utilized in the
entry of the section. At the outlet, and for all variables, the conditions of Neumann boundary are utilized, thus the gradients
of streamwise variables are set to be zero. Symmetry boundary conditions are exploited for the upper and lower sides.
No-slip wall and impermeable boundary conditions have been employed over the tube wall. The constant temperature at
the tube walls (Tw) is set at 350 K.

External air flow NN =

2 2

Symmetry

D D2 D 24D
| [ |

O C ) IO C

Circular tube Flat tube Oval tube (LO) Oval tube (RO) Elliptical tube
(b)

Figure 1. Geometry of: (a) FTHE and the (b) different tube shapes under investigation.
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Table 1. Thermo-physical properties of air.

) C Thermal Viscosit
Density K pK conductivity ILS(;OS' y
[kg/m?] [Vkg K] [Wim K] [kg/m s]

1.225 1006.43 0.0242 1.7894 x 10

MATHEMATICAL EQUATIONS AND GOVERNED PARAMETERS

The numerical model for fluid flow and heat transfer in a fin and tube heat exchanger is based on the average equations
of Navier-stocks, and the energy equation.

Continuity equation:

aaxi(/)ui )=0 1)
Momentum equation:
;Xi(puiuj)=;x[ﬂ(2: - pu, puyﬂ—gg )
Energy equation:
d d aT
3 (PuT) == ((r + ’?)a_x) )

where I is the molecular thermal diffusivity, I'tis the turbulent thermal diffusivity:
I=p/Pr; I =p[Pr; u=pC, (K &) (4)

The standard model of turbulence k-¢ which is based on the turbulent kinetic energy k (Eq. (5)) and the dissipation
energy ¢ (EQ. (6)) is used in this study.

0 0 ) ok
—(pku )=— +2L | — [+G, +pe 5
axj(p ) &, K” akJaxJ} e ©®)
0 0 U, | Os £ &
— u)=— L |—|+C, —-C, p—
axi (pg I) axj [Iu_'_au]axj + 15k 2510 k (6)

In these equations, Gk represents the turbulent kinetic energy generated by the average velocity gradients. The
empirical constants for the k-¢ standard model are assigned the following values:

C.=0.99; Ci;=1.44; Cy:=1.92; 0k=1.0; 6: = 1.3

This model is widely used in the literature, (see for example [27-29]). In addition, Eiamsa-ard et al. [30] tested several
turbulence models and reported that the RNG and the standard k-¢ turbulence models generally provide better agreement
with available experiments data than others. Where, they selected the k-¢ model to use in prediction of complex flow. For
all these reasons, we used the standard k-¢ model in our work.

Total heat transfer rate:
Q:mep(Tout _Tin) (7)

The logarithmic mean temperature difference:

6711 journal.ump.edu.my/jmes <«



D. Sahel et al. | Journal of Mechanical Engineering and Sciences | Vol. 14, Issue 2 (2020)

_ ((Twall _Ti )_(Twall _Tout))
ATn = (T = Tn) / (Tt —Tout)) ®)

Wi in wall — 'out

The heat transfer coefficient given as:
h=Q/(A4T,,) ©

Nusselt number: the heat transfer coefficient is represented by the Nusselt number which is given by:

Nu=—="
K, (10)

Re=—" (11)

The friction factor (f) is calculated along the section as:

(2 4P

(L/Dh) pUin2 (12)

NUMERICAL MODEL

The choice and the sensitivity of the mesh play a primordial role in any numerical investigation. A series of mesh tests
were performed for all computational domains presented in this work. A non-uniform triangular mesh (Figure 2) was
refined near the tubes to detect the temperature and velocity gradient.

The series of mesh chosen in the case of circular tubes with Re = 3000 are 64253, 91891, 111980, 145896, and 181442.
From 111980 nodes, the variation of Nusselt number is not significant (does not exceed 3%) with an increased density of
mesh. Table 2 illustrates the grid test for the circular tube. Therefore, our work will be based on the mesh of 111980 nodes
for the following calculations. We note that the same strategy has been applied to other configurations.
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Figure 2. Example of generated non-uniform triangular mesh.

