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Abstract The present work represents a 3-D numerical investigation of forced convection
heat transfer over circular and oval tube banks with longitudinal vortex generators (LVGs) for
flow through a fin-and-tube heat exchanger. The thermo-hydraulic performance parameters are
studied numerically using computational fluid dynamics (CFD) tool. It is found that within the
range of Reynolds number (500-850) studied, the degree of heat transfer enhancement is
greatly influenced by the tube shape. Heat transfer increases by 13 % when the angle of attack
is varied from 15° to 25°, with a corresponding pressure drop of 40 % and 62 % for the oval
tubes and circular tubes, respectively. The effect of the aspect ratio of the oval tubes is
observed to be very significant. Several other performance parameters of the oval and circular
tube banks with vortex generators under the same operating conditions are compared with a
focus on finding an optimal configuration.

1. Introduction

Heat exchangers (HE) are used for numerous areas of application. Hence, it is always de-
sired to increase the efficiency of heat exchange devices to save energy as well as cost. Find-
ing design improvements of heat exchangers to enhance their performance has for long re-
ceived the attention of researchers because of their tremendous technical importance [1]. It is
widely accepted that the enhancement of heat transfer obtained from the introduction of vortex
generators (VG) of different types and shapes and configurations (longitudinal, transverse,
curved, inclined, etc.) in channel flow is principally due few common mechanisms, explained
elaborately by Tiggelbeck et al. [2]. These mechanisms include the generation of a secondary
flow consisting of interacting vortices, development of three-dimensional turbulent boundary
layer, and thinning of the sub-laminar boundary layer at the wall.

Longitudinal vortex generators (LVGs), capable of generating interacting vortices or swirl flow
along the flow direction, have received considerable attention from the researchers from the
last two decades and have been studied for the air- or gas-side heat transfer augmentation of
different types of HE. Fiebig [3, 4] reported that LVGs can significantly increase the heat trans-
fer coefficient in laminar channel flows and can realize more significant heat transfer enhance-
ment than the transverse VGs. An increase of 55- 65 % in the heat transfer coefficient with an
associated pressure drop increase of 20-45 % for inline tube arrangement was reported. The
findings of an experimental study on the heat and momentum transfer in a turbulent channel
flow with LVGs were reported by Lau et al. [5].

The effect of installing vortex generators on different types of HE (fin-and tube, louvered) un-
der different operating conditions (dry, wet and frosting) was studied and reported by several
researchers, both experimentally and numerically [6-16]. The effects of using different types
and configurations of VGs in flow fields with oval tube or tube array have also been examined
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widely [17-26]. Oval tubes have certain advantages in terms of
pressure drop reduction and smaller wake zone over the circu-
lar tubes. Therefore, when LVG is used in combination with
oval tubes, better thermal performance can be obtained without
a substantial increase in the pressure drop [17]. Chen and
Fiebig numerically studied the effect of the aspect ratio of tubes,
angle of attack and arrangement of multiple VGs on the ther-
mal-hydraulics performance of fin-and-oval-tube HE in the
staggered and inline configuration of tubes [18-20]. They found
the staggered configuration of the winglets to be more efficient
in heat transfer augmentation than the inline winglet arrange-
ment because the longitudinal vortices in the staggered winglet
arrangement were found to affect a larger flow area and inten-
sify the secondary flow. In a similar numerical study, Tiwari et
al. [21] examined the effect of the number of delta-winglet pairs
on the thermal performance of fin-and-oval-tube HE and ob-
served a considerable increase in Nusselt number as more
delta-winglet pairs, in both inline and staggered arrangement,
were introduced in the flow field.

