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Abstract: This study numerically investigates turbulent
convective heat transfer (HT) in a rectangular channel
enhanced with fins and grooves using the finite element
method and the standard k–ε turbulence model. The
novelty lies in the combined evaluation of rectangular,
trapezoidal, and triangular grooves by varying the b/c ratio
from 1.0 to 0, along with a systematic optimization of plus
(+) and flat fin heights. Among six groove configurations,
the b/c = 0.75 trapezoidal groove produced the highest
temperature increase (ΔT = Tout − Tinlet) of 16.54% improve-
ment over the baseline ungrooved channel. Through addi-
tional optimization, raising both fin types to 1.50 h was
found to provide the optimal thermal performance with
an outlet temperature of 51.17°C and a 146.88% improve-
ment in ΔT compared to the baseline. These results high-
light the large synergistic effect of groove geometry and fin
height optimization, yielding an effective design strategy
for enhancing HT in solar heat exchanger devices.

Keywords: heat exchangers, fins, baffles, grooves, turbu-
lent flows, forced convection

1 Introduction

The increasing demands from various parts of the world
regarding thermally sustainable and renewable energy
sources have put pressure on the latest developments in
the field of thermophysics, especially on how efficiently the
energy from the sun can be utilized. Solar air heaters
(SAHs) comprise one of the key players in this field due
to their simple design and relative inexpensiveness. Their
uses span a wide range of applications, starting from
heating space to the drying of agricultural products.
Their optimum design and operational parameters
improve their efficiency manifold. Experiments have
been carried out continuously by researchers to improve
performance in HE channels by making various modifica-
tions. Most of the modifications incorporate the use of fins,
baffles, and other turbulators. Singh and Dhiman [1] con-
ducted the study with the double-pass SAHs with fins and
baffles. Conclusions drawn from the study show that the
increased mass flow rate and recycle ratio enhance effi-
ciency greatly due to an increase in fluid velocity, whereas
baffles enhance heat transfer (HT). The studies conducted
by Eiamsa-Ard et al. [2] were related to the rectangular
channels having square-wing perforated V-type baffles.
They concluded that the angle of attack at 45° provided
maximum thermal performance factor, while the angle
of 22.5° gave maximum HT augmentation.

Entropy generation in a three-dimensional channel
with perforated transverse twisted baffles was numerically
studied by Esmaeili and Rashidi [3], using an alumina/
water nanofluid. Their results showed that increasing the
number of holes in baffles increased the HT coefficient and
reduced the pressure loss; the best performance was
obtained for four holes and a pitch of 540° at an angle of
45°. Lopez et al. [4] conducted experiments on laminar
forced convective HT in baffled channels. They showed
that the HT enhancement as a function of pressure drop
depends on the Reynolds (Re) and Prandtl (Pr) numbers.
Santos and de Lemos [5] performed numerical simulations
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with both solid and porous baffles in laminar flow. The
final deduction was that there is no enhancement of HT
by low-porosity baffles compared to solid ones.

Da Silva Miranda and Anand [6] concluded that solid
baffles produced higher HT enhancement compared to
porous baffles in laminar forced convection, especially at
larger Re numbers and thermal conductivity ratios. Yang
et al. [7] conducted optimization of porous pin fins with
design of experiments, genetic algorithms, and computa-
tional fluid dynamics (CFD), achieving significant enhance-
ments in HT and fluid flow (FF). Kheradmand-Laleh et al.
[8] showed that for some Darcy numbers and aspect ratios,
the use of a semi-porous fin, comprising porous and solid
parts, improved HT and reduced the pressure penalties.

Venkatesh and Meenakshi Reddy [9] compared the
teardrop pin fins in turbine trailing edge cooling channels
to the circular fins and found that the HT enhancement
was 10.45%, while a reduction of 54.6% was seen in pres-
sure drop. Perão et al. [10] evaluated that in the finned
channel, the pressure drops were found to be smaller
and HT rates are higher for staggered fin arrangements
by comparison with in-line fins. Aouissi and Chabane [11]
showed that for solar air collectors, the average Nusselt
number (Nu) and friction coefficient (Cf) increased with
an increase in the number of rectangular baffles.

Chamoli and Thakur [12] highlighted that baffles
enhance the HT and thermal efficiency in SAHs most sig-
nificantly, while the optimal geometrical design was deter-
mined by the flow attack angle and the form of baffles.
Chabane et al. [13] showed that the best thermal efficiency
could be achieved by applying rectangular baffles disposed
perpendicularly to airflow at median and transversal loca-
tions. Jain et al. [14] found that discrete V-shaped perfo-
rated baffles enhanced Nu and Cf, thereby achieving a
thermohydraulic performance parameter of 2.24 at
optimality.

Mukilarasan et al. [15] demonstrated that a 45°: ± 45°:
45° baffle arrangement improved the HT in shell and tube
HEs without changing the design modification. Henniche
and Korichi [16] investigated that self-sustained oscillatory
flow in asymmetrically heated baffled channels develops
the HT at moderate Re number, whereas these modifica-
tions result in increased power consumption of pumping.
Wang et al. [17] compared the helical baffles with conven-
tional segmental baffles for enhancing the performance of
shell-and-tube HEs.

Sharma et al. [18] illustrated that sine wave baffles in
SAHs resulted in the enhancement of thermal efficiency up
to 78% along with an effective efficiency of 70.8%. Naqvi
and Wang [19] showed that the utilization of porous media
enhanced HT in shell-and-tube HEs with different baffle

design at the expense of a minimal pressure drop penalty,
especially for anti-vibration configurations. Joye and Côté
[20] indicated that helical fins enhance HT coefficients by
40–50%, while the longitudinal fins have surprisingly
increased it by 260% due to some cross-flow effect.

Thomas Renald et al. [21] conducted a study con-
cerning wavy fins on a triangular duct SAH. It is noticed
that the higher the amplitude ratio of the fin, the more
thermally efficient it is, and here, it reaches 85%. Michael
Joseph Stalin et al. [22] presented that prismatic triangular
SAHs with longitudinal fins and rib turbulators optimized
for high thermal performance substantially enhance it.
Wang et al. [23] concluded that among unsymmetrical
helical baffle geometries in shell-and-tube HEs, a quarter
one provides an optimal compromise between low flow
resistance and moderate HT efficiency.

Menni et al. [24] aimed at the goal of combining baffles
and nanofluids to achieve a significant enhancement in the
thermal efficiency in HEs using multi-walled carbon nano-
tubes as the working fluid, especially upon the use of ver-
tical baffles. Fourar and Benmachiche [25] came up with an
innovation on the traditional circular fins by introducing a
V-shaped cut that attained substantial weight reductions
and an enhanced HT rate. Sharma et al. [26] concerned
mixed convection in grooved channels with central adia-
batic baffles, in which considerable HT gain was reported,
especially in the mixed convection regime.

