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A B S T R A C T

The demand for efficient thermal management technologies is increasing as chip technology advances and large- 
scale data centers grow. High-conductivity fins and cavities are widely employed to enhance heat transfer. 
However, identifying the best fin or cavity configuration and understanding how it improves thermal perfor
mance remains a challenge. In this context, constructal design has been extensively applied to develop flow 
architectures that enhance access to internal flow and reduce thermodynamic imperfections. This work sys
tematically reviews the evolution and application of constructal design in heat transfer problems involving fins 
and cavities. A total of 195 research articles from two major databases were analyzed. This study shows how fin 
and cavity designs have evolved and how these changes have influenced heat transfer performance. A biblio
metric analysis also illustrates the growth of this research field and identifies recent research trends. Cavity 
geometries evolved from simple I-shaped cavities to complex branching configurations, including H-, X-, double- 
Y-, and tree-shaped designs. Under the same comparison conditions, the best-performing isothermal cavity was 
the tree-shaped configuration with four branches, which reduced the dimensionless maximum excess tempera
ture by up to 93.6% compared with the baseline I-shaped cavity. Several fin configurations were also evaluated, 
including disk-shaped, circular, tree-shaped, Y-shaped, rectangular, and pin-fin arrays. The results indicate that 
the transition from simple fin geometries to hierarchical and branching designs improves thermal performance. 
The research field continues to grow, with recent studies focusing on mixed and forced convection and the 
application of constructal design to thermal energy storage systems with phase change materials.

1. Introduction

Nowadays, the development of new technologies is associated with 
continuous increases in electronic and computational power. From 
battery energy storage systems to high-frequency chips and large-scale 
data centers for artificial intelligence, these technologies are steadily 
advancing toward higher power density and energy consumption, 
posing real challenges for thermal management [1,2]. Moreover, in 
some technologies, particularly electronic chips, the power levels are 
increasing while physical dimensions continue to shrink, making heat 

dissipation during operation increasingly difficult [3].
In this regard, a wide range of heat dissipation strategies has been 

developed to improve the thermal performance of engineering systems. 
One widely employed example is the use of fins or cavities to enhance 
heat transfer by increasing fluid–thermal interaction and reducing 
thermal resistance in compact, lightweight systems [4–6]. Fins and 
cavities can assume several geometric configurations, such as triangular, 
convex, and wavy shapes, which influence heat transfer and system 
performance [7–9]. Nevertheless, in most heat transfer problems, a 
major question is how to identify the configuration that most effectively 
promotes heat removal and how this flow architecture influences the 
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system's overall thermal behavior. Then, fundamental heat transfer 
problems and the development of new heat-dissipation technologies 
could be addressed based on the constructal law.

The constructal law was postulated by Bejan in 1996 [10,11] and 
considers the time evolution of the configuration (design) of all flow 
systems that are free to morph, including animate and inanimate, 
human-made and natural, and social and individual systems [12]. Ac
cording to the constructal law, any finite-size flow system must evolve 
its configuration in order to persist over time. This evolution occurs 
through a natural tendency to provide greater access to the currents that 
flow through the system [13–15]. In heat transfer problems, heat itself is 
the flowing entity, and the evolution of the system configuration enables 
more efficient pathways for heat dissipation or absorption.

The constructal law is considered a law of physics under the broad 
umbrella of thermodynamics. The first law of thermodynamics governs 
the conservation of energy in "any system", and the second law of 
thermodynamics identifies the presence of irreversibility for "any sys
tem" as if it were a black box [16]. However, the two laws of thermo
dynamics are global statements that consider only the flow of heat, 
work, and mass across a boundary and do not account for the system's 
design, organization, freedom, or evolution [17]. Then, the constructal 
law sheds light on the evolution of system designs over time. The 
occurrence of a design appears to be a dynamic phenomenon, with 
continuous, never-ending evolution [16,18].

The constructal research area has grown rapidly over the years and 
expanded beyond the realm of thermodynamics into the most diverse 
areas of engineering, physics, geophysics, biology, social sciences, eco
nomics, architecture, the arts, and health sciences [19–22]. The meaning 
of the constructal law has become broader and more powerful because, 
by describing flow systems, it enables the prediction, design, and fast 
development of technologies based on novel evolutionary flow archi
tectures [12]. In engineering studies, especially in heat transfer prob
lems, constructal design has been used as a method to help systems 
change their geometry to distribute their imperfections and improve the 
thermal performance [23]. Some examples of the constructal design in 
heat transfer problems include microchannel heat exchangers [24], 
latent heat exchangers [25], liquid cooling [26,27], and battery thermal 
management systems [28–30]. From these examples, it is clear that hi
erarchical flow architecture plays a key role in developing more efficient 
heat-transfer systems.

