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This study presents a numerical investigation of a steady, two-dimensional, incompressible 
turbulent flow with forced convection along a small channel with corrugated walls in a 
trapezoidal shape. The objective of this study is to evaluate the effect of corrugation 
geometry on the heat transfer rate and pressure drop through the channel. The constructal 
design method was applied to the geometry domain with two constraints: the total area of 
the channel and the area of the trapezoidal corrugation upstream of the channel. Two 
degrees of freedom are considered: the ratio of the smaller base to the larger base of the 
upstream trapezoidal corrugation (LA2/LA1) and the ratio of the trapezoid’s height to its 
larger base (H1/LA1). All cases were simulated for convective flows with Reynolds and 
Prandtl numbers of ReD = 22,000 and Pr = 0.71, respectively. The time-averaged mass, 
momentum, and energy conservation equations are solved using the Finite Volume Method 
with the RANS (Reynolds-Averaged Navier-Stokes) turbulence model and the k-ω SST 
(Shear Stress Transport) turbulence closure model. The results indicate that a specific 
H1/LA1 ratio improves the heat transfer rate by 26.2% compared to the worst case for the 
same LA2/LA1 ratio. Furthermore, larger insertions of trapezoidal corrugations at the 
bottom of the channel enhance the thermal performance of the heat exchanger, while the 
insertion of corrugations at the upper part of the channel has a negligible effect on heat 
transfer performance. From a fluid dynamic perspective, smaller insertions in the fluid flow 
direction led to lower pressure losses. 
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1. INTRODUCTION

Currently, the growing global demand for energy has
become a serious issue. It is driven primarily by population 
growth and increasing basic needs [1]. Projections indicate 
that energy consumption might increase by approximately 
50% to 2050, followed by a significant rise in carbon dioxide 
emissions [2]. Only the energy used in the industry sector is 
responsible for around 24.2% of the greenhouse gases [3]. In 
this context, one of the key missions of the engineering field 
is to reduce greenhouse gases emissions by finding more 
efficient ways to utilize energy, both in the production of 
goods and in daily life.  

Among the most commonly used equipment in industry are 
heat exchangers. These devices need an electrical energy 
supply from a compressor or other mechanical work (such as 
fans or pumps) to drive the fluid, thereby removing or adding 
thermal energy to a system. The development of heat recovery 
systems is completely linked to improving the energy 
efficiency of a variety of processes and systems in the industry 
or even in other sectors [4]. In this context, improving the heat 

transfer and reducing energy loss within the channels through 
which the fluid flows are essential to increase the energy 
efficiency of systems. 

In the literature, there are numerous studies focusing on 
optimizing heat exchangers to enhance their efficiency [5-7]. 
However, there is a need to reduce their size to develop 
effective cooling solutions for new technologies, such as 
microelectronics systems. In this regard, microchannel heat 
exchangers have emerged as an interesting solution. This type 
of heat exchange has the advantage of their high heat removal 
potential due to a larger specific surface area combined with 
small size [8]. They can be applied to several applications such 
as refrigeration systems [9], membrane-based heat exchangers 
[10], supercritical carbon dioxide (sCO2) Brayton cycles [11], 
electronic systems [12] and solar panels [13]. Although 
microchannel heat exchangers are not a new technology, there 
are relatively few studies addressing their heat transfer and 
hydraulic performance in relation to their design. Some 
research focuses on manufacturing techniques for micro heat 
exchangers [14-16], and the influence of materials used in their 
fabrication [17, 18]. 
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Tuckerman and Pease [19] were the first to study and 
introduce the concept of microchannel heat exchangers for 
electronic microcircuits. They observed that the convective 
heat transfer coefficient (h) is inversely proportional to the 
channel width. After this work, Peiyi and Little [20] 
investigated the friction coefficient and pressure drop in 
microchannels with trapezoidal cross-sections made of silicon. 
Then, Peng et al. [21] experimentally studied the forced 
convection heat transfer in microchannels with rectangular 
cross-sections. The authors observed that the flow became 
fully turbulent at Reynolds numbers starting from 1500, and 
the transition from laminar to turbulent flow occurred within 
the range of 200 to 700 in the microchannels.  

More recently, Wang et al. [22] conducted both 
experimental and numerical studies on a micro heat exchanger 
with a trapezoidal cross-section in laminar flow. Based on their 
findings, the authors concluded that the Navier-Stokes and 
energy equations can be effectively used to predict the 
physical behavior of fluids in microchannels. Yu et al. [23] 
investigated the thermal and fluid dynamic characteristics in 
tree-shaped microchannels for various geometric ratios in 
laminar flow, employing the fractal method. The authors 
observed that, due to the formation of vortices in 
microchannels with this geometry, heat transfer was enhanced 
compared to straight microchannels of the same cross-
sectional area.  