Yang et al. [27] conducted the experimental investiga-
tion of the lantern-shaped pin fins to cool gas turbines and
mentioned that with a higher sphere-to-pin diameter ratio,
the thermal performance increased noticeably at the
higher Re number. Chabane et al. [28] researched the
enhancement in SAH thermal performance by integrating
several baffles within these; the arrangement and the
number of baffles were identified to have a potential
impact on the optimization of efficiency. Tsay et al. [29]
studied mixed convection in baffle-mounted ducts around
heated blocks and found that the strategic positioning of
baffles can significantly increase Nu numbers and hence
the system HT rates.

Facas [30] carried out an analysis to demonstrate that
the use of baffles in a Darcy-flow governed porous medium
results in increased energy efficiency, hence increasing the
Nu number. The performance gain was related to the Ray-
leigh number, Ra, burial depth, and baffle length. Ahmadi-
nejad et al. [31] numerically investigated a photovoltaic
thermal system with a sinusoidal fin. They indicated high
energy and exergy promotion using the Cu/water nano-
fluid under several variable conditions, including favor-
able flow rates and cooler inflows. According to Shaeri
and Jen [32], there are higher HT rates and lower drag at
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higher porosities, and hence, less resistance is obtained
with fewer perforations.

Demartini et al. [33] performed numerical and experi-
mental analyses of turbulent flow through baffle-struc-
tured channels, and their work is quite fundamental to
understanding the dynamics of flow in complicated geome-
tries. Kedar et al. [34], on the other hand, presented a study
related to SAHs in industries. Passive features such as baf-
fles and fins are used here in order to overcome the air’s
poor characteristics of thermodynamics; hence, the max-
imum efficiency for such systems can be achieved at 81.9%.
Improvement in thermal efficiency up to 14.7% for jet plate
SAHs may be included using continuous fins, especially for
high Re number values, as reported by Goel and Singh [35].

Berber et al. [36] showed that curved winglet vortex
generators show that VGs significantly enhance the Nu
number in rectangular channels; for increased attack
angles, the HT enhancement is as high as 476.08% over
plain tubes. Ishaq et al. [37] optimized trapezoidal fins in
elliptical-core HEs regarding fin number, height, and
radius ratio; significant enhancements in HT performance
are present. Other studies used various HT techniques,
such as the analysis of MHD nanofluid convection and
phase change in a corrugated channel with elastic parti-
tions by Omri et al. [38], the optimization of a cooling
system with perforated porous inserts and POD modeling
by Selimefendigil et al. [39], and the investigation of fluid–
structure interactions in CNT–water nanofluid convection
in a microchannel with elastic fins under periodic inlet
flow by Ben Said et al. [40].

Si et al. [41] demonstrated that the application of VGs
with semi-detached inclined trapezoidal wings in trans-
former radiator channels enhances HT by as much as
8.9% compared to a standard design. The optimal separa-
tion height is e/(0.5H) = 0.3 and inclination angles between
30° and 60°. Wang et al. [42] showed that a trapezoidal rib
combined with a 6 vol% CuO–EGW nanofluid improved the
Nu number by 135.8% with respect to smooth tubes, where
the optimum was at a rib angle of 75° and a PEC of 1.64.

On the other hand, the use of machine learning and
deep learning models has come into prominence for the
prediction and optimization of complex HT mechanisms in
advanced fluid systems. Kumar et al. [43] used a support
vector machine for the classification of HT rates in tri-
hybrid nanofluids in a 3D stretching surface with accurate
predictions under various temperatures and suction
impacts. In a concurrent study, Kumar et al. [44] used
response surface methodology and deep learning to forecast
and optimize HT in water-based hybrid nanofluid flows of
thin films with effective performance mapping. Moreover,
Kumar et al. [45] combined deep neural networks and CFD

to model convective HT in dusty FF with improved predic-
tion accuracy for complex HT conditions.

1.1 Motivation

The growing global need for the utilization of renewable
energy sources acknowledges the need to develop technol-
ogies to harness such resources. Solar HEs are an integral
component of solar thermal systems, and their efficiency
needs to be optimized to maximize energy efficiency. Such
technologies will play a pivotal role in accelerating the
phase out of fossil fuels and combating climate change,
in addition to the sustainable development goals.

1.2 Aim of the study

The aim of this research is to investigate comprehensively
the hydrothermal behavior of fin-and-groove-integrated
solar HEs. Through the application of the finite element
method (FEM), the study employs the standard k ε– turbu-
lence model [46] to investigate the effects of various geo-
metric configurations. The aim is to identify optimumdesign
parameters that optimally enhance the efficiency of HT and
yield valuable information regarding the optimization of
solar HE designs for improved thermal performance.

1.3 Originality

The originality of this study lies in its exhaustive explora-
tion of blended fin and groove geometries by FEM and
turbulence modeling. Previous studies have explored the
effects of fins or grooves in separation, while this one tar-
gets their combined impact on flow turbulence and
thermal behavior in HE channels, a new aspect of solar
thermal system design.

1.4 Significance and contribution

By identifying geometrical configurations that improve
thermal performance, this study is geared toward high-
efficiency solar HE improvement. Findings from this
research encourage improved solar energy systems, thus
encouraging innovation in renewable technologies and
global efforts toward the sustainability of energy and max-
imum utilization of resources.
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2 Materials and methods

2.1 Study description

The hydrothermal performance is studied numerically in
the present research work for a rectangular channel fitted
with a different groove and fin configuration. Figure 1
shows the geometrical configuration of the rectangular
channel with grooves and fins that are installed to aug-
ment HT by forced convection.

Figure 1(a) presents a design configuration involving
the placing of fins in both “+” and flat shapes, each con-
tributing to enhancing turbulence in flow and thereby
raising the effectiveness of HT. Figure 1(b)–(d) extends
the configuration of Figure 1(a) by adding grooves of various
geometries on both walls of the channel, positioned opposite
to each fin. These grooves are for enhancing the hydrody-
namic performance of the channel by disrupting the
boundary layer flow and mixing, hence promoting strong
thermal interaction between the fluid and channel surfaces.
The integration of such geometric features tries to make the
overall thermal efficiency of the system much better.

