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Abstract. The growing industrial development over the last decades led to the improvement of several thermal
devices. Among the main types of equipment that have evolved in the last decades, heat exchangers stand out.
The present work investigates the heat transfer augmentation for a wavy-fin compact heat exchanger operating at
low Reynolds numbers, by combining longitudinal vortex generators. The computational modeling considers a
tridimensional model, for an incompressible, steady-state and turbulent flow. The heat exchanger with wavy fins
is evaluated considering circular and elliptical tubes for staggered arrangement combined with vortex generator
of delta-winglet and rectangular-winglet with aspect ratio of 2 and angles of attack of 15°, 30° and 45°. The heat
transfer was evaluated by Colburn Factor and the pressure drop by Friction Factor. In comparison with the
reference heat exchanger (without vortices generators), the results show an increase in the heat exchange of 41%
using the elliptical tubes associated with a rectangular-winglet vortex generator at the angle of attack of 45°. For
the friction factor, the configuration with rectangular-winglet vortex generators is higher than delta-winglet
vortex generator independently of the angle of attack. Moreover, the friction factor for circular tubes is higher
than elliptical tubes. Overall, the results showed that the compound passive technique is an efficient technique to
improve the heat exchange in the compact heat exchanger, allowing, among others things, the reduction of
materials for fabrication process and manufacturing.

Keywords: Longitudinal Vortex Generator, Compact Heat Exchanger, Computational Fluid Dynamics, Wavy-
fin.

1 Introduction

Heat exchangers are used to providing heat transfer between two or more fluids with different temperature.
These devices are widely used in many industries and applications, including the process and chemical
industries, transportation, air conditioning and refrigeration [1]. High-efficiency heat exchangers can reduce the
cost of materials, energy consumption and also to mitigate the environmental impacts [2].

For the past decades, several techniques have been developed to improve the thermal efficiency of heat
exchangers [3]. These techniques are named Active and Passive techniques. Active techniques involve the use of
external power to augment the heat transfer rate, while passive techniques do not require any external power to
enhance the heat transfer performance of heat exchangers [4].

To improve performance and meet the demands for high efficiency and low cost devices, the most common
way to reach it is to use passive techniques, such as heat transfer surfaces able to periodically interrupted the
dynamic and thermal boundaries layers along the flow direction [5]. Wavy-fin and longitudinal vortex generators
are typical and efficient example of surface applied to enhance the heat transfer of compact heat exchanger [6].
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These mechanisms for increasing heat transfer are generally to disrupting the growth of the boundary layer, to
increase turbulence intensity and to generate secondary flow such as eddies or vortices [7]. Normally, the
increase in heat transfer rate is accompanied by an increase in pressure drop, increasing by pumping power [8].
In Fig. 1 it is possible to observe the waved geometry of the compact heat exchanger.
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Figure 1. Geometry of the wavy fin of the heat exchanger. [9]

In the present research, a modeling and numerical simulation of a wavy-fin compact heat transfer with a
longitudinal vortex generator is performed, using Computational Fluid Dynamics (CFD), considering a wavy-fin
compact heat exchanger with circular and elliptical tubes combined with vortex generator. Vortex generator type
delta-winglet and rectangular-winglet with aspect ratio of 2 and angles of attack of 15° 30° and 45° are
investigated for staggered arrangement tubes. The operational range is similar to found in refrigeration
applications and air conditioning, corresponding to Reynolds number from 150 to 600 (based on Fin Pitch).

2 Governing equations and thermal-hydraulic parameters

The flow is considered turbulent, steady-state, three-dimensional and incompressible flow with constant
properties, according to Bhutta et al. [10]. Being an air flow with Prandt number 0,7. The governing equation of
conservation of mass, momentum and energy are shown below.

d Y]
——(py;) = 0.
an ]
0 dp (2)
_— UU —T:: ) = ——.
axj (p S U) Ox;
0 Wk oT dp oy, 3
—_— unh—k—\|=-u—+r71t,,—.
Oxj Py axj ]Oxj Y ax]- )

where: u is the velocity component, h is the convection heat transfer coefficient, x; and x; are generalized
coordinates, p is pressure, t; is tension tensor, p is density, k is thermal conductivity and T is temperature.

The Ansys Fluent 19.0 was used to solve the governing equations, which is a finite volume-based
commercial software [11]. The flow is considered turbulent, even though a low Reynold number value is
verified, due to instability effects and secondary flow, both introduced by the geometrical modifications on the
fins and in the tube shape, which can promote the separation flow and the formation of wake regions.