Chai et al. [24] investigated the effects of fan-shaped 
insertions in a rectangular microchannel on the temperature 
field and the local and average heat transfer under laminar flow 
conditions. The authors analyzed two main configurations: the 
first with alternating insertions on the lower and upper walls 
of the domain, and the second with aligned insertions. 
Additionally, they examined the influence of geometric 
variations of the ribs. The authors observed that the channel 
height and the spacing between insertions have a significant 
influence on heat transfer. For microchannels with smaller 
heights and larger spacing between insertions, the aligned 
configuration showed better heat transfer performance.  

Pan et al. [25] compared a conventional rectangular 
microchannel heat exchanger to one with fan-shaped cavities 
under laminar flow. The results demonstrated that the heat 
exchanger with fan-shaped cavities showed higher heat 
transfer performance and reduced pressure drop compared to 
the conventional design. In the study of Hou and Xu [8], five 
microchannel heat exchangers with elliptical concave cavities 
were designed to investigate the pressure drop and heat 
transfer performance. Results show that as the ellipticity 
increases, the pressure drop decreases, reaching a minimum at 
ellipticity 1.0. At this point, it was also found to have the best 
heat transfer performance. 

From the literature, it is clear that the heat exchanger’s 
thermal and hydraulic performance is largely determined by 
its geometric design and fluid flow characteristics [1]. The heat 
exchanger design – cross section, fin geometry, positions and 
number of rows – can modify the flow patterns, affecting 
boundary layers and their attachment/reattachment, making it 
easier or harder to transfer heat and influencing the overall heat 
transfer performance. In this regard, the constructal design can 
help to identify flow architectures that improve the systems’ 
efficiency. This methodology originated from the Constructal 
Law, which outlines the natural tendency of any flow system 
to evolve over time in order to facilitate access to the internal 
streams running through it [26-28]. The change in design is 
made to minimize the system’s thermodynamic imperfections 

[29, 30]. The constructal design approach is widely used in 
heat transfer applications, such as in fins, cavities and channels 
[31-34], radiant cooling panels [35], heat exchangers [36-39] 
or even in battery cooling systems [40-42]. From these 
examples, changing the flow architectures by the constructal 
design lenses helps to improve the system’s efficiency. 

In this context, this work analyzes the corrugation geometry 
in a small channel that simulates microchannel heat exchanger 
under turbulent flow and forced convection in order to enhance 
the heat transfer performance and reduce the pressure losses. 
The main contribution of this work lies in applying the 
constructal design to investigate corrugation geometry in 
microchannels under turbulent forced convection—a topic 
scarcely explored in the literature. The objective is to propose 
theoretical design guidelines that minimize pressure drop and 
energy losses while maximizing heat transfer efficiency and 
then, offering new insights into the influence of geometric 
parameters on the thermal-hydraulic performance of 
microchannel heat exchangers. 
 
 
2. MATHEMATICAL MODELING 
 

This study investigates turbulent flow through a channel 
that mimics a microchannel heat exchanger, as illustrated in 
Figure 1. The system consists of a channel with a height of H 
= 10 mm and a length of L = 50 mm, and trapezoidal 
corrugated walls. Air is defined as the working fluid, which 
enters the microchannels with an inlet velocity of 14.6 m/s 
(ReH = 22,000), with a Prandtl number of 0.71, and an inlet 
temperature of Tin = 300 K, which approximates to ambient 
conditions. The air’s thermal-physical properties are defined 
as ρ = 1.225 kg/m³, Cp = 1006.43 J/kgK, k = 0.0242 W/mK and 
μ = 1.7894x10-5 kg/ms. The fluid flows along the channel 
toward the outlet, where a boundary condition of gauge 
pressure Pgauge = 0 Pa is applied. 

 

 
 

Figure 1. Illustration of heat exchanger with corrugated-wall 
microchannels 

 
For the thermal field, a locally parabolic condition (∂T/∂n = 

0) is imposed at the outlet, where n denotes the flow direction 
in the control volume immediately upstream of the channel 
exit. This approach prevents non-physical solutions that may 
arise from vortex formation at the domain boundary. The 
channel walls are maintained at a constant temperature of Tw = 
330 K, representing a typical operating temperature of 
electronic components. The difference between the wall and 
air flow temperature provides the temperature gradient that 
drives the heat transfer within the system.  

Regarding the fluid flow boundary conditions, the no-slip 
condition and impermeability constraints (u = v = 0 m/s) are 
applied to the top and bottom surfaces of the channel. Figure 
2 shows the computational domain and boundary conditions 
(a), and also the channel dimensions (b). 
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Since the objective of this study is to analyze the influence 
of the channel corrugation geometry on both the heat transfer 
rate and pressure drop, Figure 2b illustrates the computational 
domain and the evaluated geometric parameters, where H1 
represents the corrugation height, LA1 is the larger base of the 
trapezoid, and LA2 is the smaller base. 

