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ABSTRACT - The forced convective heat transfer behavior of a turbulent air flow, steady and Received: 03 Mar 2020
Newtonian over a fin and oval-tube heat exchanger has been examined numerically. Where, the Revised: 10 Oct 2020
effect of the tube tilt angle (a) on the heat transfer coefficient and the friction factor was tested. The Accepted: 05 Jan 2021
inclination angle of the oval-tubes going from 0° (Baseline case) to 90° with a step of 10°. The fluid

flows and heat transfer characteristics are presented for Reynolds numbers ranging from 3.000 to KEYWORDS

12.000. All investigations are carried out with the help of the CFD ANSYS Fluent. Heat transfer Heat transfer;
coefficient results in the term of the Nusselt number are validated with the available experimental oval tube;

data and a maximum deviation of 9 % is observed. Reasonable agreement is found. The obtained ){Vf’??e’tf””tml?er '
results show that the tube's inclination angle of 20° is the best design which significantly removes crécrr';';ﬁz;:r’

the hot spots behind the tubes, thus giving an increase in the heat transfer coefficient of 13 %
compared to the baseline case. In addition, useful correlations are developed to predict Nusselt
number and friction factor in the fin and oval-tube heat exchanger.

INTRODUCTION

Fin and tube heat exchanger (FTHE) is a primordial device commonly used in several industrial processes such as
thermal centrals, air conditioning systems, refrigerators, automobile radiators and other systems. The thermal performance
of fin and tube heat exchanger is limited by using the gases fluid flow such as air. Where, for liquid fluid flow compared
with airflow and phase change heat exchangers, the resistance of air side heat transfer convection is usually dominant due
to the air thermo-physical properties because heat transfer coefficients are generally inferior for the gas side than for
liquid [1-2].Therefore, for better concept to improve the thermal and hydrodynamic characteristics, it is required to set
into consideration the influence of the thermo-physical properties of fluid flow, and the geometrical arrangement of heat
exchangers. Among the successful techniques of improving the heat transfer execution of gas-side is using vortex
generators (VGs). The VGs are constructed in order to intense the turbulence, thermal and hydrodynamic boundary-layers
destruction; heat transfer performance is improved due to these effects. The researches which analyzed the effects of GVs
on the FTHESs thermal performance are very available in literature [3—4].