2.1.1 Influence of groove geometry

In the first stage of this simulation, these grooves are
designed to have different shapes, starting from rectangular
with b/c ratio of 1 in case 2, passing through trapezoidal
forms with b/c ratios of 0.75 in case 3i, 0.50 in case 3ii, and
0.25 in case 3iii, up to triangular with b/c ratio of 0 in case 4.

2.1.2 Influence of fin geometry

In the second stage of this simulation, after selecting the
best grooved channel, the inquiry shifts to the fin heights
using a parametric study systematically.
– First test: The height of the first fin “+,” which was stu-

died incrementally from 0.25 to 1.50 h, was done keeping
the second fin keeping h constant.

– Second assessment: The configuration is reversed, with
the first fin’s height fixed at h, and the height of the
second fin (flat) varied between 0.25 and 1.50 h.

– Third analysis: The height of both fins is varied simulta-
neously in the range 0.25–1.50 h to investigate the
coupled effects.

Optimal fin dimensions for each case are identified
based on the performance criterion representing the

average outlet temperature (Tout). A comparison among
these optimal configurations is then carried out to arrive
at the selection of the best design.

All the dimensions of the channel, L, Linlet, Lexit, H, Dh,
h, and e are taken from the experiment conducted by
Demartini et al. [33], while the groove dimensions, a, b, c,
and d, together with the “+” fin dimension, “h,” are pro-
posed for this study.

2.2 Material properties

Air is chosen as the working fluid since its fluid dynamic
and thermophysical characteristics are well-documented
under normal ambient conditions. Due to its thorough doc-
umentation and predictable behavior, it is widely accepted
as a representative medium for air-based thermal engi-
neering applications with heating and cooling processes.
Here, the thermophysical characteristics of air are
obtained from COMSOL Multiphysics (version 5.0) [47].
The temperature-dependent properties of air are pre-
sented in Table 1. For clearer representative presentation,
Figure 2(a)–(d) shows the dependence of air properties on
temperature. Further, the values at 300 K are emphasized
by projecting them onto the temperature axis to facilitate
reference under standard conditions.

Aluminum (Al) is used for the geometry of the channel,
which was selected on the grounds of having high thermal
conductivity, low mass, and excellent mechanical strength.
Such properties make Al most suitable to enhance the effi-
ciency of HT while it is capable of withstanding structural
integrity under heat load. Thermophysical properties of
aluminum at 300 K, as utilized within this work, are pre-
sented in Table 2 and retrieved from COMSOL Multiphysics
(version 5.0) [47].

2.3 Boundary conditions and governing
equations

Some of the applied boundary conditions include the
following:
– Constant temperature boundary: The fins and grooves,

as well as the upper and lower walls of the channel, are
assumed to be at a fixed temperature of 375 K, as con-
ducted by Siddiqui [48].

– Velocity inlet and pressure outlet: The inlet is given a
uniform velocity profile, and the outlet is set under
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Figure 1: Schematic diagram of the rectangular channel with varying groove and fin configurations: (a) Case 1: ungrooved finned channel; (b) Case 2:
finned channel with rectangular grooves: b/c = 1; (c) Case 3: finned channel with trapezoïdal grooves: b/c = 0.25, 0.50 and 0.75; and (d) Case 4: finned
channel with triangular grooves: b/c = 0.
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atmospheric pressure, as reported in Demartini
et al. [33].

– No-slip and impermeability conditions: No-slip and
impermeability conditions are imposed on all solid–
fluid interfaces, as simulated by Demartini et al. [33],
for proper modeling of interaction between air with
the channel surfaces.

In this work, hydrothermal performance in a rectan-
gular channel with various groove and fin configurations is
simulated using the FEM [49] on COMSOL Multiphysics 5.0
[47]. This numerical platform is used to comprehensively
study FF and HT behavior influenced by internal surface
characteristics. The standard k ε– turbulence model [46] is
applied due to its proven effectiveness in simulating tur-
bulent flows in engineering geometries in which flow
separation, recirculation, and reattachment are expected
to take place. These phenomena are expected in finned and
grooved channels, where sudden changes in geometry dis-
rupt the boundary layer. The model’s capability to regu-
larly predict mean turbulent values in such complex flow
conditions, maintaining computational stability, makes it a
potential and affordable solution for this calculation. Also,
its complete verification against comparable internal flow
studies consolidates its validity for analyzing the impact of
design changes on thermal-hydraulic performance.

The flow and HT equations are derived from the con-
servation of mass, momentum, and energy, along with the
turbulence model. The governing RANS equations for two-
dimensional, incompressible, Newtonian FF are given
by [33]:
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where ρ is the fluid density (kg/m³),Ui andUj are the mean
velocity components in the ith and jth directions (m/s),
respectively, Xi and Xj represent the spatial coordinates
in the ith and jth directions (m), P denotes the mean pres-
sure (Pa), μ is the dynamic viscosity (kg/(m s)), and ′Ui and

′Uj are the fluctuating velocity components in the ith and
jth directions (m/s), respectively.
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where Γ is the molecular thermal diffusivity, and Γt is the
turbulent thermal diffusivity that accounts for increased
HT from turbulence.

Standard k ε– model
In the selected model, the equations for turbulent

kinetic energy (k) and dissipation rate (ε) are given as
follows [46]:
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Table 1: Temperature-dependent thermophysical properties of air used in the simulations

Property Function Unit

Density (ρ
f
)

ρ T
P

R Tf

0.02897A

const
( ) = ×

× ; for standard atmospheric conditions at the sea level: P 101,325 Paatm = (1 atm) kg/m3

Thermal conductivity (kf ) λ T T T

T T

1.15480022 10 7.90252856 10

4.11702505 10 7.43864331 10

0.00227583562

f
4 8 2

11 3 15 4
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+ × × − × ×
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− −

− −

W/m K
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The turbulence model uses the following empirical
coefficients:

= = = = =C C C σ σ0.09, 1.44, 1.92, 1.0, 1.3.μ ε ε k ε1 2

(7)

The Reynolds number (Re) is given by

· ·
=

ρ D U

μ
Re ,

h 0 (8)

where U0 is the inlet flow velocity, Dh is the channel
hydraulic diameter, and μ is the dynamic viscosity of
the fluid.

2.4 Verification of the mesh

Variable meshing has been used to discretize the computa-
tional domain to ensure high resolution in steep gradient
regions, for example, regions close to fins and grooves
(Figure 3).

These are areas that need finer grid meshing in
order to capture the flow separation, re-attachment,
and hence, improved distribution. This is quite neces-
sary in resolving the disruption of the boundary layer
and thus the ensuing improvement in HT performance.
The near-wall mesh refinement includes the resolved
boundary layers along channel walls, fins, and grooves
by inflation layers with a growth rate carefully selected
to balance the computational cost against the accuracy
in capturing thermal and velocity boundary layers with
enough detail.