The geometric evaluation was conducted using the 
Constructal Design method [26, 43]. Figure 3 presents the 
flowchart steps to apply the constructal design methodology. 
Steps 1 and 2 are the definition of the flow system and what is 
flowing, respectively. As presented before, the system in 
analysis is the channel heat exchanger under forced convection 
and turbulent flow, and what is flowing is the heat transfer 
from the channel walls to the air flowing.  

Steps 3 to 5 of Figure 3 are presented in this paragraph. In 
this work, specific constraints are applied to investigate the 
effect of certain geometric ratios on two performance 
indicators: the heat transfer rate, which is to be maximized, 
and the pressure drop, which is to be minimized. A geometric 
constraint is imposed on the trapezoidal area, which represents 
the channel corrugation, set as the total area of AT = 11.25 mm², 
considering the limitations imposed by the channel width. 
Based on this constraint, two degrees of freedom are defined 
and studied: H1/LA1 (the ratio of trapezoid height to larger base) 
and LA2/LA1 (the ratio of the smaller base to the larger base of 
the trapezoid). It is important to highlight that these ratios were 
applied to the upstream corrugations, while the downstream 
corrugations are kept constant. 

The design of the simulations, step 6, was organized as 
follows: Initially, H1/LA1 is held constant, and various LA2/LA1 
ratios are analyzed, as presented in Table 1. This process leads 
to the definition of the optimal value of (LA2/LA1)o. 
Additionally, the corresponding maximized heat transfer rate 
per unit depth (q′m) and minimized pressure drop (ΔPm) are 
determined. It is worth noting that, for the optimal ratios, it is 
used a subscript “F” for the configurations that minimize the 
pressure drop, and the subscript “T” for the cases that 
maximize the heat transfer rate. The next step involves varying 
H1/LA1 and performing simulations for each value using the 
same LA2/LA1 ratios evaluated previously. The configurations 
that conduct to the twice-maximized heat transfer rate (q′mm), 
and the twice-minimized pressure drop (ΔPmm) are the twice-
optimized ratio (LA₂/LA₁)oo, and the once-optimized ratio 
(H1/LA1)o. The studied H1/LA1 ratios are also listed in Table 1. 
Figure 4 provides a schematic overview of the simulation 
process followed in this study. 

To perform the simulations to find the best system design 
(step 7), numerical solutions of governing equations were 
adopted. Subsequently, the impacts of the H1/LA1 on both heat 
transfer rate and pressure drop are analyzed. Then, if it is not 
possible to add more freedom to the system, the design is 
completed since the best design was found for the constraints 
and degree of freedom adopted for this work. In this work, step 
8 was not implemented, but it can be applied in future works 
if new opportunities to improve the system performance are 
identified. 
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Figure 2. Computational domain of the corrugated channel 

 
 

Figure 3. Constructal design method flowchart steps. Adapted from [40, 44] 
 

Table 1. Simulated values for each degree of freedom 
 

Search Range 
H1/LA1 0.05 0.10 0.15 0.20 0.25 0.30 - - - - 
LA2/LA1 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 

 

 
 

Figure 4. Simulation flowchart illustrating the cases 
investigated in the present study 

 
The problem under study in this work involves a two-

dimensional, turbulent, steady-state flow with heat transfer by 
forced convection. The conservation equations for mass, 
momentum in the x and y directions, and energy are given, 

respectively, by [45]: 
 

∂u�
∂x

+ ∂v�
∂y

 = 0  (1) 
 

∂
∂x

(ρu�u�)+ ∂
∂y

(ρv�u�) = - ∂P
∂x

+� μ+μt� �
∂2u�
∂x2 + ∂2u�

∂y2�  (2) 

 
∂
∂x

(ρu�v�)+ ∂
∂y

(ρv�v�) = - ∂P
∂y

+ �μ+μt� �
∂2v�
∂x2 + ∂2v�

∂y2�  (3) 

 
∂
∂x

(u�T�)+ ∂
∂y

(v�T�) = (α+αt) �
∂2T�

∂x2 + ∂2T�

∂y2�  (4) 

 
where, ρ is the fluid density [kg/m³], u and v are the fluid 
velocity components in the x and y directions, respectively 
[m/s], k is the thermal conductivity of the fluid [W/m·K], cₚ is 
the specific heat of the fluid [J/kg·K], μ denotes the dynamic 
viscosity of the fluid [N·s/m²], T is the fluid temperature [K], 
and P represents the fluid pressure. The overbar placed above 
the temperature and velocity variables indicate time-averaging. 
To address the turbulence closure problem, the k-ω SST model 
was selected. This model consists of two equations and is 
highly adaptive since it employs the k-ω formulation in the 
inner region of the boundary layer while transitioning to the k-
ε model in the free stream, thereby avoiding the sensitivity 
issues inherent to the original model in these regions [46, 47]. 
More details about the modeling can be seen in the Refs. [46-
48]. 
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3. NUMERICAL MODELING AND VERIFICATION 
 