In this field, several experimental and numerical studies reported that the insertion of GVs inside the FTHES helps to
guide the fluid flow toward the tubes, intense the speed fluctuations and as a consequence, augments the heat transfer
coefficients in the regions behind of the tubes [5-7].unfortunately, the augmentation of heat transfer rates in the FTHES
with GVs associates a pressure drop penalty due to the generation of vortex and the changes in the flow direction [8-9].
Fiebig [10] analyzed the effect of winglets vortex generators on the fluid flow and heat transfer behaviors in a fin and
tube heat exchanger. The inline and staggered configurations of tubes have been examined. They reported that for the
inline tube configuration, the VGs increase the heat transfer by 55-65% with a corresponding increase of pressure drop
of about 20-45%. He et al [11] numerically studied the effect of a pair of winglets vortex generators for three attack
angles (8 = 10°, = 20°, = 30°). They reported that the winglets with discontinuous rows present a significant increase
of heat transfer rates tend to 33.8-70.6%, but also it generates a friction factor penalty of 43.4-97.2% compared with the
tubes without GVs. The shape of tubes is another important aspect which influence directly on the thermal performance
of FTHEs. The circular tubes shape presents the classical configuration that was used in the FTHESs concept. In 1972,
Zukauskas [12] experimentally effected an extensive analysis of fluid flow and heat transfer characteristics over circular
tubes banks. Many configurations and thermos-physical proprieties have been analyzed such as the tubes arrangement
and flow regime. He elaborated correlations to predict heat transfer coefficients and friction factor and reported that the
optimal tubes' arrangement is one of the primordial problems in the design of heat exchangers. Currently, some authors
analyzed different tubes shapes such as elliptic [13-15], flat [16-18] and oval [19-21] forms. For examples, Katkhaw et
al [13] experimentally investigated the heat transfer performance of external air flow over the ellipsoidal dimple surface
with different arrangements and pitch values. The velocity of air stream ranges from 1 to 5 m/s. They found that for
staggered arrangements, the dimpled surfaces with a pitch of (S./Dminor = 1.875) and Spanwise pitch to Dimple diameter
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on minor axis (St/Dminor =3.125), gives the optimum thermal resistance values of about 15.8% better than the smooth
plate. For inline arrangements, S;/Dminor = 1.875 and St/Dminor = 1.875 show the optimum thermal heat transfer coefficients
about 21.7% better than the smooth plate. Based on the results obtained correlations were reported for both inline and
staggered configurations. In order to test a steady air laminar flow side in a channel of a flat tube with dimpled fin, Wei
et al [17] show that dimpled fin has better heat transfer performance than the plain fin. It was observed that whenever the
same intensity of secondary flow is produced by increasing dimple radius, the dimple pitch and the fin spacing, the same
heat transfer intensity is obtained. Ishak et al [21] experimentally examined the heat transfer performance of airflow in a
staggered flat tube bank in crossflow with laminar-forced convection. The Reynolds number range from 373 to 623 and
the total heat flux varied from 967.92 to 3629.70 W/m?. They found that in the Reynolds numbers varied from 373 to 623
for the fixed heat flux, the mean Nusselt number for all the flat tubes is increased by 11.46—46.42%. The average Nusselt
number increased between 21.39-84% for a Re = 498 and the heat flux supply ranges between 967.9 to 3629.7 W/m2. A
new Nusselt number-Reynolds number correlation was determined. Alireza et al [22], investigated experimentally and
numerically the heat transfer performance and pressure loss of a finned oval tube heat exchanger to study the effects of
fin length, fin spacing and diameter ration of the tube cross section. In order to find the optimum arrangement, they found
that for low Reynolds number the fin spacing of 1 mm shows the best results at all tubes aspect ratios and fin lengths.
Zhu et al [23], studied the effect of ellipticity of two tubes in two rows fin-and-tube heat exchanger in staggered
arrangement for different Reynolds numbers by performing a three-dimensional numerical simulation combined with an
artificial neural network (ANN) and Multi-objective genetic algorithm (MOGA). In addition, they showed that lower
elliptic tube followed by higher elliptic tube has better thermal and hydraulic performance than other configurations [24—
25]. Tang et al [26] experimentally studied the effect of various air inlet angles on the heat transfer and flow friction
characteristics of a tow-row plain finned oval tube heat exchanger. They showed that air inlet angle of 45° provided the
best heat transfer performance compared with the others angles. In order to investigate the effect of tube shape on air-
side performance of FTHE under typical conditions, varying both dry bulb temperature and air flow velocity, Shiquan et
al [27] observed that air flowing outside elliptic tube showed much better heat transfer coefficient with 66% higher than
that circular tube. In the same context, other parameters need to be analyzed such as tubes pitch ratios (PR) [28], and
ellipticity ratios (b/a) [29].

In 2015, and in an extensive research, Tahseen et al [30] displayed several papers which are relevant to the tube banks
heat exchangers. They reported that the heat transfer and pressure drop characteristics of FTHES depend on various
parameters. They summarized these parameters as follows: velocity of external fluid, tubes rows, tube arrangement (in-
line/staggered, series), tube spacing, fin spacing, form of tubes. In addition, among some recommendations, they advised
that tubes shape such as the flat and elliptic forms merit to be used in the FTHES design.

In this context, some authors have described that many correlations need to be corrected by considering other
parameters such as the tube size, and the longitudinal tube ratios [31] and other shapes [32-33]. These last
recommendations encouraged us to consider the effect of a new parameter in this paper. It concerns the impact of the
inclination of the oval tubes on the thermal and hydrodynamic performances of a FTHE. Based on numerical results,
reliable correlations have been proposed to predict heat transfer coefficients and friction factors. Where, these correlations
provide a necessary basis for FTHESs design.

PHYSICAL AND NUMERICAL MODELS
FTHE and Oval Tubes Configurations

The numerical analyses are realized by the computer code Ansys Fluent. The geometry of the problem analyzed as a
numerical domain is shown in Figure 1(a) and 1(b). It consists of a fin and oval-tubes heat exchanger. The investigations
based on the test of tube's inclination angle (), which is varied from 0° to 90°, with 10° of step. The tube configuration
is exposed in Figure 1(b). The longitudinal/transversal diameters ratio (Da/ Dy) of the oval tube is 2, the transverse tube
pitch (St) is 42.20 mm, and the longitudinal tube pitch (S.) is 31.65 mm. Considering the Reynolds number interval (3.000
to 12.000) and the tube's inclination angle (0° to 90°), fifty cases were analyzed in this investigation.