In the grid-independent study, the suitable mesh den-
sity was determined such that the simulated results
become mesh refinement-independent. To achieve this, a
series of simulations with increasingly finer mesh sizes
were performed and were rated as “Coarser,” “Coarse,”
“Normal,” “Fine,” “Finer,” “Extra Fine,” and “Extremely
Fine.” For each case, the average velocity was monitored
to assess convergence. The study focused on a critical loca-
tion just upstream of the flat fin at x = 345 mm, specifically
considering only the top half of the channel cross-section,
for Re number of 3,000. Table 3 gives the mesh grid
number points employed with each level of mesh size

Figure 2: Temperature-dependent thermophysical properties of air: (a)
density, (b) thermal conductivity, (c) heat capacity at constant pressure,
and (d) viscosity.

Table 2: Thermophysical properties of solid (Al) at 300 K

Density Heat capacity at constant
pressure

Thermal conductivity

ρs (kg/m3) Cps (J/kg K) ks (W/m K)
2,700 900 238

Turbulent thermal enhancement in grooved channels  7



from 5,300 elements to “Coarser” mesh size and 238,346
elements for the “Extremely Fine” mesh.

As observed from Figure 4, the results show that after
achieving the “Extra Fine” mesh (106,678 elements), the
additional refinement to the “Extremely Fine” mesh
(238,346 elements) resulted in very minor changes to the
average velocity. The lack of significant change guarantees
that the “Extra Fine” mesh achieves the optimal trade-off
between the accuracy of the solution and the computa-
tional efficiency. Due to this, the “Extra Fine” mesh was
therefore used for all subsequent simulations in an attempt
to achieve the results that are stable, reliable, and mesh-
independent.

2.5 Validation of the model

Solution verification has been made with experimental
data from the literature in order to assure the accuracy
and reliability of FEM simulations. In particular, the coeffi-
cient of pressure, Cp, for a flat baffled channel without
grooves (configuration examined by Demartini et al. [33])
is compared. The validation procedure consisted of the
pressure profile investigation at locations within the
channel and comparing the results with the experiments.
The validation case takes the channel with the parameters
below into account: U0 = 7.8 m/s and Dh = 1.67 m. The pres-
sure profile was extracted at the following location in the

Figure 3: Non-uniform mesh distribution in the computational domain for enhanced resolution near fins and grooves: (a) Case 1, (b) Case 2, (c) Case
3i, (d) Case 3ii, (e) Case 3iii, and (f) Case 4.

Table 3: Number of mesh elements for different mesh sizes used in the grid-independent study (Case 1)

Coarser Coarse Normal Fine Finer Extra fine Extremely fine

5,300 7,850 12,546 29,006 68,978 106,678 238,346

8  Younes Menni et al.



channel: before the second flat obstacle at x = 345 mm, as
shown in Figure 5(a), and after the same obstacle at x =

405 mm, as shown in Figure 5(b). The good agreement
between these two sets of data shows that the numerical
model is capable of accurately predicting the pressure dis-
tribution and the flow characteristics inside a flat-baffled
channel without grooves. The present agreement provides
validation to build confidence in the application of the
numerical model for further investigations for more com-
plex groove and fin configurations within the channel.

3 Results and discussion

The dynamic pressure values near the obstacles, whether it
be (+) or flat fins, are very low (Figure 6). It would appear
from this case that the zone of low value in this area
remains constant throughout the cases studied. Similarly,
the grooves also present a very low value of dynamic pres-
sure for all configurations studied.

Large pressure increases are present around some
specific points in the channel. For the first plus-shaped
obstacle, a clear dynamic pressure increase is initiated to
the left of the lower edge. In the case of the second flat
obstacle, an important pressure increase originates left of
the upper edge and develops toward the exit as well as
near the upper wall.

It also identifies three high-pressure distinct zones.
The first zone is in the gap between the end of the first
obstacle (+) and the groove below it, around x = 0.223 m, as
shown in Figure 7. The second high-pressure zone is
between the end of the second obstacle (flat) and the upper
groove; for example, see x = 0.375 m. The third is the high-
pressure area behind the second baffle (flat), close to the
upper wall, reaching toward the exit, on x = 0.554 m.

When there are only fins present, the maximum
dynamic pressure, as shown in Figure 6, is about 1.02 Pa.
When grooves are present, the local dynamic pressure at
these locations will become smaller to push down the
entire channel pressure. As, for example, in the case of
rectangular grooves, with b/c = 1, the pressure drops to
0.907 Pa. The reduction in pressure further decreases
with b/c and is at about 0.878 Pa for the last value in the
triangular groove, a reduction of about 13.92% from the no-
groove case of 1.02 Pa.

Thus, the dynamic pressure distribution in the channel
is greatly modified by obstacles and grooves. These groove
structures clearly reduce the dynamic pressure, with the
triangular groove offering the highest percentage reduc-
tion. The three high-pressure regions clearly show that
these areas are of significantly higher pressure due to
the influence of geometrical and positional features of
obstacles.

Streamlines for the same Re number 3,000, in Figure 8,
demonstrate how the fin geometry modifies the flow

Figure 4: Average speed convergence for mesh independent study (Case 1) at x = 345 mm.
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structure among all the considered cases. Indeed, the (+)
and flat fins induce significant flow dynamics, where the
physics of the flow varies with each different fin geometry.
Since uniform axial velocity is enforced at the inlet, the
flow there is uniform. This uniformity extends up to where
the flow encounters the fins. In all of the cases studied, the

flows were normal at locations opposite the fins, where
high dynamic pressure prevails.

The first fin (+) acts to disturb the flow and create an
asymmetrical structure around itself. Observe how there
are recirculation cells that form around all four sides of
this fin. More importantly, though, there is a large
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Figure 5: Comparison of pressure coefficient profiles at specific positions: (a) before (at x = 345mm) and (b) after the flat fin at x = 405 mm.
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recirculation zone to the right of the fin and extending far
beyond the vortices that are immediately around the fin.
This large vortex is due to the separation of the main flow
around the obstruction caused by the fin.

This first obstacle bends themain flow toward the second
fin (flat). The flow, after crossing the second fin, gets deflected
upward toward the exit near the upper wall. The recircula-
tion zone formed behind this second fin is huge in size and
extends to the exit of the channel. This height of the recircu-
lation is equal to that of the flat fin; the length of the recircu-
lation goes to the exit of the channel. It was directly related to
the existence and arrangement of the fins that created this
unique flow structure.