The governing equations, Eqs. (1-4), are solved using Ansys 
Fluent [49, 50]. The software applies the finite volume method 
to solve the equations. The turbulence model employed is the 
k-ω SST model, using the default parameter settings provided 
by the software. For the pressure-velocity coupling, the 
SIMPLE-C algorithm (Semi-Implicit Method for Pressure 
Linked Equations-Consistent) is applied. A pressure-based 
solver is used, and the simulation is conducted under steady-
state conditions. Given the significant influence of convective 
transport in the present problem, a second-order Upwind 
interpolation scheme is used for the discretization of the 
momentum, energy, and specific dissipation rate equations. 
For the turbulent kinetic energy equation, a first-order Upwind 
scheme is employed, as the flow exhibits abrupt variations 
within the domain, and this scheme is better suited to handle 
such discontinuities while minimizing numerical errors. 
Standard under-relaxation factors from Ansys Fluent were 
used. The simulations converged when at least two 
consecutive iterations were less than 10−6 for mass equation, 
10−6 for momentum equation, 10−8 for the energy equation, 
10−6 for turbulent kinetic energy and 10−6 for the specific 
dissipation rate.  

The mesh generation was carried out using the software 
Ansys Fluent Meshing. To better capture the anisotropic 
characteristics of the flow, a triangular mesh was used in the 
central region of the domain. In contrast, near-wall regions 
were refined with a rectangular mesh to more accurately solve 
the temperature and velocity gradients in these areas. It is also 
noticeable that the central region contains coarser volumes; 
this strategy was employed to reduce the total number of 
control volumes and, consequently, minimize computational 
effort. A mesh independence test was conducted for the 
domain considered in this study. Discretization with 

approximately 80,000, 130,000, 240,000, and 320,000 control 
volumes were simulated. The verified variable was the average 
temperature (Tavg) of the fluid at the outlet of the corrugated 
channel. Figure 5 shows the mesh independence test results. 
Analyzing the results, a difference of 3 K in the average 
temperature is observed between the cases with 80,000 and 
130,000 volumes, whereas the difference between 130,000 
and 240,000 volumes reduces to just 0.5 K, indicating a region 
where the temperature field becomes insensitive to further 
mesh refinement. For this reason, and to avoid unnecessary 
computational effort, the mesh with 130,000 control volumes 
was selected for the simulations. It is important to highlight 
that, for the mesh independence test, all cases were run under 
transient conditions with a time step of 0.001 seconds and a 
final simulation time of 5 seconds. 

 

 
 

Figure 5. Mesh independence test under transient conditions 
for the case studied in the present work 

 

 
 

Figure 6. Comparison between the convective heat transfer coefficients obtained using steady-state and transient modeling 
 

To check the steady-state assumption to reduce 
computational effort, a comparison between transient and 
steady-state models was performed. For this analysis, the 
computational domain with 130,000 control volumes was 
employed. The convective heat transfer coefficient along the 
lower wall of the microchannel was verified. In the transient 
simulations, a time step of 0.001s was adopted. Figure 6 shows 
the comparison between the steady-state and transient models. 
The figure demonstrates that there are no significant 

differences in the convective heat transfer coefficients 
obtained from the steady-state and transient simulations when 
comparing the time-averaged fields over the interval of 5.0s. 
Based on these findings, the steady-state approach was 
selected for the simulation in this study, ensuring reliable 
results while substantially decreasing computational cost. It is 
worth highlighting that, by using the steady-state regime, the 
total simulation time was reduced from approximately 24 
hours to 30 minutes without compromising accuracy. 
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Figure 7. Comparison between the convective heat transfer 
coefficients obtained in the present study and those reported 
by Teixeira et al. [48] for a flow at ReD = 22,000 and Pr = 

0.71 
 

To validate the computational model, the benchmark case 
presented by Teixeira et al. [48] was employed. The authors’ 
model was validated based on the works of Ranjan and Dewan 
[51] and Chen and Xia [52]. The study by Teixeira et al. [48] 
was chosen for verification because it employs the same 
Reynolds and Prandtl numbers as used in the present work. 
Moreover, it also simulates a free shear flow, exhibiting 
boundary layer separation and reattachment phenomena 
similar to those induced by the corrugations studied in the 
present work. Therefore, if the code is successfully verified 
against this case, it can be assumed to be capable of accurately 
performing the simulations required in this study. For 
comparison purposes, the convective heat transfer coefficient 
(h) was monitored on the faces of the square bluff body. 
Regarding the computational domain, it consists of a two-
dimensional rectangular domain with a length of L = 26D, a 
height of H = 10D, and a square bluff body side length of D = 
1 m. For more detailed information about the discretization 
used for model verification can be found in the study [48]. 