Prabhakar et al. [22, 23] reported the numerical study of heat
transfer in a rectangular channel flow, simulating the single flow
passage in a fin-and-tube HE, with built-in oval tube and differ-
ent shape and arrangements of LVGs. The combination of the
oval tube and delta-winglet was found to provide the optimum
thermal performance, without a significant difference in the
pressure drop than the circular tube case. In a couple of highly
germane studies, the local heat transfer and pressure drop
characteristics for flow in a rectangular channel (Re = 600-
6500) with oval tube and delta-winglet VG was reported by
O'Brien et al. [24, 25]. A local heat transfer enhancement of
about 38 % was obtained for the combination of a single wing-
let pair and oval-tube compared to the oval-tube without-
winglet case. In a recent study, the effects of angle of attack
and the distance of the delta-winglet VGs from the center of the
tube on the fluid-flow structure and heat transfer characteristics
in a fin-and-oval-tube HE was examined numerically [26].

In recent years, researchers have explored few other possi-
ble areas of heat transfer enhancement using vortex genera-
tors, such as placing geometric features such as protrusions,
dimples, punched delta winglet vortex generator, and inserts of
different shapes in addition to VGs [27-29], using combined
vortex generators [30], delta winglets with nanofluids [31], us-
ing built-in Interrupted delta-winglet [32], applying VGs in HE of
different types [33, 34], wing-shaped tubes [35, 36], staggered
wing shaped tubes [37, 38], double V-cut twisted tape inserts
[39], ball-type turbulators [40], and reported encouraging find-
ings. Heat transfer enhancement was reported for a range of
angle of attack from 0° to 45°, while heat transfer decreases for
angle of attack in the range of 135°180° [37]. The effect of the
geometric shape of the vortex generators on the thermo-
hydraulic performance has also been studied widely in the
recent years [41-44] to obtain an optimal shape for the maxi-
mum heat transfer enhancement with reduced pressure drop.
The different geometric shapes that have been studied include
elliptical, curved, angular, trapezoidal, and wavy. Detailed

thermal performance and high-temperature application of heat
exchangers were reported [45, 46] where insertion of VG with
different tube shape could be an added advantage. The poten-
tial integration of VG with flat-plate solar water heater has also
been studied [47].

Very little study, except probably the work of Prabhakar et al.
[21, 22] and O’Brien et al. [24] for a limited scope, could be
located in the open literature comparing the effect of VGs on
the heat transfer and pressure drop characteristics of circular
and oval tube banks under the same operating conditions.
There is an apparent lack of understanding on how the thermo-
hydraulic performance of multi-row fin-and-tube ex-changer
with VG compare with circular and oval tubes having a similar
cross-sectional area. Hence, the potential advantage of oval
tubes is considered in reducing the form drag compared to
circular-shaped tubes. In the study, the fluid-flow structure and
heat transfer characteristics of a seven-row fin-and-tube HE
with VGs in all tube-rows are examined in detail for both circu-
lar and oval tube banks and findings are reported.

2. Model and methods
2.1 Physical model

The geometry of a seven-row fin-and-tube HE is considered
for the computational domain. The values of fin spacing and
tube size, which are most commonly employed in the industrial
system, have been selected in the present model. The compu-
tational domain considered in this study is of a channel of
height H = 3.63 mm, width W =25.4 mm, and L = 177.8 mm as
shown in Figs. 1 and 2. The outside diameter of the tube is
10.67 mm,; the fin thickness is minimal and is neglected. In
case of oval tubes, the cross-sectional area of the tube is same
to that of circular tubes and the major and the minor radius are
calculated based on dif-ferent aspect ratios of the oval tubes as
denoted by Fig. 3. The position of the winglet is fixed concern-
ing the tip circumference of the circular and oval tubes.

In the present study, the dimensions of winglets are taken as
length, | = 10.67 mm, width, w = 2.18 mm and thickness, 0 =
0.18 mm. The winglets could be arranged as common flow up
(CFU) and common flow down (CFD) configuration. The ratio
of the major radius (b) to the minor radius (a) of the oval tube is
termed as aspect ratio (AR) and the numerical investigation
was carried out for different aspect ratios of the oval tubes for
the stated conditions. Most of the results in the present study
are for aspect ratio AR = 1.24, 1.54, 1.8, and 2.32, for oval
tubes as shown in Fig. 4. Each VG attached on the bottom fin
could rotate around the axis. The angle of attack a of the wing-
lets is varied by 15° and 25°.