The turbulence model used here is the k-omega Shear-Stress Transport [12], which is a modified model
based on k-omega turbulence model, proposed by Wilcox [13]. The k-omega SST is an accurate and robust
model for flow with high adverse pressure gradients and swirl-flow. A very widespread model used among
researchers in the field as [14], [15], [9], [16] and [17]. A robust algorithm called Coupled Algorithm was used
to perform the pressure—velocity coupling, according to [11].
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The thermal-hydraulic parameters to calculate the heat transfer and pressure drop depending on the
geometry and on the flow conditions. The flow condition can be characterized by Reynolds number, Colburn (j)
and Friction (f) factors, which are represented below [16].
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The equations 4-6 are adequate to compare circular and elliptical tubes since the minimum passage area is a
function of elliptical tube eccentricity. Thus, the thermal-hydraulic parameters are calculated under the same
reference based on fin high (H) and computational domain length (L).

The total heat transfer, pressure loss and log-mean temperature differences are defined by the equations
below, according to [14].

Q = mc,AT = mc, (T — Tout)- (7)
Ap = ﬁin - ﬁout' (8)
where:
dA
5= /I, » _ )
) , dA
7o A, urdd (10)
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The convective heat transfer coefficient is calculated by equation (11).

Q
h = A AT (11)
AT, — (Tw — Tm) — (Tw — Tout)
= Tw—Tim) : (12)
In[Lw=Tin).
(Tw=Tout)

2.1 Computational domain and boundary conditions

To define the computational domains and boundary conditions in this study, it is defined that x is the
streamwise direction, y is the spanwise direction and z stands for the fin pitch direction, as indicated by Salviano
et al. [15]. Considering computational time and cost associated with numerical simulation, the present modeling
considers a compact heat exchanger under symmetry condition, with two tubes rows and a staggered-tube
arrangement. Fig. 2 shows the computational domain divided into three parts: the upstream-extended region, the
fin region and the downstream-extended region. The upstream region was extended one time of the main domain
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to ensure the inlet velocity uniformity. The downstream region was extended seven times of the main domain to
avoid reversed flow. No-slip condition was assumed on fins and tubes for a constant temperature. In the
downstream and upstream regions, symmetry boundary conditions were applied. An outflow (Newmann
condition) boundary condition is defined at the outlet.

The present geometry is based on heat exchanger by Damavandi et al. [9], with slight modification on the
inclination of the upstream and downstream extended-regions in order to obtain more stability in the numerical
convergence.

Outlet

Downstream Region

Tube wall 3
Inlet \‘\I/'\
Figure 2. Computational domain of the compact heat exchanger model.

Circular and elliptical tubes were modeled in such a way that their perimeters are equal, ensuring a same
heat transfer area. Frontal velocity was considered 0.5 to 2.5 m/s, which corresponds to a typical application in
refrigeration systems. Vortices generators are welded on inferior wavy-fin according to Eqg. (13) and (14)
proposed by Lotfi et al. [17]. We can see in Fig. 3 to their positions.

Vs

AX = tR, cos 3 (13)
/s

AZ = $2R, sinz. (14)

where: AX is the distance from the center of the tube in the x-axis up to the center of the VG, AZ is the
distance from the center of the tube in the z-axis up to the center of the VG, R, is the semi-major diameter, Ry, is

the semi-minor diameter.

a) Circular tube

i

b) Elliptical tube

Figure 3. Top view of heat exchanger with vortex generators with 0° attack angle
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3 Validation and grid independence

The grid independence procedure was conducted according to Celik et al. [18], by the Grid Convergence
Index Methodology (GCI). Three different mesh refinements were evaluated and the results are shown in Tab.1.

Table 1. GCI calculation reports.

. GCl 3 (%)
Cells number Refinement Re = 800 Re = 4000
(Main Domain) index, r
J f J f
Grid 1 (h1)  439.306 -
Grid 2 (h2)  1.113.200 13 0.01 0.47 1.75 0.75

Grid3 (h3) 2.451.768 13

The Reynolds number for validation and GCI study is based on tube diameter. Table 1 shows the total
number of cells for each grid, refinement factor r and GCI values. According to GCI 3, values for Friction and
Colburn Factors, the higher discretization uncertainty is 1.75% for the Colburn factor and Re = 4000, which is
considered small for the present work. Thus, mesh density analysis is reached and intermediate mesh can be used
for the further analysis. Moreover, the average values for the y-plus [11] are shown in Tab. 2, which indicates
adequate values as recommended for the turbulent model (should be close to unit).

Table 2. Grid y-plus values.

"

Meshes Re = 800 Re = 4000
Refined (h3) 0.12 0.42
Intermediate (h2) 0.13 0.44
Coarse (hl) 0.14 0.46

The validation of the numerical modeling was performed by comparing the numerical results with the
values obtained from correlations proposed by Wang et al. [19]. These correlations have a standard deviation of
10%; while the friction factor with a deviation of 15%. Fig. 4 shows that for friction factor and Re = 800 and Re
= 4000, the differences are 13.7% and 2.14%, respectively, while for Colburn factor the differences are 8.03%
and 0.9%, respectively. Thus, numerical modeling adopted herein could be considered robust and reliable.
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Figure 4. Validation comparison of the correlation and the simulation values.
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4  Results and discussions

The profile of Colburn factor (j) and Friction factor (f) along the main domain is plotted for the Reynolds
number of 150 and 600. Fig.5 shows the Colburn factor profile (j) for the configuration CD (circular tube with
delta-winglet vortex generator), considering three angles of attack. Since REF is the reference case without a

vortex generator.
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Figure 5. Colburn factor profile (j) in the entire main domain for the case of CD.