Figure 7 presents a comparison between the convective heat 
transfer coefficient curves obtained in the present study and 
the results reported by Teixeira et al. [48]. To quantitatively 
compare the results, the mean relative error was calculated. It 
can be observed that both curves exhibit very similar behavior, 
with a mean relative error of 8%, which is considered an 
acceptable deviation given the simulation of turbulent flows 
with convection. This error is likely attributed to differences 
in the mesh discretization between the domain used by the 
authors and the one employed in this study. Nevertheless, a 
refined mesh ensuring y⁺ < 1 in the region near the bluff body 
is maintained. 

 
 

4. RESULTS AND DISCUSSION 
 
4.1 Effect of the corrugation geometry on the velocity, 
pressure and temperature fields 
 

To better understand the physical phenomena inside the 
channel, it is important to analyze the fluid flow dynamics and 

how it can impact the temperature field and pressure drop in 
the microchannel. In this regard, Figures 8, 9 and 10 present 
the velocity vectors, pressure drop and temperature map for a 
fixed ratio of LA2/LA1 = 0.20 and different values of H1/LA1, 
respectively. It is possible to see that by increasing the H1/LA1 
ratio, the height of the trapezoid in the bottom part of the 
channel increases, causing a flow restriction, along with an 
increase in fluid velocity, particularly in the central region of 
the channel. In addition, when the H1/LA1 increase, it leads to 
the formation of recirculation zones, as well as an extended 
reattachment path for the fluid. For H1/LA1 = 0.05 and H1/LA1 
= 0.15, the flow reattachment occurs upstream of the 
downstream corrugation, while for higher H1/LA1 ratios, 
reattachment occurs within the following corrugation itself. 
This behavior contributes to an increase in pressure drop, as 
observed in Figure 9. It is clear that the corrugation in the 
bottom part of the channel directly increases the pressure drop 
since it restricts the fluid flow. However, since heat 
exchangers typically consist of multiple shared channels, it 
becomes impractical to remove this corrugation by directing 
the insertion outward from the domain. This is because the 
wall of one channel is shared with the adjacent channel, and so 
on. Consequently, an outward-directed insertion in one 
channel results in an inward-directed insertion in the 
neighboring channel. 

Regarding the fluid temperature in Figure 10, the first key 
point to highlight is that the corrugations directed outward 
from the domain are not significant to the temperature map, as 
they do not significantly affect the temperature fields 
downstream of the fluid flow. In contrast, the corrugations 
extending into the channel domain have a considerable 
influence on the temperature fields, notably impacting the 
temperature gradients immediately downstream of each 
corrugation. It is also clear that the temperature gradient 
increases as the corrugation height increases, with 0.05 < 
H1/LA1 < 0.30, as illustrated in Figure 10. The results also 
suggest that applying corrugations with different H1/LA1 ratios 
- asymmetric corrugations - may lead to improved thermal 
performance. 
 
4.2 Influence of geometry on heat transfer performance 
 

After presenting the fluid flow and qualitatively 
understanding the influence of the corrugation geometry on 
the fluid dynamics and thermal field in the channel, it is also 
possible to quantitatively assess the impact of the corrugated 
geometry on the heat transfer rate per unit depth (q'). The 
interest in this analysis is evaluating how the heat transfer rate 
responds to variations in the LA2/LA1 and H1/LA1 ratios.  

Figure 11 illustrates the heat transfer rate (q') in relation to 
the LA2/LA1 ratios for the different H1/LA1 ratios. It is 
interesting to observe the increase in the heat transfer rate (q') 
with the increasing H1/LA1 ratio. For LA2/LA1 = 0.2, an 
increase of approximately 26.2% in the heat transfer rate is 
observed when increasing the H1/LA1 ratio. In contrast, for 
LA2/LA1 = 0.9, a minor increase of around 14.6% in q’ with an 
increase in the H1/LA1 ratio was observed. A possible 
explanation for this trend is the stronger influence of the 
corrugation height on the interaction between the fluid flow 
and the heated wall, compared to the effect of corrugation 
width. 
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Figure 8. Velocity field for fixed LA2/LA1 = 0.20 ratio and different H1/LA1: (a) H1/LA1 = 0.05, (b) H1/LA1 = 0.15, (c) H1/LA1 = 
0.20, (d) H1/LA1 = 0.30 

 

 
 

Figure 9. Pressure field for fixed LA2/LA1 = 0.20 ratio and different H1/LA1: (a) H1/LA1 = 0.05, (b) H1/LA1 = 0.15, (c) H1/LA1 = 
0.20, (d) H1/LA1 = 0.30 

 

 
 