2.2 Governing equations and boundary condi-
tions

In developing the model, the assumptions which have been
considered are- steady-state, constant properties of fluid (i.e.,
density, p; viscosity, y; specific heat, Cp; and thermal conduc-
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Fig. 1. Orthographic views of the computational domain with common flow
up (CFU) configuration of winglets: (a) Top view; (b) side view; (c) front
view.

Bottom wall

Tobewall  Sidewall

Fig. 2. Schematic diagram of the computational domain for oval tubes with
common flow down (CFD) configuration of winglets.

tivity, Ky, incompressible flow, negligible viscous dissipation,
and body force. The working fluid is air with constant properties
(p = 1.225 Kg/m®, p = 1.789x10°Kg/m®, C, = 1006.43 J/IKg-K,
and K; = 0.0242 W/m-K). The flow is considered Laminar and
steady (low inlet velocity and small height of the channel) simi-
lar to the Ref. [11] as well as the generation of the vortices is
considered to be a quasi-steady phenomenon [48]. The com-
pact forms of the governing equations Egs. (1)-(5) can be writ-
ten (generally) as follows:

Continuity equation:

ou 0Ov ow

+—+—=

W vy (1)
ox Oy 0Oz

Momentum equations:

X-momentum:
p[ugz+v2§+wgzt]:—gi+ﬂ[zng+zyzg+zzzg] )
Y-momentum:
p[ug)‘:+vg;+wg§]=—gi+ﬂ[;2;+82;+(i}] @)
Z-momentum:

ow, ow  ow_ lp  0tw 2w &Pw
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Table 1. Boundary conditions of the computational model.

Segment Boundary conditions

Fluid Energy

Inlet Velocity 3106 K

Tube wall No slip 291.7K
Side walls Symmetry Symmetry
Top wall Symmetry Symmetry
Bottom wall Periodic Periodic
Winglets No slip Adiabatic
Outlet Pressure Adiabatic

2a
2b

(@) (b)

Fig. 3. Schematic of the tube region of a heat exchanger for (a) circular
tube; (b) oval tube.

Energy equation:
2 2 2
or or or o“T 0°T 0°T
peplu—+v—t+w—I]=k [—5+—5+—~] (5)
Poox oy 0z I on? 6y2 oz2

The boundary conditions used in the CFD code for solving
the governing equations are shown in Table 1. An inlet velocity
boundary condition is established for the front end of the fluid
domain, whereas a pressure outlet boundary condition (0 gage
pressure) is used for the rear end of the channel. Symmetric
boundary conditions are specified at both side-ends of the flow
path. Top and bottom surface are set to be adiabatic. The air
inlet temperature was fixed at 310.6 K for all simulations. Usu-
ally in a tube-fin heat exchanger, due to the higher heat trans-
fer coefficient inside the tube and high thermal conductivity of
the tube wall, the temperature of tube surface can be consid-
ered as constant, which is set as 291.7 K to represent the
working condition of heat exchanger for air conditioning appli-
cations [11].

2.3 Numerical methods, mesh generation, and
validation

The Navier-Stokes and energy equations with the boundary
condition equations are solved by using a computational fluid
dynamics code (ANSYS FLUENT 15) based on finite volume
methodology. The algorithm used for pressure-velocity cou-
pling is SIMPLE (semi-implicit method for pressure-linked
equations), which is widely used in numerical simulation of
heat exchangers. The SIMPLE algorithm uses a relationship
between velocity and pressure corrections to enforce mass
conservation and to obtain the pressure field. Spatial discreti-
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Fig. 4. Dimensions of the tubes and vortex generators at 15° angle of attack
for (a) circular tubes, and for oval tubes with an aspect ratio (AR); (b) 1.54;
(c)AR=2.32.