The commercial software ANSYS Fluent 15.0 was utilized to carry out the simulation. The governing equations with
agreeing boundary conditions were solved by using the finite volume method, based on the SIMPLE algorithm (Semi-
Implicit Method for Pressure- Linked Equations) for the velocity-pressure coupling. SIMPLE algorithm facilitates the
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run convergence and also largely used in the literature [31-37]. We note that the steady-state condition has been
considered for all simulations. The convective terms in governing equations for momentum and energy are discretized

with the second upwind scheme.
For the convergence, default under-relaxation factors were used. The convergence criteria for the normalized residuals

were fixed at 1075 for the flow equations and 10°° for the energy equation.

Table 2. Mesh sensibility.

Grids Nusselt number Error (%)

64253 68.8 -

91891 60.8 -

111980 47.9 (selected grid)

145896 49.1 2.44

181442 48.8 1.84
RESULTS AND DISCUSSIONS

Validation of the numerical model

Zukauskas [2] analyzed by experiments several cases with air and water, where the current investigation presents only
one case among those studied by Zukauskus. Hence, the comparison was made with the same available conditions in [2].

Figure 3 presents a comparison of the Nusselt number results of the present work and that calculated by the Zukauskas
[2] and Kim [38] correlations. The good agreement observed in this figure allowed the validation of our numerical model.
Where the maximum deviation is observed for Re = 20000. The comparison with the present results reported that there is
a difference of 9% and 5% for Kim and Zukauskas correlations, respectively. Zukauskas correlation presents a reference
in the field of fin and tube heat exchangers. Where the conditions of the present study are very adopted with Zukauskas
experiment. Where the Kim correlation is developed on the basis of Zukauskas correlation by adding of longitudinal pitch
ratio.

140

—&— Present work-Circular tube
Zukuskas [2]

120F _w Kim[3g]

100

80 -

60 |-

Nusselt number

40 |

20 . 1 . 1 . 1 . 1 . 1
4 8 12 16 20

Re x 10°

Figure 3. Validation of results.

Hydro Dynamic and Thermal Aspects

Figure 4(a-e) shows the axial velocity distribution for the different shapes studied in this work. As shown on this
figure, the main flow passes around the tube while a secondary recirculation zone appears behind the tube. The flow
velocity in the secondary zones is lower than that of the main jet. Unfortunately, the formation of secondary recirculation
zones behind the tubes is an undesirable phenomenon for the execution of the heat transfer phenomenon.

As such, the enlargement or the change of the tube shape is an additional problem on the thermal performance of the
fin and tube heat exchangers, where the flat surface of the tube allows developing the hydrodynamic boundary layer.
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Therefore, the thermal boundary layer may also appear on the flat surface of the tube. Then, the formation of secondary
recirculation zones, the thermal and hydrodynamic boundary layers are the leading causes that can reduce the heat transfer
coefficient.

There is a significant association between the formation of low-velocity areas (dead zones) and the formation of hot
points behind the tubes. Figure 5 displays this association, while the fluid-structure effects directly on the thermal
behaviors of FTHES. Indeed, the rise in velocity fluctuations helps to decrease the formation of lower heat transfer areas,
and consequently, it enhances FTHE performance.

6

26 ‘ > 18
~ 3
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6 8 14— 14— 18— —— ——
——— 14 —
» 0o 10 10 e o 2 6

(@) Circular tube
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22 26 (30

1822 30, ,rﬂ/

(d) Oval tube (LO)

30 "LQ’

28 30 - 26
D R —

Zs V30 —— g S - e 20

(e) Oval tube (RO)

Figure 4. Distribution of the axial velocity (unit in m/s).
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e) Oval tube (RO)

Figure 5. Temperature contours [unit in K].

Nusselt Number

Figure 6 shows the distribution of Nusselt number vs. Reynolds number. The highest values of Nusselt numbers are
obtained with the circular tube, followed by the oval tube in the right orientation (RO), oval tube in the left orientation
(LO), elliptical tube, and then the flat tube. This latter represents the low rate of heat transfer due to the training thermal
boundary layer on the flat surface [23]. Comparing with the flat tube, circular, oval RO, oval LO, and elliptical tubes
provide a percentage of heat transfer coefficient of about 18, 12, 10, and 4%, respectively. The superiority of the circular
tube compared with the other cases is due to the highest surface of contact between airflow and the tube. Also, the hots
points are very small behind the tube. With the help of Excel Software and to predict the heat transfer coefficient, Table
3 summarizes the empirical correlations of each configuration. Where R? (R-square) is the coefficient of determination of
correlation.