Physical Conditions and Mathematical Formulation

The regime of fluid flow is characterized in the inlet with Reynolds number varying from 3.000 to 12.000. The air
flow regime is considered turbulent and incompressible. A steady state is assumed for the perdition of fluid flow and heat
transfer. The air thermo-physical properties are supposed constant. A constant temperature is supposed for the oval tube
wall. Also, the radiation heat transfer is neglected. The continuity, momentum and energy equations are the governed
equations which are used to predict the airflow and heat transfer inside the heat exchanger, these equations expressed as
follows:

Continuity equation:

0
5 (Pui)=0 )
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Momentum equation:
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Energy equation:

((F +, )%TJ 3)

i

i(PuiT )=

o
oX; PX;

Oval tubes

Y

Numerical domain

Inlet Da/
=\

a=0°(Reference case)

Qval tube

(b)

Figure 1. Configurations of: (a) a fin-and-oval-tube heat exchanger with (b) different tubes inclination angle («)

where I' is the molecular thermal diffusivity, I'tis the turbulent thermal diffusivity:

T =pfPr; I = u [Pr ; u=pC, (K &) )

pui' u'j are the Reynolds stresses defined by the Boussinesq hypothesis:

u'u'— %4_%_3 k + aié‘ 5
PRI Tax, B T e ) ©)

J

where, d; is the Kronecker delta.
In order to close of the equations, the RNG k-¢ model of turbulence which is based on the turbulent kinetic energy k

(Eq. 6) and the energy dissipation ¢ (Eq. 7) is used in this study. This model is largely utilized to predict the turbulent
flow and heat transfer inside heat exchangers [32].
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Where, Gy represents turbulence kinetic energy generated by the mean velocity gradients.

Cn’(l-n/y)

C,, =C,, +
2¢ 2¢ 1+ﬂ7’]3

(8)

Py is the production term of the turbulent kinetic energy due to the mean velocity gradient. It is defined as: B, = 1,S°

Where S is the modulus of mean rate of strain tensor, defined as: S = (2 SijSij )VZ

The constants of the RNG k-¢ turbulence model are valued as: C,, =1.42, C,, =1.68, n=Skk, 5,=4.38,
B =0.012.

Governing Parameters

In the heat exchanger, the efficiency of governed parameters considerably related to the geometry of heat exchanger
and fluid flow conditions. The flow regime can be determined by Reynolds number, bulk temperature, average, or local
heat transfer coefficient. The better heat exchanger design is combined between the highest heat transfer rate and the least
pressure loss. In the present analyzes, the Nusselt number, friction factor are the fundamental parameters which are used
to explain the thermal and hydrodynamic behaviors of FTHEs. The velocity, temperature are additional parameters
leading to a supplementary understanding of the physical phenomena. These dimensionless parameters are determined as
follows:

Reynolds number:
pU,, D,
= 9
" 9)

Where 4 is dynamic viscosity, Un is mean velocity at the minimum flow cross-sectional, p is density and Dy is the
hydraulic diameter.

Re

Total heat transfer coefficient:
Q = mep(Tout _Tin) (10)
Where my is mass flow rate, Cy, is specific heat and T is temperature of inlet and outlet.

The logarithmic mean temperature difference:
((Twall _Tin )_(Twall _Tout ))

In{ (Twar ~Tin) J (11)

(Twall _Tout )

ATIm =

The heat transfer coefficient given as:

Q
h =
AAT, (12)
Where A is total heat transfer surface area.
Nusselt number:
hD
Nu = Th (13)

Where k is thermal conductivity.
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Friction factor along the test section given as:
AP
1 2 (14)
5 (PUn?)

Where, AP is the pressure difference between inlet and outlet is assumed as:

AP = Pin - Pout (15)

Boundary Conditions

For the tube’s walls, a no-slip boundary condition was performed, where both components of velocity were set to
zero. These walls were maintained to constant wall temperature (Tw = 350°K). The profiles of temperature and velocity
are recognized at the inlet air flow passage section. A uniform velocity (U = Ui,) and a constant temperature (Ti» = 300
°K) are utilized in the inlet section. At the outlet section, the conditions of Neumann boundary are utilized for all variables,
thus the streamwise variable gradients are fixed to be zero.