zation of the momentum and energy equations was done by
second-order upwind scheme and the gradient was Least
squares cell based. The velocity formulation was absolute with
a second-order spatial discretization of pressure. Multi-
dimensional linear reconstruction approach is used in calculat-
ing the quantities of all cells in order to achieve second-order
accuracy. The pressure-based solver is used to solve the gov-
erning equations with boundary conditions. Standard solution
initialization was computed from the inlet. For solution control,
under-relaxation factors for pressure, momentum and energy
was 0.3, 0.7, and 1. The convergence criterion for the continu-
ity, velocities is that the absolute criteria of residual is 0.001
and the convergence criterion for the energy is that the maxi-
mum value of the absolute criteria is 1.0x10°.

Standard meshing technique was adopted using ANSYS
ICEM with high smoothing and default inflation settings. The
entire domain is subdivided into discrete control elements, as
shown in Fig. 5. In order to verify the grid independence of the
numerical simulations conducted, several grid systems were
examined, which is shown in Fig. 6. Among the different grid
systems, the change in the averaged Nu number is less than
0.88 %. Based on this analysis, the grid number selected for
the present study had 389669 cells. The computational cost for
performing a simulation was typically 4-5 hours for a specific
Re, on an 8.00 GB RAM, Intel(R) CORE(TM) i5-4200M CPU@
2.50 GHz.

Vortex generators (wall)

Tuhc wall

Fig. 5. The mesh refined computational domain.

LI W W W LW
Y - N - T
I 1T 1T 7
S (| F—I

Average Nusselt number, Nugyg

L
10¢ 10° 108
Number of grids

L
wd

Fig. 6. Findings of the grid independence test.
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Fig. 7. Validation of the present model for the pressure drop and heat trans-
fer coefficient with the germane work Chu et al. [15].

In addition, the reliability of the present numerical model is
validated against the germane numerical work by Chu et al.
[11] on a HE with the same geometric configuration. The simu-
lated results on the pressure loss penalty (AP) and heat trans-
fer coefficient hair of the air-side obtained in the present study
are compared with the results from Chu et al. [11] and are
shown in Fig. 7. It can be seen that the average discrepancy
between the previously reported pressure loss and heat trans-
fer coefficient values and the present numerical model is less
than 1 % and 20 %, respectively. The obtained good agree-
ment between these finding indicates the reliability of the pre-
sent model in predicting the flow structure and heat transfer
characteristics accurately.

The parameters - Reynolds number (Re), Nusselt number
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Fig. 8. Longitudinal vortices for CFU configuration of (a) circular tubes; (b)
oval tube (AR = 1.80) at different cross-sections (x = 80, 85, 90, 95, 100
mm) at an angle of attack of 15° and 7TRWPs.

(Nu), heat transfer coefficient (h), Colburn factor (j), Friction
factor coefficient (f), Area goodness factor ( j/f), and Stanton
number (St) [11] were calculated to post-process the results.

3. Results and discussion

3.1 Effects of the configuration of vortex gen-
erators

The effects of the common flow down (CFD) and the com-
mon flow up (CFU) configuration of LVGs with rectangular
winglet pair (n-RWP, n = number of winglet pair) is studied at
various Re. The CFU configuration shows a better overall per-
formance than the CFD and (CFU+CFD)-staggered configura-
tion for the RWP. Due to the pressure difference and frictional
flow effects, longitudinal vortices are generated behind the
winglet pairs. As the induced span-wise velocity of longitudinal
vortices is considerably higher than that of the frontal velocity,
they transport the fluid from the wake region of the tubes to the
main flow regions, promoting enhanced mixing of the bulk fluid.