Figure 10. Temperature maps for fixed LA2/LA1 = 0.20 ratio and different H1/LA1: (a) H1/LA1 = 0.05, (b) H1/LA1 = 0.15, (c) 
H1/LA1 = 0.20, (d) H1/LA1 = 0.30 
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It can be also seen in Figure 11 that for 0.05 ≤ H1/LA1 ≤ 0.10, 
the heat transfer rate increases as LA2/LA1 increases. However, 
when H1/LA1 ≥ 0.15, the behavior of the heat transfer rate 
presents a different trend, suggesting that the effect of LA2/LA1 
is strongly dependent on the value of H1/LA1 ratios. 
Specifically, at H1/LA1 = 0.15, the heat transfer rate remains 
nearly constant. Beyond H1/LA1 = 0.20 values, the heat transfer 
rate shows the opposite trend, meaning that increasing LA2/LA1 
ratios results in a decrease in the heat transfer rate. This 
behavior can be possibly explained by the fact that, for H1/LA1 
≥ 0.15, the LA2/LA1 ratio varying from 0.10 to 1.0 corresponds 
to a transition in the corrugation geometry from an almost 
triangular shape to a rectangular one. As a result, at LA2/LA1 = 
0.10, the geometry generates fewer recirculation zones and 
facilitates the interaction between the fluid and the heated 
walls. Consequently, configurations with higher H1/LA1 and 
lower LA2/LA1 ratios are able to remove more heat from the 
walls and exhibit a higher heat transfer rate compared to cases 
with higher LA2/LA1 values, which have a stronger impact on 
the fluid flow and lead to reduced heat transfer efficiency. On 
the other hand, for 0.05 ≤ H1/LA1 ≤ 0.10 values, the increase 
in the heat transfer rate with the increase in LA2/LA1 can be 
attributed to the higher fluid flow interaction with the heated 
wall for higher LA2/LA1 values. To better understand these 
phenomena, Figure 12 illustrates the temperature map for the 
cases of H1/LA1 = 0.30 and H1/LA1 = 0.05, respectively. It can 
be seen that for the H1/LA1 = 0.30 ratio, increasing the LA2/LA1 
ratio reduces the temperature gradient immediately 
downstream of the corrugation. On the other hand, for H1/LA1 
= 0.05, the temperature gradient increases as LA2/LA1 increases. 

These findings are particularly relevant to designing and 
manufacturing this type of heat exchanger. If the manufacture 
constraints limit the corrugation height to H1/LA1 < 0.15, 
increasing LA2/LA1 would be advantageous for maximizing 
heat transfer. Conversely, if the constraint requires 
constructing the channel with H1/LA1 > 0.15, a lower LA2/LA1 
ratio should be selected to increase thermal performance. 

The maximum heat transfer rates (q'm) achieved for each 
H1/LA1 ratio and their corresponding thermally optimal 
geometries, denoted as (LA2/LA1)o,T, are summarized in Figure 
13. In other words, Figure 13 shows the effect of the H1/LA1 
ratio on both the once maximized heat transfer rate (q'm) and 
the once optimal (LA2/LA1)o,T (on the thermal perspective). The 
left vertical axis presents the q'm as a function of H1/LA1 
(horizontal axis), and it is evident that higher H1/LA1 ratios 
lead to higher q'm values. The right vertical axis presents the 
optimal LA2/LA1 ratios corresponding to each q'm. From this 
figure, it can be seen that the trend inversion previously 
discussed is noticeable, with a clear change occurring at 
H1/LA1 = 0.15. Moreover, these results highlight that for lower 
H1/LA1 ratios, a corrugation shape approaching a rectangle 
type achieves higher thermal performance. On the other hand, 
at higher H1/LA1 ratios, the optimal geometry tends to be 
triangular or a trapezoid with a smaller upper base. 

 

 
 

Figure 11. Variation of the heat transfer rate (q’) with 
H1/LA1 and LA1/LA2 ratios 

 

 
 
Figure 12. Microchannel temperature map for different H1/LA1 and LA2/LA2 ratios. Left-side: H1/LA1 = 0.30 and LA2/LA1 – 0.10 

(a), 0.60 (b) and 1.0 (c). Right-side: H1/LA1 = 0.05 and LA2/LA1 – 0.30 (d), 0.60 (e) and 0.9
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Figure 13. Effect of H1/LA1 on the once maximized heat 
transfer rate per unit depth (q′m) and the corresponding 

optimal ratio (LA2/LA1)o,T 
 

 
 

Figure 14. Temperature map for selected H1/LA1 ratios and 
their respective thermally optimal (LA2/LA1)o,T ratios 

 
It is also interesting to note that while the width of the 

corrugations influences the heat transfer, its effect is less 
pronounced compared to the corrugation height. The 
maximum variation in q' as a function of LA2/LA1 for H1/LA1 

= 0.05 is only 3.8%, whereas for H1/LA1 = 0.30, the maximum 
variation is about 4.6%. This trend result collaborates with the 
findings of Chai et al. [24], who reported a minor influence of 
width on heat transfer performance for fan-shaped 
corrugations. Figure 14 illustrates the temperature map for 
selected H1/LA1 ratios and their respective thermally optimal 
(LA2/LA1)o,T ratios. Notably, the case with H1/LA1 = 0.30 and 
LA2/LA1 = 0.10 presents the higher temperature gradient. 
Consequently, the highest heat transfer rate among the cases 
investigated in this study. It can be explained by stronger 
interaction between the corrugations and turbulent flow. The 
turbulent flow reattachment occurs latter in the microchannel, 
increasing the intensity and removing more heat.  
 