Adding grooves to this channel gave even more com-
plexity to the flow structure. These grooves promote more
recirculation due to the low pressure inside them, which
makes a flow pattern far more complicated and complex.

Added recirculations and modifications in the path of flow
were present.

In summary, the fins introduce large changes in the
flow behavior; new recirculation regions are created, and
the main flow is streamed through the channel in certain
patterns. The grooves add more complexity because the
low-pressure area between grooves enhances the genera-
tion of recirculations, leading to a much complex flow
structure.

The velocity vector field, for different types of fins and
grooves, as depicted in Figure 9, presents the complexity of
airflow structures at a Re number of 3,000. In general,
there is considerable influence on the flow dynamics due
to the presence of fins, such as “+”-shaped and flat ones. If
grooves come in various configurations, the flow behavior
gets even more intricate. The design of the velocity vector
field brings out two major types of flows:

Figure 6: Contours of dynamic pressure in various studied cases, Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii, and (f) Case 4.
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Figure 7: Profiles of dynamic pressure in specific stations for Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii, and (f) Case 4.
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(i) Direct flow: This is the primary flow with high velocity
and dynamic pressure. The flow crosses the first gap
with high values of both velocity and dynamic pres-
sure, and continues into the second gap around the
upper wall all the way to the exit. It is the dominant
and most important flow in regard to the general air-
flow of the system.

(ii) Reverse flow (recirculation zones): The recirculation
zones occur on the fourth side of the “+” fin, down-
stream of the same fin, and also behind the second fin.
These are because of flow separation at the fin ends
with corresponding pressure drops. All these zones of
recirculation have different dimensions, but the stron-
gest one appears behind the flat fin. Herein, the height
of the recirculation is of the same order as the fin
height, and the length is from its rear to the exit.

Introducing grooves creates additional recirculation
zones, each groove harboring its recirculation region.

The size of the recirculation zones decreases as the ratio
b/c reduces from 1 to 0. Rectangular grooves create larger
recirculation cells, while triangular grooves create
smaller ones.

The above observations represent the strong influence
that geometrical parameters of fins and grooves have on
the characteristics of flow, such as enhancement and hin-
drance of direct flow and an increase in different recircu-
lation zones. Indeed, such an understanding is necessary in
view of the optimization of fin/groove geometries for effec-
tively improving aerodynamic performance and for sui-
tably controlling pressure drops.

Figure 10 compares the averaged velocity contours,
whereas various configurations are compared at the
same Re number of 3,000. The presence of fins exhibits
clear flow deceleration before the frontal areas of the
fins and acceleration through the opposing areas via the
gaps. The mean velocity obtained was 1.27 m/s, approxi-
mately 4.88 times the inlet velocity of 0.26 m/s. Such a large

Figure 8: Streamlines depicting channel flow patterns for Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii, and (f) Case 4.

Turbulent thermal enhancement in grooved channels  13



increment reflects the huge impact of fins to strongly accel-
erate the flow through gaps, while it has a decelerating
effect in front of the fins.

On the contrary, the addition of grooves in the system
causes the velocity to drop noticeably in all the proposed
cases. This results from the development of the recircula-
tion cells, which take place as a result of the pressure drops
within the grooves. More precisely, for both Case 2 and
Case 3i, the average velocity decreased to 1.2 m/s, which
is a reduction of about 5.5% from the finned case, which
had an average of 1.27 m/s. This was further reduced to
1.19 m/s for Cases 3ii and 3iii, showing about a 6.3%
reduction.

The minimum average velocity for the Case 4 trian-
gular grooves was 1.18 m/s, which is a decline of about
7.1% from that of the first finned case. Such a trend would
suggest that the groove geometry has an incrementing
effect on the flow deceleration, in such a way that the

case of a triangular groove would have the most pro-
nounced effect.

Thus, grooves create a regular loss in the average velo-
city because of the recirculation zones formed and the
accompanying pressure drops. Such behavior is in sharp
contrast with the behavior of fins, where such accelerating
and decelerating effects are strictly localized. The different
geometries of grooves further indicate that flow character-
istics are sensitive to geometric modifications; hence, the
geometry of the groove configuration has to play an impor-
tant role in the fluid dynamical optimization of the system.

Figure 11 shows the different velocity profiles along the
x-direction between grooved and ungrooved channels. Sev-
eral cases were tried in order to study/analyze the effect of
grooves on the flow characteristics inside these channels.

In the ungrooved channel, the velocity profile clearly
shows the distinct low-velocity zones on both sides of every
fin, which extend upstream and downstream. These zones

Figure 9: Velocity vector field illustrating flow direction for Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii, and (f) Case 4.
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are marked by recirculation zones, evidenced by negative
values of the velocity. For instance, in Figure 12, at x =

0.285 m and x = 0.525 m, recirculation cells are obtained.
These kinds of recirculation cells disturb the smooth flow,
which may affect HT and pressure drop in the channel.

Further, at locations such as x = 0.223 m and x =

0.375 m shown in Figure 13, these recirculation zones are
still more intensified within the groove regions. Between
the bottom of the first fin (+) and the facing wall, a sharp
increase in the x-velocity may be noticed. This can be
viewed from Figure 13 at the location x = 0.223 m, where
the increase in the above velocity has turned out to be
considerably high. Similarly, there is a sharp velocity
increase between the end of the flat fin and the opposite
wall, especially at x = 0.375 m.

The velocity peaks in the area downstream of the latter
fin then extends up to the upper wall and toward the
channel exit (see, for example, this investigated station,
at x = 0.554 m, in Figure 13); the x-velocity reaches a

maximum magnitude of 1.29 m/s, which is indicative of a
well-developed flow regime as the fluid approaches the
channel outlet. Such a peak velocity area may attest to
efficient fluid acceleration past the fins and thus a well-
achieved convective HT in this part of the channel.

The introduction of grooves changes the velocity pro-
files slightly. The x-velocity is more important since in
grooved scenarios, it assumes lower values, thus reflecting
changes in the flow dynamics. For example, the first
grooved case decreased to 1.22 m/s in comparison to
1.29 m/s for the ungrooved case. This decrease of nearly
6% continues into other groove geometries, with the velo-
cities hovering at approximately 1.21 m/s.