Velocdy'
Ve b

lum-ﬂm

1586000

| EE

IJ[ﬂkm

]

11860000

Vekooly
Vaene |
‘ 47Ble0

J58he 00
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718564300

0500300
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Fig. 9. Longitudinal vortices for (a) CFD configuration; (b) for (CFU+CFD)
configuration at different cross-sections (x = 80, 85, 90, 95, 100 mm) of oval
tubes with aspect ratio of = 1.80, at an angle of attack 15° and 7RWPs.

The development of the secondary flow obtained from the
simulations is presented at five different locations along the
streamwise direction downstream of the LVGs for Re = 850. All
the contours represent the development of the counter-rotating
vortices by the LVGs, their subsequent deformation, and re-
duction of strength as the vortices move downstream in the
channel.

The effects of channel walls on vertical structures can be re-
alized when the cross flow at any two sections of the winglets
is compared. The primary counter-rotating vortices result in the
massive churning of the fluids from the channel wall to the
central part of the tube. The circular tubes show a better heat
transfer coefficient due to the high velocity-induced flow near
the tube wall than the oval tubes. In the CFU configuration, the
left winglet forms counter-clockwise rotating vortices, and the
right winglet forms clockwise rotating vortices, as shown in Fig.
8. Subsequently, the distance between the core of the vortices
decreases and the interaction between the counter-rotating
vortex pairs increases considerably as a result. It is also
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Fig. 10. Variations in (a) heat transfer coefficient; (b) pressure drop for a
range of Re numbers at the different configuration of VGs for 7TRWPs.
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Fig. 11. Comparison of heat transfer coefficient with per unit pressure drop
for different configuration of the VGs and tube shapes demonstrates a
better performance of the oval tubes in CFU configuration.

observed that the core of the vortices in CFU gradually moves
from the lower wall to the upper wall as the flow moves down-
stream. The thinning of the thermal boundary layer is on the
outer region of the vortices. On the contrary, for the CFD con-
figuration, the left winglet forms clockwise rotating vortices
while the right winglet forms counter-clockwise rotating vortices
along with the flow, as shown in Fig. 9. In this case, the thermal
boundary sub-layer thins due to the decrease of secondary
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v N EBIBEE
= L] o
58888

Fig. 12. Velocity contours for circular tubes at a plane, X = 98 mm for 7 VG
configuration for (a) Re = 500; (b) Re = 700; (c) Re = 850 at an angle of
attack of 15°.
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Fig. 13. (a) Velocity; (b) temperature distribution along the midline of YZ
plane at a distance X = 98 mm for oval tubes (AR = 1.80) at different Re
and 15° angle of attack.

flow vectors in between the developed vortices. Circular tube
with VGs in a CFU configuration shows a better heat transfer
ability than oval tubes in CFU configuration because of more
intensification of the mixing motion (Fig. 10). Due to a manifested
reduction in pressure drop penalty, the overall performance of
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Fig. 14. Comparison of (a) heat transfer coefficient; (b) pressure drop with
Re for different aspect ratios of oval tubes and that of circular tubes at a 15°
angle of attack and 7TRWPs.

the oval tube is better than the circular tubes for all the Re, as
can be seen from Fig. 10(b). For a more meaningful insight into
the relative performance, heat transfer per unit pressure drop is
shown in Fig. 11. It can be noted that oval tubes with seven
VGs in a CFU configuration yield the optimum output if the
pressure drop penalty is considered.

3.2 Effect of Re

The velocity contours at a prescribed plane are shown in Fig.
12 to illustrate the effects of the Re on the flow and heat trans-
fer characteristics. Increasing Re predictably results in a higher
velocity of the fluid as observed from the colored region (brown
circle) seen in this contour plot. In this region, more fluid is
flushed from the hot wall side to the central cooled tube region,
intensifying the mixing significantly. Hence, heat transfer is
greatly enhanced. Line averaged velocity, and temperature
distribution is reported in Fig. 13 for further characterizing the
effects of Re. The fluid is at a higher temperature compared to
the tube wall (imposed boundary conditions), as result, the fluid
temperature decreases at the tube wall, However, due to the
symmetry boundary conditions (no thermal gradient) at the side
walls or edges, the fluid temperature is same as that of the inlet
temperature.