4.3 Influence of geometry on pressure drop 
 

Figure 15 presents the pressure drop (ΔP) in relation to 
LA1/LA2 and different H1/LA1 ratios. It is evident from the 
figure that the pressure drop exhibits higher variability, and it 
follows a similar trend to the heat transfer rate curves 
presented in Figure 11. This trend is expected since the 
corrugations in the microchannel restrict the fluid flow, 
resulting in an increase in pressure drop. It is evident in Figure 
15 that higher H1/LA1 ratios achieved higher pressure drop 
values. It is because higher H1/LA1 ratios have higher 
corrugation heights, which restrict more the flow in 
comparison to lower H1/LA1 ratios. The pressure drop 
decreases as the LA1/LA2 increases for the H1/LA1 = 0.30. It can 
also be attributed to the transition in the corrugation geometry 
from an almost triangular shape to a rectangular one from 0.1 
to 1.0 in LA1/LA2 ratios. On the other hand, for lower H1/LA1 
values, the pressure drop increases as the LA1/LA2 ratio 
increases due to the higher fluid flow restriction for higher 
LA1/LA2 values. 

 

 
 

Figure 15. Pressure drop in relation to LA1/LA2 ratios for 
different H1/LA1 ratios  

 
From an engineering perspective, for a single channel, this 

pressure differential is not particularly significant, with a 
maximum difference of only 80 Pa, comparing the pressure 
drop between H1/LA1 = 0.05 with LA2/LA1 = 0.20 and H1/LA1 
= 0.30 with LA2/LA1 = 0.10. Such a pressure difference can be 
easily compensated for using standard fans and may not 
represent a limitation in terms of economic feasibility. 
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Figure 16 presents the pressure map for H1/LA1 = 0.30 at 
LA2/LA1 = 0.10 (a), LA2/LA1 = 0.60 (b), and LA2/LA1 = 1.00 (c) 
ratios, respectively. From Figure 16, it is clear that higher 
pressure gradients occur at higher H1/LA1 with lower LA2/LA1 
ratios, and these gradients decrease as LA2/LA1 increases. In 
addition, it is possible to note that the corrugation that is 
outward-directed (upper surface of the channel) has a slight 
effect on the pressure field, while the corrugation inward-
directed (bottom surface) to the channel has a strong effect on 
the pressure field due to its restriction and interaction with the 
turbulent flow. In the H1/LA1 = 0.30 with LA2/LA1 = 0.10 ratio 

case, we can see that the corrugation presented almost a 
triangular shape and has a strong effect in the fluid flow in 
relation to the cases with LA2/LA1 = 0.60 and 1.0. Similarly, 
Figure 16 shows the pressure fields for H1/LA1 = 0.05 at 
LA2/LA1 = 0.20 (d), LA2/LA1 = 0.60 (e), and LA2/LA1 = 0.90 (f). 
In contrast to the previous case, here the pressure gradients 
increase with increasing LA2/LA1 ratios. It can be possibly 
explained by the fact that with H1/LA1 = 0.05, the fluid flow is 
less restricted than with H1/LA1 = 0.30, meaning that the 
impact of the LA2/LA1 ratio in the pressure gradient is higher 
in these cases. 

 

 
 

Figure 16. Pressure drop for different H1/LA1 and LA2/LA2 ratios. Left-side: H1/LA1 = 0.30 and LA2/LA1 – 0.10 (a), 0.60 (b) and 
1.0 (c). Right-side: H1/LA1 = 0.05 and LA2/LA1 – 0.30 (d), 0.60 (e) and 0.9 (f) 

 

 
 
Figure 17. Minimum pressure drop (ΔPmin) for each H1/LA1 
(left-side axis) and the optimized (LA2/LA1)o,F ratio for each 

H1/LA1 (right-side) 
 

Figure 17 shows the minimum pressure drop (ΔPmin) for 
each H1/LA1 (left-side axis) and the once optimized 
(LA2/LA1)o,F ratio (from fluid perspective) for each H1/LA1 
(right-side). Although the width of the corrugation has little 
influence on heat transfer, it plays a more significant role in 
the pressure drop. Specifically, variations in ΔP as a function 
of LA2/LA1 reach 19.5% for H1/LA1 = 0.05 and 20.6% for 
H1/LA1 = 0.30. Therefore, to minimize pressure losses, it is 
better to use lower LA2/LA1 ratios for smaller insertions and 
higher LA2/LA1 ratios for larger insertions. This trend is clearly 
illustrated in Figure 17, where the optimal (LA2/LA1)o,F values 
are lower for smaller H1/LA1 ratios. It can also be seen that the 
pressure drop tends to increase with the augmentation of 
H1/LA1 ratios. 