The developed y-velocity distribution patterns, in
Figure 14 at Re = 3,000 variation, both represent negative
and positive y-velocity values. It should be noticed that all
negative y-velocity values occurred at the three edges of
the fin (+). These negative y-velocity values expose a flow
with a downward direction, hence indicating that the first

Figure 10: Average velocity contours along the channel length for Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii, and (f) Case 4.
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fin channels the fluid effectively enough to flow downward
through the first gap. In contrast, the positive y-velocity
values are concentrated only at the leading edge of the
second fin, where flow is directed upward through the
second gap. This contrasting pattern underlines the effect
of fin geometry on flow directions, a truly complex flow
field with upward and downward alternating flows. While
for the ungrooved channel, the average y-velocity was
1.16 m/s, with grooves, this velocity distribution changes
significantly. The grooves dampen the y-component velo-
city. It is pretty clear that with the reduction in the ratio b/c
from 1 to 0, a related decrease in y-velocity, which quanti-
fies the influence of grooves in modulating the flow
dynamics, is observed.

The actual comparison of the effect between grooved
and ungrooved channels can be analyzed through a per-
centage difference for the y-velocity. This will illustrate
how each groove ratio, b/c, affects the flow dynamics. For

example, the baseline in this experiment is the ungrooved
channel, with a y-velocity of 1.16 m/s, and can be notably
changed by introducing grooves. Starting with the grooved
channel of a b/c of 1, one obtains a y-velocity of 0.995 m/s,
which constitutes a reduction of 14.22% compared to the
ungrooved case. Further reduction of the b/c ratio to 0.75
reduces the y-velocity even further to 0.985 m/s, a reduc-
tion of 15.09%. The pattern holds constant as the b/c ratio
continues to decrease: at 0.5, the y-velocity decreases to
0.981 m/s, hence a 15.43% reduction; at 0.25, the y-velocity
decreases to 0.97 m/s, thereby providing a reduction of
16.38%; finally, at 0, it is 0.969 m/s, thus giving a reduction
of 16.47%.

It is observed that with a decrease in the b/c ratio,
there is a trend of decrease in y-velocity. This may be
because grooves have a tendency to enhance flow resis-
tance and turbulence. The grooves disturb the streamline
flow, leading to energy losses that reduce the general

Figure 11: Distribution patterns of x-velocity components in the channel for multiple configurations: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii,
(e) Case 3iii, and (f) Case 4, Re = 3,000.
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Figure 12: Axial velocity development behind the fins at Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii, and (f) Case 4, Re = 3,000.
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Figure 13: Evaluation of axial velocity through gaps, grooves, and at the exit for Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii,
and (f) Case 4.
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velocity of flow. Such a response indicates the critical
role of groove geometry in shaping the profile of velocity
and, consequently, the overall fluid dynamics of the
channel.

The complicated interaction of channel geometry and
flow characteristics becomes evident in the observed pat-
terns of the y-velocity series. Thus, the flow agitated down-
ward by the first fin and upward by the second fin supports
a dynamic and alternating flow field. Furthermore, this
flow is modulated by grooves that will reduce the y-velocity
while enhancing mixing and HT.

Temperature contours of ungrooved and grooved
channels are shown in Figure 15 for different geometries
of fin and groove for the same flow rate, fixed as Re = 3,000.
The primary flow of low-temperature fluid can be
observed through the first gap at x = 0.223 m and the
second gap at x = 0.375 m, and thereafter, is discharged
from the upper part of the channel at x = 0.554 m. These

profiles, as represented in Figure 16, point out regions of
high-velocity and dynamic pressure values.

The recirculation regions, represented by reverse flow
on the rear of both fins, can also be seen at relatively high
temperatures, as shown at x = 0.285 m beyond the first fin
and also at x = 0.525 m beyond the second fin. The tempera-
ture profiles associated with this region are further elabo-
rated, as shown in Figure 17. From the figure, it is evident
that the maximum temperature developed in these regions
without a groove over the channel is close to 62.2°C.

The grooves tended to increase it considerably.
Specific examples are shown where rectangular grooves
raise the temperature to 74.1°C, representing an increase
of around 19.13%. Trapezoidal grooves increase the tem-
perature further: increases to 74.4°C for b/c = 0.75, to 74.8°C
for b/c = 0.50, and to 75.6°C for b/c = 0.25, corresponding,
respectively, to increases around 19.61, 20.25, and 21.54%
over the base value. The triangular grooves at b/c = 0

Figure 14: y-velocity patterns in finned channels with and without grooves for Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii, and
(f) Case 4, Re = 3,000.
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increase the temperature to 75.1°C. Compared with the
ungrooved channel, this gives an enhanced growth of
approximately 20.73%.

These results provide evidence that the addition of
grooves in the channel significantly alters flow dynamics
and, more importantly, improves thermal performance
due to increased maximum temperature within the
channel. Full temperature profiles across different grooved
channels represent the efficiency of geometric modifica-
tions to optimize thermal management.

In particular, the rectangular grooves increased the
temperature by 11.9°C, trapezoidal grooves with b/c ratios
of 0.75, 0.50, and 0.25 increased the temperatures to 12.2, 12.6,
and 13.4°C, respectively, and triangular grooves further raised
it by 12.9°C. From these fundamental improvements, it can be
expected that the geometry is one of the most important
factors affecting the performance of the groove in enhancing
local HT. Consequently, the increase in temperature is due to

the grooves’ effect of improved mixing and disruption of flow
that enhances the efficiency of the HT process.

We have analyzed the average temperature at the
channel exit for the various configurations in order to
compare their heat performances (Table 4). The ungrooved
channel had lower performance, with an average outlet
temperature of 36.79°C. The introduction of the rectangular
grooves raised this temperature to 38.38°C, which is
about a 4.32% improvement. Accordingly, trapezoidal
grooves added to the average outlet temperature increase
of about 38.33–38.41°C or approximately an increase of
4.18–4.40%.

Again, the trapezoidal shapes gave the maximum tem-
perature to case 3i of 38.41°C with a b/c ratio of 0.75, which
is slightly higher than the case of 3ii by about 0.10% and
case 3iii by about 0.21%. On the contrary, the average tem-
perature because of triangular grooves was 38.24°C, which
is an enhancement of 3.94% over the ungrooved channel.

Figure 15: Temperature patterns in finned channels with and without grooves for Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii,
and (f) Case 4, Re = 3,000.
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Figure 16: Detailed analysis of temperature across gaps, grooves, and exit at Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii, and
(f) Case 4, Re = 3,000.
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Figure 17: Temperature development downstream of fins at Re = 3,000: (a) Case 1, (b) Case 2, (c) Case 3i, (d) Case 3ii, (e) Case 3iii, and (f) Case 4,
Re = 3,000.
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Triangle grooves gave some enhancement, but were
the poorest performer out of the grooved cases. The tem-
perature increase for the case of rectangular grooves is
also about 0.36% higher than triangular grooves, while
trapezoidal grooves manifested further enhancements of
0.23–0.44% over triangular grooves.