Since it was postulated, the constructal law has been extensively 
reviewed in journals and books because of its impact on engineering and 
its expansion into other fields of knowledge [31–36]. In the heat transfer 
domain, Chen et al. [37] reviewed the progress of constructal theory in 
China, addressing studies involving heat conduction, thermal insulation, 
convective heat transfer, and mass transfer in porous media. In another 
review, Chen et al. [38] summarize the progress in constructal design 

across eight heat sink configurations and multiple thermal performance 
indicators. Marzouk et al. [39] presented a comprehensive review of the 
applications of constructal theory to heat conduction, fluid flow, and 
convective heat transfer problems. Table 1 summarizes the main char
acteristics of prior review studies on constructal theory and its appli
cations in the heat transfer domain. Although previous works have 
discussed constructal theory and thermal optimization problems more 
broadly, no review has specifically focused on the evolution of con
structal design in heat transfer problems involving fins and cavities, 
using bibliometric and systematic literature review approaches.

In this regard, three decades after the constructal law was postulated, 
the present work systematically reviews the applications and evolution 
of constructal design for fins and cavities in heat transfer problems. This 
study maps the evolution of constructal designs over time in these ap
plications to improve the thermal performance of the systems under 
investigation. It also analyzes the expansion of research on constructal 
design of fins and cavities by identifying trends in publications, cita
tions, and authors’ keywords. Therefore, this study clarifies the current 
state of development and recent research trends in constructal design for 
fins and cavities, thereby contributing to a comprehensive understand
ing of the field.

2. Methodological procedures

A systematic literature review (SLR) is a structured methodology for 
organizing and mapping a research area through methodological consis
tency. Its primary goal is to deliver a comprehensive and unbiased sum
mary of existing evidence on a specific research topic, while also 
highlighting research gaps and opportunities for future studies [40]. Un
like other reviews, an SLR is guided by a well-defined research question 
and follows a predetermined review protocol [40]. The SLR method has 
been widely adopted in engineering research to support reliable and 
evidence-based conclusions [41,42]. In an SLR, transparency throughout 
the review process is important, and all methodological decisions and 
steps must be documented to ensure clarity and methodological rigor [43]. 
Employing structured procedures for the identification, screening, and 
synthesis of studies mitigates the risk of bias [44].

2.1. Scope

An SLR aims to identify and synthesize all available evidence that 
meets predefined inclusion criteria to address a research question or hy
pothesis [45]. The present study aims to map the state of the art and 
answer the main research question: How has the constructal design of fins 
and cavities in heat transfer architecture evolved over time?

In addition to this primary question, the SLR addresses the following 
secondary questions: 

Nomenclature

A Domain area (channel) m2

Ac Area filled by the fin or cavity m2

Gr Grashof number (Gr = gβ(Ts - T∞)L3/ν2)
h Convection heat transfer coefficientW/(m2⋅K)
H Domain height m
H1 Height of the fin/cavity m
k Thermal conductivity W/(m⋅K)
L Domain length m
L1 Length of the fin/cavity m
NuH Nusselt number for characteristic height (NuH = h⋅H/k)
Pr Prandtl number (Pr = μcp/k)
q‴ Heat generation per unit volume W/m3

q* Dimensionless heat transfer rate

q̃ Dimensionless thermal conductance
Ra Rayleigh number (Ra = Gr×Pr)
ReH Reynolds number (ReD = ρV∞H/μ)
Ri Richardson number (Ri = GrH / ReH

2 )
Tmax Maximum temperature of the cavity K
Tmin Minimum temperature of the cavity K
T∞ Bulk temperature K

Greek symbols
ϕ Fraction of the area filled by the fin or cavity
θmax Dimensionless maximum excess of temperature

Subscripts
o Once optimized
oo Twice optimized
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Table 1 
Characteristics of previous review studies related to constructal theory and heat transfer applications

Ref. Scope Systematic 
Review

Database / Period 
covered

Bibliometric 
Analysis

Constructal Design 
Applied to Fins/ 
Cavities

Contribution

Chen et al. 
[37]

Developments of Constructal 
Theory in China over the past 
decade

No Not explicitly 
reported

No Broadly Broad review of constructal applications in 
engineering focused on developments in China

Chen et al. 
[38]

Constructal design in eight 
types of heat sinks

No
Not explicitly 
reported

No Yes (heat sinks)
Focused on optimization of eight heat sink 
configurations and performance indicators

Marzouk 
et al. 
[39]

Heat transfer enhancement 
through Constructal Theory No

Scopus 
(1997–2025) Yes Broadly

Broad review of constructal applications in heat 
transfer and flow systems

Present 
study

Constructal Design applied to 
fins and cavities in heat 
transfer problems

Yes Scopus + WoS / 
No restriction

Yes Yes
Systematic and bibliometric review focused on 
the evolution of Constructal Design applied to 
fins and cavities heat transfer problems.

Fig. 1. Systematic review protocol.
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• How has the constructal design of fins and cavities research field 
expanded over time?

• How did the geometry of the fins and cavities evolve in the different 
heat transfer problems (from I-shaped to double-Y-shaped)?

• What are the main performance indicators used?
• What are the most prominent topics in this specific research field?