Grid Independence Strategy

Before analyzing the impacts of oval-tubes arrangement on the heat transfer and fluid flows characteristics, it is
essential to adopt an appropriate meshes system for calculations which is leading to a correct physical result. The
Computational Fluid Dynamics (CFD) Ansys Fluent is employed to investigate the fluid flows and heat transfer in the
FTHE. Meshes of the computational domain were created by using the Gambit software 2.4.6. A number of tests grid
series were realized on all numerical domains. A triangular grid type, no-uniform is selected. A refined mesh density is
used near the walls of tubes in order to predict the temperature and velocity gradients. The meshes selected in the Baseline
case (a = 0°) with Re = 5000 are 61.249, 87.998, 100.915, 134.014 and 160.118. It was found that the deviations of the
Nusselt numbers results did not exceed 1.8 % when the grid number is higher than 100.615 cells. Thus, the grid of 100.615
cells was utilized to check the soundness of the present computer code. Likewise, for this grid series, Figure 2(a) and 2(b)
displays the distribution of the temperature and velocity gradients at x=0.08 m, and remarkable stability of the tow profiles
distributions is observed. The same approach was then utilized to test the grid independence for the other tube’s inclination
angles. The method of finite volume is used to solve the Navier—Stokes and energy equations. The convective terms in
governing equations for momentum and energy are discretized with the first upwind scheme. The SIMPLE algorithm
(Semi-Implicit Method for Pressure- Linked Equations) is used to perform the velocity-pressure coupling. For the
convergence, Default under-relaxation factors of the Fluent solver are implemented. The convergence criterions for the
normalized residuals are fixed at 107> for the flow equations and 107° for the energy equation. The numerical
investigations are achieved on a PC-i5 with a CPU frequency of 2.5 Go and a RAM of 6 Go. A typical running time for
calculation of a case is about four to seven minutes.
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Figure 2. Distribution of: (a) temperature and (b) axial velocity, at x = 0.08 m, Re=5.000
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RESULTS AND DISCUSSIONS
Validation of Results

For precise results, it is required to check the reliability of the CFD code used in this investigation. For this purpose,
we based on the experimental study realized by Baoxing and Zuhui [34] and we realized the same geometrical
arrangements. Another comparison was achieved with the work of Zhao et al [35]. For different values of Reynolds
number, the numerical results for Nusselt number and friction factor are illustrated in Figure 3. The comparison between
our numerical results, the experimental data reported by Baoxing and Zuhui [34] and those of Zhao et al [35] is conducted
in this section. Where, comparison with Baoxing and Zuhui data [34], maximum deviations of 9 % and 10 % are observed
for both Nusselt number and friction factor, respectively. The evaluation with ref [35], extreme deviations of 8% and 5
% are quantified for the same parameters and conditions.
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Figure 3. Comparison of: (a) Nusselt number and (b) friction factor results

Hydrodynamic and Thermal Aspects of Air Flow

From literature, it is known that the major problem in using circular tubes in heat exchangers is the formation of hot
points behind these tubes. For an external flow of tubes, the formation of fluid recirculation zones behind the tubes with
low speeds causes hot points (or pockets) which is reduces the heat transfer coefficient in these zones. In this context, the
increase in speed fluctuations behind the tubes is one of the main reasons for improving the performance of heat
exchangers. The axial velocity contours present a useful physical parameter leading to a correct understanding of physical
phenomena. Figure 4 shows the distribution of axial velocity for all cases studied in this work. The stagnation of the fluid
flow after the tubes is obviously appearing in the case of tubes with inclination angles.

In the range of 0° to 20°, the area of the fluid recirculation starts to be reduced as the attack angle increases, reaching
its small area in the case of the inclination angle of 20°. From the angle 30°, the areas of airflow stagnation appear at a
large surface behind the tubes, where the main flow passes on the extremities of the oval-tubes. In these cases (30° to
90°), the flow separates into two large regions; the first presents a large quantity of the flow which passes at high speed
on the upper and lower sides of the tubes.

The second region behind the tubes is caused by the separation of the main flow at the extremity of the tubes. The
latter is an undesirable phenomenon on the heat transfer performance, where the stagnated areas of the fluid flow cause
the formation of hot pockets, and as a result, it reduces the heat transfer coefficient. There is a fundamental relationship
between the formation of low velocity zones or stagnant regions and the formation of hot pockets. Where Figure 4 and 5
clearly show this relationship while the fluid structure directly influences the thermal behavior of FTHEs. Indeed, the
increases in speed fluctuations help to reduce the formation of hot pockets, and as a consequence increases the
performance of FTHE. Apparently, the 20° angle ensures the weakest fluid stagnation zone compared to other cases,
where which is merits to be considered in the FTHEs design.