The peak fluid flow velocity is obtained at Re = 850. Stag-
nant points are located on the tube surface while velocity in-
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Fig. 15. Variation of (a) heat transfer coefficient; (b) pressure drop with Re
for an angle of attacks of 15° and 25° for both circular and oval tube.

creases towards the wall of the channel. However, variation in
temperature at the tube surface with Re is evident (circle
marked). The temperature goes to approximately 300 K near
the tube surface at Re = 850, indicating the highest possible
heat transfer augmentation. For all the aspect ratios of oval
tubes considered, an increase in Re increases both the heat
transfer coefficient and pressure drop, as can be seen from Fig.
14. Although the circular tubes with vortex generators provide
greater enhancement of heat transfer than oval tubes with
higher aspect ratios, the overall performance of oval tubes with
AR = 1.8 and 2.3 is better than that of circular tubes when the
pressure drop penalty is considered. The pressure drop is re-
duced due to the reduction of form drag of the oval tube by its
shape. However, decrement of the aspect ratio of the oval
tubes presents more frontal area to the normal, incoming flow
and induces more contact-area with the tube surfaces.
Furthermore, for simplicity, h/p ratio is defined as the heat
transfer coefficient per unit pressure drop in Wm-2k-1/Pa unit
to gain an estimate of heat transfer enhancement for different
cases. It is observed that oval tubes with AR = 1.8 yield a heat
transfer coeffi-cient of h = 43 Wm-2k-1 at a pressure drop of 28
Pa (h/p = 1.54) while circular tube yields a ratio of h/p = 1.14 for
the same scenario. Circular tube with a 25° angle of attack
exhibits a higher heat transfer ability than oval tubes due to the
high volumetric flow rate of the fluid through the narrow pas-
sage. However, as explained before, if the pressure drop pen-
alty is considered, the oval tubes exhibit superior overall per-
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Fig. 16. (a) Simplified performance parameter, defined as the heat flux per
unit pressure drop, for the circular and oval tubes demonstrate the suitabil-
ity of oval tubes at low Re number applications; (b) a decreasing friction
factor with Re number at the 15° angle of attack for oval tubes.

formance. From Fig. 15, oval tubes with an angle of attack of
15° yields h = 42.5 Wm-2k-1 with a pressure drop of 29 Pa (h/p
= 1.47) at Re = 850. In comparison, circular tubes with the
same angle of attack result in slightly higher heat transfer coef-
ficient of h = 50 Wm-2k-1with a considerably higher pressure
drop of 40 Pa (h/p = 1.25) at the same Re. Regardless of the
shape of the tube, the increase of the frontal area of winglet
caused by the higher angle of attack plays a vital role in in-
creasing the pressure drop. In order to obtain an improved
understanding of the impact of the angle of attack of the VGs
on the circular and oval tube banks, variation of the simplified
performance parameter (heat flux per unit pressure drop) with
Reynolds number is also analyzed (Fig. 16). It is seen that an
increasing Reynolds number decreases this performance pa-
rameter for both circular and oval tubes. Oval tube yields a
higher value (= 40) of the performance parameter at Re = 500
than the circular tube (Fig. 16(a)) under the same condition,
demonstrating its potential in low Re applications. At the same
time, as the Re increases, friction factor gradually decreases
for all the stated cases (Fig. 16(a)). Higher Re implies a lower
viscous force, thereby lower shear stress and hence a lower
friction factor.

3.3 Effect of the number of VGs

As the number of VG increases, the bulk fluid mixing in-
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Fig. 17. Variation of h and pressure drop with Re.

creases at each subsequent tube, transferring heat more effec-
tively and hence yielding an enhancement of the heat transfer
performance. As a result, the heat transfer coefficient for both
circular and oval tube banks is found to increase with an in-
crease of the VGs for the present study (Fig. 17).