Figure 5 shows that for both values of the Reynolds number the heat transfer is enhanced for all angles of
attack especially for 45°. The presence of the longitudinal vortex generator contributes to disrupting the
boundary layer growth and to improve the mixture between cold and hot fluid streams. Fig. 6 shows the
associated pressure drop profile for the CD configuration.
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Figure 6. Pressure drop profile over the entire main domain for the CD case.

Fig. 6 shows that vortex generators with the angle of attack of 45° indicated more pressure drop for both
Reynolds numbers. Moreover, for Reynolds number of 600, a small difference is verified for the angle of attack
of 15° and 30°, which is not verified for Reynolds number of 150.

The same behavior is verified for the configuration with circular tube and rectangular-winglet vortex
generator (CR), as shown in Fig. 7 and Fig. 8.

Fig. 7 shows significant increase in heat transfer, independent of the angle of attack and the Reynolds
number. The impact of the rectangular-winglet vortex generator is more evident at position x = 15 mm for the
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angle of attack of 45° at Reynolds number of 600. The rectangular-winglet vortex generator promotes a greater
heat transfer intensification and, consequently, this leads to a greater pressure drop as can be seen in Fig. 8, for
both Reynolds number. The case with a 45° angle of attack showed a large pressure drop in relation to the
reference case. For low Reynolds number, the pressure drop is also significant, although heat transfer was less
pronounced than for high Reynolds number. This corroborate the difficulty of intensifying heat transfer at low
Reynolds number with moderate pressure loss.
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Figure 7. Colburn factor profile (j) along the main domain for the CR case.
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Figure 8. Pressure drop profile along the main domain for the CR case.

Fig. 9 shows the Colburn factor (j) for configuration with elliptical tube with delta-winglet vortex
generator (ED), and Fig. 8 shows its pressure drop profile. As can be seen, the Colburn factor for the angles of
attack of 30° and 45° are similar, with slight increases in heat transfer compared to the reference configuration.
The impact of the angle of attack is slight on Colburn factor for elliptical tubes for both Reynolds number.
Moreover, the enhancement heat transfer for the elliptical tube is lower than that reached for circular tube. Fig.
10 shows that the pressure drop for the configuration with angle of attack of 15° is numerically insignificant
when compared to the reference configuration, showing that the flow dynamics imposed by the wavy-fin is more
significant than the effects produced by the vortex generators for small angles of attack. The highest pressure
drop is observed for the angle of attack of 45°.
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Figure 9. Colburn factor profile (j) along the main domain for the ED case.
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Figure 10. Pressure drop profile along the main domain for the ED case.

Similarly, the Fig. 11 shows the Colburn factor (j) along the main domain for the configuration with
elliptical tube with rectangular-winglet vortex generator (ER) for different angles of attack of the vortex
generator for Reynolds number of 150 and 600. For all configurations investigated, the enhancement heat
transfer for ER is higher than the reference configuration and also higher than ED configurations. Moreover, the
angle of attack influenced the heat transfer more than for ED configuration even at a smaller angle of attack.
However, the higher pressure drop is also verified for ER configurations, Fig. 12. Evidently, the higher pressure
drop is observed for the angle of attack of 45°. Although the pressure drop of the ER with angle of attack of 15°
is similar to reference configuration for Reynolds number of 600, Fig. 12, the heat transfer is increased as shown
in Fig. 11.
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Figure 11. Colburn profile along the entire main domain for the ER case.
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Figure 12. Pressure drop profile along the main domain for the ER case.

5 Conclusions

In this work, a study of a numerical simulation of a wavy-fin compact heat exchanger combined with
longitudinal vortex generators was performed to enhance the heat transfer. Circular and elliptical tubes were
investigated for Reynolds numbers of 150 and 600 (based on fin-pitch) for staggered arrangement. Based on
Colburn factor and Friction factor, the mains conclusions are presented:

. The enhancement heat transfer is reached for higher angle of attack, although higher pressure drop
is also observed;

. Vortex generator is an effective device to enhance the heat transfer especially for the rectangular
and higher angle of attack;

. Rectangular-winglet vortex generator enhances the heat transfer more than delta-winglet vortex
generator for both circular and elliptical tubes;

. Enhance the heat transfer at lower Reynolds number is harder than at higher Reynolds number.
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