Heat Transfer

As we explained above, the formation of hot points appears obviously between the tubes produced by the stagnant or
flow recirculation regions, the heat transfer rate is then reduced. The effects of tubes' inclination angles («) on the heat
transfer is studied in this section. Figure 6 depicts the variations of the Nusselt number versus the tube's inclination angles
for various Reynolds number (Re) values. This figure shows clearly that the Nusselt number augment according to the
increases of the Reynolds number (Re) values due to the rise of the velocity fluctuations, turbulence intensity and the rise
of inertial shears near the tubes. Between 0° and 20°, the Nusselt number tends to increase according to the tube's
inclination angle and reaching its highest value in the case of tube's inclination angle of 20°.
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Figure 4. Axial velocity contours for different tubes inclination angle (o), Re = 5.000

Beginning the angle of 30°, the Nusselt number tends to decrease versus the angle of the inclination of tubes and
attain its feeble values in the cases of 80° and 90°. It is very easy to explain these variations of Nusselt numbers, where
the slight inclination of tubes (a = 20°) helps to guide the main airflow towards the regions behind the tubes, also it
agitates the stagnated flow zones, creates a better flow mixture, and as a consequence, it improves the heat transfer
coefficients increase of 13% compared with the baseline case. On the other hand, the diminution of the Nusselt number
for 30° to 90° by 4% to 26 % due to the augmentation of the flow recirculation zones and the formation of the hot points
behind of the tubes which reduces the heat transfer execution.

Pressure Drops

As each energetic system, the augmentation of heat transfer rates in the FTHE associates a pressure drop penalty. In
this context, the variations of pressure drop against tubes inclination angle () for various Reynolds number (Re) values
are discussed in this section from Figure 7. This figure displays evidently that the friction factor decreases according to
the increases of the Re values due to the rise of the velocity fluctuations near the tubes. Also, the friction factor increases
versus the rise of the tube's inclination angles ranging from 0° to 20°. The friction factor attains to 2 times upper than that
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of the baseline case (a= 0°). The rise of friction rate on the large surface and increasing of speed fluctuations are
responsible for these augmentations. In the interval of 20° to 90°, the friction factor decreases by about 0.3 to 0.5 times
less than that of the baseline case. Where a large quantity of the airflow passes directly on the upper and lower extremities
of the tubes due to the separation of the main flow which reduces the pressure drop. The highest value of friction factor
in the case of 20° (augmentation of 2 times compared with the baseline case) due to the change in the flow direction and
the formation of the vortex between the tubes.
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Figure 5. Temperature contours for different tubes inclination angle (), Re = 5.000

Development of Correlations

On the base of the present results, heat transfer coefficients and friction factor correlations were elaborated using
Reynolds numbers and tube's inclination angles. Before elaborate the correlations, it is required to validate the present
results, which is performed in Figure 3. In order to assure a high accuracy of correlations, we divided the range of the
inclination angle of tubes into two parts: the first part varies from 0° to 30°, and the second varies from 30° to 90°. Indeed,
two correlations have been proposed to predict each parameter (Nusselt number and friction factor). Therefore, new
correlations for the estimation of Nusselt number (Egs. (16) and (17)) and friction factor (Egs. (18) and (19)) depending
on Reynolds number and inclination angle of tubes have been elaborated in this section. The predicted data and numerical
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results are compared as shown in Figure 8(a). All deviations are within 8 %, signifying that the heat transfer correlations
are of satisfactory precision. From Figure 8(b), the deviations of friction factor correlations are about 10%, indicating
then that these correlations are also of reasonable accuracy. Hence, these correlations may be valuable for the user to
estimate the values of Nusselt number and friction factor in such fin and oval-tube heat exchanger without experiments
and additional efforts.
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CONCLUSIONS

A two-dimensional numerical method was utilized to test the performance of fin and oval-tube heat exchangers. The
investigation was focused on different values of tube's inclination angle ranging from 0° to 90°. The fluid flows and heat
transfer characteristics are analyzed for Reynolds numbers ranging from 3.000 to 12.000. The main conclusions are
summarized as follows:

1)

2)

3)

4)

Comparing with the baseline case (o = 0°), the inclination of the oval tubes enhances considerably the heat transfer,
especially in the tube’s inclination angle ranging from 10° to 20°, which create an increase of heat transfer
coefficients with 5% to 13%.

The case of tube's inclination angle of 20° presents the best design that eliminates significantly the hot points
behind of the tubes, giving thus an increase in the heat transfer coefficient of 13 % compared with the baseline
case (a = 0°).

The friction factor decreases according to the rises of the Re values. Also, the friction factor increases versus the
rise of the tube's inclination angles ranging from 0° to 20° and it attains to 2 times upper than that of «=0°. In the
interval of 20° to 90°, the friction factor decreases by 0.3 to 0.5 times less than that of the same case.

The numerical results allow us to propose reliable correlations to predict Nusselt number and friction factor in the
fin and oval-tube heat exchangers.
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