From the trapezoidal grooved configurations, the
groove with a b/c value of 0.75 represented case 3i, which
indeed gave the best thermal performance among all cases
studied in terms of its efficacy in enhancing the average
outlet temperature. This comparative study hence estab-
lished that groove geometry and configuration are the
most critical elements in the optimization of thermal effi-
ciency, while among the trapezoidal grooves, a b/c value of
0.75 provides the most enhanced levels.

Temperature differences between the outlet and inlet
for all channel designs were studied to find the best case
for various grooved channel geometries. The temperature
difference ΔT obtained for a non-grooved channel (Case 1),
a channel with rectangular groove of b/c = 1, and three
channels with trapezoidal grooves of b/c = 0.75, b/c = 0.5,
and b/c = 0.25, and channel with triangular grooves of b/c =
0 is represented by the data portrayed.

Accordingly, the ΔT values are as follows. Case 1:
9.79°C, Case 2: 11.38°C, Case 3i: 11.41°C, Case 3ii: 11.37°C,
Case 3iii: 11.33°C, and Case 4: 11.24°C. Thus, the highest
thermal performance of Case 3i is given by ΔT = 11.41°C.

To give a clear quantification of the enhancements
with respect to the ungrooved channel, Case 1, we have
calculated the percentage enhancement in ΔT for each con-
figuration. Thus, Case 2 (rectangular grooves) yields an
enhancement of 16.23%, whereas Case 3i (trapezoidal
grooves, b/c = 0.75) yields an enhancement of 16.54%, which
is thus the optimal geometry. Case 3ii yields an enhance-
ment of 16.14%, Case 3iii gives an enhancement of 15.75%,
and Case 4 (triangular grooves) yields an enhancement of
14.81%. Among them, Case 3i with trapezoidal grooves at a

b/c ratio of 0.75 is the best, which provides the highest ΔT
compared to the other grooved or ungrooved channels.

This part develops the contribution of the size of the
first fin, the one in the (+) shape, on thermal performance
in a trapezoidal grooved channel. With h = 0.08 m and
keeping the second fin flat at h, the first fin is increased
through values of 0.25, 0.50, 0.75, 1.00, 1.25, and 1.50 h. The
Reynolds number has been maintained as Re = 3,000,
whereas the best groove optimum case of b/c = 0.75 was
used for this study. The temperature fields for all different
fin sizes were scrutinized to select the most effective con-
figuration based on HT enhancement.

Figure 18 presents the temperature fields for all pos-
sible fin sizes. With the increase in size of the (+) fin, the
fluid temperature within the channel increases gradually
due to larger HT surfaces provided by larger fins. From the
temperature distribution, one can identify that for fin sizes
in the range of 0.25–1.00 h, the enhancement of fluid tem-
perature will be relatively poor. Whereas for larger fin
sizes, 1.25 and 1.50 h, the temperature profile improved
drastically, thereby enhancing the HT process.

For larger fin sizes, the high temperature regions are
primarily located downstream of the first fin, along the
second fin, and in the upper and lower grooves. This tem-
perature distribution suggests that larger fins create
stronger convective HT.

The mean outlet temperatures (Tout) for several “+” fin
sizes are listed in Table 5. From the increase of the “+” fin
size, the average value of Tout increases, indicating that the
thermal performance is proportional to the “+” fin size. For
the smallest fin size, 0.25 h, the average outlet temperature
was 33.83°C, while it reached 46.35°C for the largest fin size
of 1.50 h, a notable improvement.

Further clarification is obtained from the temperature
difference, ΔT, which increased from 6.83°C for the smallest
“+” fin size to 19.35°C for the largest “+” fin size. This sig-
nificant increase in the temperature difference further
indicates how large the dimensions of the “+” fins serve
to enhance thermal performance effectively. From the
comparison of the thermal performance of all these cases,
the “+” fin size of 1.50 h was found to be the optimal con-
figuration. It gives the highest mean outlet temperature of
46.35°C and the largest temperature difference ΔT = 19.35°C.
It maximizes the HT efficiency, showing a 183.30%
enhancement in ΔT over that from the smallest size.

With a view to further optimizing the performance of
this heat exchanger channel, we now focus on the analysis
regarding the effect of the size variation of the flat fin, in
contrast to the previously studied (+) fin. The height of the
(+) fin is kept constant at h, while the height variation in
the flat fin increases from 0.25 to 1.50 h. The detailed work

Table 4: Evaluation of thermal performance in ungrooved and grooved
channels, Tinlet = 27°C

Ungrooved and grooved cases

Case 1 Case 2 Case 3i Case 3ii Case 3iii Case 4

b/c ratio
/ 1.00 0.75 0.50 0.25 0.00
Mean outlet temperature, Tout (°C)
36.79 38.38 38.41 38.37 38.33 38.24
ΔT (°C) = Tout – Tinlet
9.79 11.38 11.41 11.37 11.33 11.24
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is given below for thorough examination of the fluid tem-
perature field, shown in Figure 19, investigation of the
average outlet temperature and the temperature differ-
ence depicted in Table 6.

In general, the zones of channel temperature are the
highest near the surfaces heated. As expected, this tem-
perature distribution improves significantly inside the
channel, with an increase in the HT surface area achieved

by increasing the size of the flat fin. This effect is more
pronounced for the recirculation zones, where a greater
area increases the heat spread. The temperature of the
fluid also increases significantly at the exit compared
to the inlet, proving that heat exchange in this configura-
tion is more effective. It shows the probable gain that may
arise from optimization of the fin geometry to achieve
better thermal performance for the heat exchanger
channels.

As can be seen from Table 6, the data clearly illustrate
the thermal performance variation with each of the flat fin
sizes. For example, for a 0.25 h flat fin size, Tout is 34.35°C,
with a ΔT of 7.35°C. Correspondingly, by increasing the flat
fin size to 0.50 h, Tout is estimated to be 35.12°C and ΔT is
estimated to be 8.12°C, which indicates an increase of about
2.24% in the Tout and about 10.47% in ΔT compared with a
0.25 h flat fin size. A further increase in size to 0.75 h
further increases the Tout to 36.75°C and ΔT to 9.75°C,
recording a 4.64% increase in Tout and a 20.07% increase

Figure 18: Impact of first fin size (+) on the temperature fields (b/c = 0.75) for Re = 3,000: (a) 0.25 h, (b) 0.50 h, (c) 0.75 h, (d) 1.00 h, (e) 1.25 h, and
(f) 1.50 h.