For the calculation of area goodness factor ( j/f ), the Colburn
factor (j) and the friction factor (f) is deduced from the Eq. (6)
[11].

2
j=S8StPr3, f=——
me . AT
2 A

min

where St is the Stanton number, Pr is the Prandtl number, AP
is the simulated pressure drop, V,, is the mean velocity of the
flow, A is the total heat transfer surface area, and A, is the
minimum flow cross-section area.

Tube banks with 1VG are found to have a higher area good-
ness factor compared to the same with a higher number of
vortex generator under the same operating condition. Although
circular tube exhibits a higher heat transfer enhancement com-
pared to the oval tubes for the same number of VGs, the pres-
sure drop also increases. For circular tubes, the greater contact
volume between mixing fluid results in a higher heat transfer
coefficient. At the same time, the narrow passages of the fluid
flow might give rise to a jet impingement effect and hence in-
creased pressure drop. Additionally, the oval tube with 7 VGs
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de-monstrates similar heat transfer to circular tubes with 3 VGs,
but at a reduced pressure drop penalty.

3.4 Comparison of area goodness factor

Finally, the criterion of area goodness factor j/f is employed
to evaluate the overall performance of the present HE with
different tube arrangements, as shown in Fig. 18. For a speci-
fied range of Re (500-850), it is found that the area goodness
factor j/f is about 15 % and 25 % higher for the 1-RWP over the
3-RWP and 7-RWP cases, respectively. The influence of the
number of VGs on heat transfer, for both circular and oval
tubes, decreases as it becomes gradually more dominant on
pressure drop increment. In terms of the area goodness factor,
the 1-RWP and 3-RWP cases indicate a smaller frontal area
than the other combinations and hence would be more efficient
and effective in HE design.

It can be noted that oval tubes with seven VGs in a CFU con-
figuration yield the optimum output if the pressure drop penalty
is considered.

4. Conclusions

This study presents the findings of a numerical investigation
to examine the effect of VGs for turbulent flow through a fin-
and-tube HE, using different geometric configurations of wing-
lets and tubes. The tube shape, aspect ratios of oval tubes, Re,
number of winglets, angle of attack of the winglets are varied to
determine an optimal configuration of LVG for circular and oval
tube banks for heat transfer enhancement. The main conclu-
sions are drawn as follows:

(1) The circular tube (7VG) demonstrates nearly 45 % en-
hancement of heat transfer coefficient with an associated pres-
sure drop penalty of 127 %.

(2) For oval tube banks, oval tubes with an aspect ratio of
1.25 provide a heat transfer enhancement of 27 % with about
70 % increase in the pumping power compared to the oval
tube having an aspect ratio of 2.35.

(3) In terms of area goodness, the 1-RWP and 3-RWP cases

would need a comparatively smaller frontal area of the tube
than the other combinations considered and would be more
advantageous in fin-and-tube HE design.

Very few studies could be found in the open literature on the
effect of different design parameters on the thermo-hydraulic
performance of multi-row fin-tube HE with VGs having oval
tubes and circular tubes with the comparable cross-sectional
area. Therefore, from a design guideline point of view to obtain
an optimum configuration with oval tubes and VGs, a higher
number of winglets at a high angle of attack, oval tubes with
lower aspect ratio in a high Re flow could be preferred for
higher heat transfer enhancement with a minimum rise in pres-
sure drop.
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Nomenclature

Ar : Total heat transfer surface area
Anmin : Minimum flow cross section area
Co : Specific heat

f : Friction factor

h : Heat transfer coefficient

j : Colburn factor

jlf : Area goodness factor

Ks : Thermal conductivity of fluid

Nu : Nusselt number

Pr : Prandtl number

P : Pressure

Re : Reynolds number

St : Stanton number

T : Temperature

u : Velocity component along  X-direction
v : Velocity component along  Y-direction
Vi : Mean velocity

w : Velocity component along  Z-direction
p : Density of fluid

v : Viscosity of the fluid
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