Figure 18 presents the pressure fields for selected H1/LA1 
ratios and their corresponding optimized (LA2/LA1)o,F ratios in 
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the flow perspective. The case with H1/LA1 = 0.30 and LA2/LA1 
= 1.00 exhibits the highest-pressure gradient. Consequently, 
there is a higher pressure drop along the channel. On the other 
hand, the case with H1/LA1 = 0.10 and LA2/LA1 = 0.20 shows 
the lowest pressure gradient, resulting in the lowest pressure 
drop. 

 
 
Figure 18. Pressure fields for selected H1/LA1 ratios and their 

corresponding optimized (LA2/LA1)o,F ratios in the fluid 
dynamic perspective. (a) H1/LA1 = 0.10 – (LA2/LA1)o,F = 0.20 
(b) H1/LA1 = 0.20 – (LA2/LA1)o,F = 0.40 (c) H1/LA1 = 0.30 – 

(LA2/LA1)o,F = 1.00 
 
 
5. CONCLUSIONS 
 

This study investigated, through the application of 
constructal design method, the effect of different geometric 
configurations on the heat transfer rate per unit depth and 
pressure drop in a channel with trapezoidal corrugations under 
turbulent flow with forced convection. It is important to 
highlight that this research topic has been scarcely addressed 
in the literature, especially using the constructal design method 
to help find the best corrugation designs. The geometric ratios 
analyzed were H1/LA1, varying from 0.05 to 0.30, and LA2/LA1, 
ranging from 0.1 to 1.0. The results led to the following 
conclusions: 

From a thermal perspective: 
• The H1/LA1 ratio has a greater influence on the heat 

transfer rate, resulting in a 26.2% increase for 
LA2/LA1 = 0.1 ratio when comparing H1/LA1 = 0.05 
and H1/LA1 = 0.30 ratio. It can be explained by the 
fact that the corrugation height has a more significant 

effect than the corrugations widths in the heat transfer. 
• Overall, the results demonstrated that the effect of the 

LA2/LA1 ratio on q' depends on the H1/LA1 ratio. In 
other words, there is no universal optimal geometry. 

• To maximize heat transfer performance when no 
design constraints are present, increasing H1/LA1 and 
minimizing LA2/LA1 results in better thermal 
performance. On the other hand, considering design 
limitations for a corrugated channel, for small 
insertions, it is preferable to prioritize increasing the 
LA2/LA1 ratio. 

• The geometric investigation results, combined with 
the temperature fields, suggest that using asymmetric 
corrugations on the top and bottom walls may be 
beneficial since the upper corrugation tends to 
contribute less to heat transfer. 

From a fluid dynamic perspective: 
• Increasing the corrugation height through a higher 

H1/LA1 ratio leads to an increase in pressure drop 
along the channel. Although the LA2/LA1 ratio has a 
minimal influence on heat transfer, it significantly 
affects pressure drop, with variations of 19.5% for 
H1/LA1 = 0.05 and 20.6% for H1/LA1 = 0.30. 

• To minimize pressure drop, lower LA2/LA1 ratios 
should be used for small insertions and higher ratios 
for larger insertions. 

• The maximum difference in pressure drop observed 
during the optimization process was only 80 Pa 
(between H1/LA1 = 0.05, LA2/LA1 = 0.10 and H1/LA1 
= 0.30, LA2/LA1 = 0.10). While this may not be 
significant from an economic point of view for a 
single channel, it may become relevant depending on 
the total number of channels in the heat exchanger. 
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NOMENCLATURE 

At Trapezoidal area m2 
cp Specific heat at constant pressure J/(kg⋅K) 
h Convection heat transfer 

coefficient 
W/(m²⋅K) 

H Channel height m 
H1 Height of the trapezoid m 
k Thermal conductivity of the fluid W/(m⋅K) 
L Channel length m 
LA1 Larger base of the trapezoid m 
LA2 Lower base of the trapezoid m 
Pgauge Pressure Pa 

Pr Prandtl number 
ReH Reynolds number 
q' Heat transfer rate per unit depth W/m 
T Temperature K 
Tin Inlet temperature K 
Tw Wall temperature K 
U Fluid velocity in x direction m/s 
V Fluid velocity in y direction m/s 

Greek symbols 

Μ Dynamic viscosity kg/(m⋅s) 
Ρ Density kg/m³ 

Subscripts 

M Once maximized 
Mm Twice maximized 
O Once optimized 
T Optimized from the thermal perspective 
F Optimized from the fluid dynamic perspective 
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