Table 5: Thermal performance analysis of the fin size ( +) in a trapezoidal
grooved channel (b/c = 0.75)

Fin size (+)
0.25 h 0.50 h 0.75 h 1.00 h 1.25 h 1.50 h
Mean outlet temperature, Tout (°C)
33.83 34.62 36.00 38.41 42.03 46.35
ΔT (°C) = Tout – Tinlet
6.83 7.62 9.00 11.41 15.03 19.35
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in ΔT over the flat fin size of 0.50 h. For a flat fin size of
1.00 h, Tout is 38.41°C and ΔT is 11.41°C, an increase of 4.51 °C
and 17.02% over the 0.75 h flat fin size. Correspondingly, for
the 1.25 h flat fin size, Tout increases to 40.18°C with a ΔT of
13.18°C, indicating an increase of 4.60% in Tout and 15.51%
in ΔT compared to the 1.00 h flat fin size. Tout becomes the
highest at 40.47°C, and ΔT is at 13.47°C, while Tout increased

by 0.72%, and ΔT by 2.20% for the largest flat fin size at
1.50 h from the 1.25 h flat fin size.

Comparing the performance of all flat fin sizes, it can
be realized that an increase in flat fin heights will result in
higher HT performances; this is manifested in progressive
average outlet temperature and temperature differences.
Most improvements are, however, between the smaller
size of flat fins, especially from 0.25 to 0.75 h. Beyond a
1.00 h flat fin size, the rate of improvement begins to
diminish, and the 1.50 h flat fin has very limited improve-
ment over the 1.25 h flat fin.

When evaluating the integrated impact of fin size on
thermal performance, fin sizes ranged from 0.25 to 1.50 h.
From the temperature contour plots shown in Figure 20
and in Table 7, we can find the average temperatures for
variations mentioned in this study at the outlet. In the
present work, we used a trapezoidal groove with a b/c ratio
of 0.75, keeping a fixed flow rate of 3,000. From the results

Figure 19: Effect of the second fin’s dimensions on temperature distributions (b/c = 0.75) at Re = 3,000: (a) 0.25 h, (b) 0.50 h, (c) 0.75 h, (d) 1.00 h,
(e) 1.25 h, and (f) 1.50 h.

Table 6: Thermal performance comparison for different second fin sizes
in a trapezoidal grooved channel (b/c = 0.75)

Fin size (flat)
0.25 h 0.50 h 0.75 h 1.00 h 1.25 h 1.50 h
Mean outlet temperature, Tout (°C)
34.35 35.12 36.75 38.41 40.18 40.47
ΔT (°C) = Tout – Tinlet
7.35 8.12 9.75 11.41 13.18 13.47
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presented, it is possible to identify a certain trend: the
increase of the fin dimension promotes an increase of
the HT surface area, raising the fluid temperature notably.
This effect is more dramatic for large dimensions of fins,
showing extended temperature increases along the back
sides of the fins.

Table 7 gives a detailed analysis of thermal perfor-
mance using different sizes of fins in the trapezoidal

grooved channel. It can be realized that the average value
of outlet temperature, Tout, remarkably increases from
29.32°C for 0.25 h to up to 51.17°C for 1.50 h. It can be noticed
that ΔT has significantly increased between the outlet and
inlet temperatures, ranging from 2.32°C for 0.25 h to 24.17°C
for 1.50 h. The large increase in ΔT indicates higher HT
capability for the larger fin size. Hence, the fin size that
would give an optimum thermal performance based on
temperature increase and efficiency is 1.50 h. This size pro-
vides the largest surface area, enhancing the HT and pro-
viding the highest recorded increase in temperature with
an overall improved thermal performance.

This optimum setup has an astonishing improvement
in performance compared to other setups. Specifically, a
single first fin in the shape of a plus (+) at 1.50 h gave a
temperature difference of 19.35°C, which showed a signifi-
cant enhancement but not as high as for both fins in com-
bination. The single second fin in flat shape at 1.50 h gave
a temperature difference of 13.47°C. Comparing these

Figure 20: Temperature fields affected by “+” and flat fin sizes (b/c = 0.75) at Re = 3,000: (a) 0.25 h, (b) 0.50 h, (c) 0.75 h, (d) 1.00 h, (e) 1.25 h, and
(f) 1.50 h.

Table 7: An examination of the combined “+” and flat fin sizes’ thermal
performance in a trapezoidal grooved channel (b/c = 0.75)

Fin size
0.25 h 0.50 h 0.75 h 1.00 h 1.25 h 1.50 h
Mean outlet temperature, Tout (°C)
29.32 31.11 34.28 38.41 44.06 51.17
ΔT (°C) = Tout – Tinlet
2.32 4.11 7.28 11.41 17.06 24.17
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respective optimum cases to one another, the combined
fins configuration is significantly increased by 24.90%
over the first fin alone and by 79.43% over the second fin
alone. Thus, their combination at 1.50 h performs not only
better than both single-fin configurations but also mani-
fests the synergistic effect of using both-fin types together
for the best thermal performance.

4 Conclusions

This numerical research using finite elements has com-
pared comprehensively the hydrothermal performance of
turbulent flow within rectangular channels and various
groove and fin geometries. The work was conducted in
two phases: the first comparison was between the impact
of shapes of the grooves, while the second compared the
impact of the height of the fin in two different categories of
fins (“+” and flat).

Phase I, in which the introduction of grooves signifi-
cantly improved thermal performance, indicated that all
cases with a trapezoidal groove were considerably better
than the ungrooved channel. Among all cases, Case 3i, with
b/c = 0.75, indicated the best performance by increasing the
mean outlet temperature by 38.41 °C, an increase of
approximately 16.54% in ΔT.

In Phase II, the variation of fin height with the optimum
groove configuration showed taller fins resulting in more HT
in all cases. Highest augmentation was achieved when the “+”
and flat fins were both 1.50 h in height, with an average outlet
temperature of 51.17°C and ΔT of 24.17°C, a 146.88% augmenta-
tion over the reference ungrooved channel and 941.81% com-
pared to the minimum fin setup. This definitively illustrates
the intense synergy between groove shape and fin height.

4.1 Application

Such results are of the most significance in the optimiza-
tion of thermal efficiency of solar HEs, especially in appli-
cations with compact, high-performance designs required,
such as solar collectors, electronics cooling, or compact
thermal storage devices.

4.2 Future research perspectives

Further research may explore transient flow characteris-
tics, multiple turbulence models to enhance accuracy, and

the use of nanofluids to further enhance thermal conduc-
tivity. Experimental validation and extension to non-rec-
tangular or curved geometries would also provide greater
usefulness in actual solar thermal applications.
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