—=&— Circular tube

120 —&— Flat tube

—#A— Elliptical tube
110 —w— Oval tube (Left orientation LO)
Oval tube (Right orientation RO)

100

90

80 -

Nu

70

60

50 -

a0 -

30 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20

Re x 10°

Figure 6. Variation of the Nusselt number vs. Reynolds number.

Table 3. Prediction of the Nusselt number.

Nu =C x Re", for 3000 < Re < 20000

Circular Flat Elliptic Oval LO Oval RO
C 1.4568 1.0242 1.2959 1.1021 1.1884
n 0.4326 0.4514 0.4312 0.4532 0.4486
R? 0.9767 0.9881 0.9875 0.9866 0.9882

Friction Factor

The distribution of the friction factor vs. Reynolds number is illustrated in Figure 7. This figure shows that the friction
factor decreases according to the raise of Reynolds numbers. The maximum values of friction factor are obtained with
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the circular tube, followed by the flat tube, oval tube in the right orientation (RO), oval tube in the left orientation (LO),
and then the elliptical tube. These results confirmed the conclusions reported by Tahseen et al. [11], where the circular,
oval and elliptical tubes ensure practically the same values of heat transfer coefficient. Still, the oval and elliptical tubes
create a modest pressure drop compared with the circular tube. Comparing with the flat tube, circular, oval RO, oval LO,
and elliptical tubes create a percentage of friction factor of about 10% (higher), 0% (identical), 8% (inferior), and 2%
(inferior), respectively. By using the Excel Software and to predict the friction factor, Table 4 summarizes the empirical
correlations of each configuration. Where R? is the coefficient of determination of correlation.

0.24

—=&— Circular tube
—e— Flat tube
Elliptical tube
—w— Oval tube (Left orientation LO)
Oval tube (Right orientation RO)

Friction factor

0.12 -

Figure 7. Variation of the friction factor vs. Reynolds number.

Table 4. Prediction of the friction factor.

f =C xRe", for 3000 < Re < 20000

Circular Flat Elliptic Oval LO Oval RO
Cc 2.8319 3.1659 4.496 3.1102 2.4872
n -0.32 -0.343 -0.403 -0.349 -0.318
R2 0.9409 0.9342 0.9464 0.9546 0.9386

CONCLUSION

A numerical study was presented in this paper by using the computer code Ansys Fluent. The heat transfer behavior
and fluid flow were tested for a range of Reynolds numbers varied from 3000 to 20000. Several configurations of the
tube shape and their influences on airflow in a fin and tube heat exchanger have been studied. The results show that the
circular-shaped tube ensures the best heat transfer rate compared to other cases. Nevertheless, the elliptical tube yields
the lowest pressure losses compared to the other configurations. Where, compared with the flat tube, the circular, oval
RO, oval LO, and elliptical tubes ensure a percentage of heat transfer coefficient of about 18, 12, 10, and 4%, respectively.
On the other hand, and in the same conditions, circular, oval RO, oval LO, and elliptical tubes create a percentage of
friction factor of about 10% (higher), 0% (identical), 8% (lower) and 2% (lower), respectively. Subsequently, reliable
correlations have been proposed to predict the Nusselt number and the friction factor.

NOMENCLATURE

Cp specific heat [J/kg K]

Dy hydraulic diameter [m]

E: Width of flat tube [m]

f friction factor [-]

h heat transfer coefficient [W/m2 K]
Gk Turbulent kinetic energy production
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thermal conductivity [W/m? K]

Nu Nusselt number [h Dy/ k]

ms mass flow rate [kg/s]

AP pressure drop [Pa]

Q heat transfer rate [W]

Um mean velocity at the minimum flow cross-sectional [m/s]
Re Reynolds number [p.Un.Dn / u]

T temperature [K]

u

Mean velocity at the channel (m/s)

ui Axial velocity (m/s)
u; Vertical velocity (m/s)

Greek letters
4 dynamic viscosity [kg/m s]
p density [kg/m3]

Subscript

in

inlet

m mean
out outlet
w wall

Abbreviation
FTHEs fin and tubes heat exchanger
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