2.2. Review structure

In this study, the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines were followed to report the 
literature search strategy and article selection process [42,46]. The re
view was conducted in three main stages: (i) planning, during which the 
objectives, protocols, and inclusion criteria were defined; (ii) execution, 
which involved screening and selecting relevant studies; and (iii) anal
ysis, in which the selected articles were synthesized and interpreted.

Fig. 1 presents the review protocol used for this work. The SLR was 
conducted without a year restriction. Data were retrieved from the 
Scopus and Web of Science (WoS) databases. Scopus and WoS were 
selected because they are the largest databases of peer-reviewed litera
ture and are comprehensive, reliable tools with various selection 
criteria. Scopus and WoS are widely used by academia, especially in the 
engineering field, and provide standardized export data. Data were 
collected in December 2025.

To identify all documents in the constructal design field related to 
fins and cavities in heat-transfer problems, the term “constructal” was 
combined with “fins” or “cavity” in the articles’ titles, abstracts, or 
author keywords. Only research articles in English were considered. 
Review articles, chapter books, books, conference papers, conference 
review papers, notes, editorials, and letters were excluded. Therefore, 
only peer-reviewed research articles were included in this study, as they 
typically provide more comprehensive content than other publication 
types, such as conference papers. Additionally, most conference pro
ceedings are not indexed in major databases such as Scopus and WoS.

In total, we found 369 documents, comprising 211 from Scopus and 
158 from the WoS databases. In the screening phase, we first removed 
155 duplicate documents between the Scopus and WoS databases, as 
presented in Fig. 1. After duplicate removal, the remaining studies were 
evaluated according to the eligibility criteria presented in Table 2. 
Studies unrelated to constructal design applications involving fins and 
cavities in heat transfer problems, full-text manuscripts unavailable, and 
non-research article publications were excluded at this stage. A total of 
21 documents were removed in this step, as shown in Fig. 1. Finally, two 
more works were added using the snowball technique, identified by 
examining the references of the already selected documents. A total of 
195 documents were found following the current methodology.

The quality assessment of the primary studies was conducted 
manually to verify compliance with the eligibility criteria and their 
relevance to the research questions [47]. All studies were independently 
evaluated by the reviewers during the full-text screening stages. Dis
agreements regarding study inclusion were resolved through discussion 
and consensus among the authors. The selected studies were evaluated 
based on methodological clarity, the definition of geometric degrees of 
freedom, boundary conditions, validation procedures, and the 

consistency of the reported thermal performance indicators. Studies 
lacking sufficient methodological detail were excluded from the final 
database.

After screening and selecting the relevant studies, the collected 
works were classified into several categories (heat sinks, cavities, 
channels, circular/disk, phase change materials (PCMs), and applica
tions), depending on the type of heat transfer problem. The largest group 
focused on heat sinks with rectangular or pin fin arrays. The second- 
largest category comprised studies on cavities with various geometric 
designs, followed by studies on channel flows and PCMs. All screening, 
study selection, and categorization stages were conducted using the 
Rayyan platform to improve the organization, consistency, and man
agement of the systematic review process.

The search results were exported and analyzed using VOSviewer and 
Bibliometrix software to screen, quantify, and map data from the 
selected studies. The number of documents and citations per year, and 
the main countries and sources researching the constructal field applied 
to fins and cavities, were quantified using the Bibliometrix tool [48]. 
The VOSviewer software [49] was also used in this work to assist in 
scientific mapping analyses and to identify relationships among authors’ 
keywords. In the keyword co-occurrence network, keyword clusters 
closely reflect the themes or topics of the research field under study. It is 
possible to identify the main researched topics and the most prominent 
ones in the literature.

It is important to emphasize the scope and limitations of the present 
work. The adopted search strategy focused on studies explicitly related 
to the constructal law and the constructal design field by using the term 
“constructal” in the searchable fields. As a result, studies involving fins, 
cavities, heat sinks, PCM systems, and related thermal problems that did 
not explicitly identify themselves within the constructal domain may not 
have been included in the final database. Therefore, the present review 
should be interpreted as a systematic review of the constructal field 
literature applied to fins and cavities in heat transfer problems rather 
than as a comprehensive review of fins and cavities in the broader 
thermal sciences literature.

3. Bibliometric analysis

Bibliometric analysis is a technique for assessing scientific research 
output using specific indicators and identifying research trends across 
fields and their evolution over time [50]. It is particularly useful when 
the objective is to contextualize a specific line of research within a 
broader scientific landscape, especially in areas with a large volume of 
publications [51]. In this context, this type of analysis helps identify how 
the constructal field applied to fins and cavities has grown over the 
years, as well as the main research topics and the leading countries and 
journals publishing on this topic. The bibliometric analyses were con
ducted using 211 documents from the Scopus database, as it contained 
more indexed documents than the Web of Science database for the 
adopted search strategy. It is important to emphasize that bibliometric 
indicators such as country rankings, journal productivity, citation 
counts, and keyword occurrence trends may vary across databases due 
to differences in indexing coverage and metadata structures.

The number of documents published and the number of citations per 
year are presented in Fig. 2. The first two documents identified date 
from 1999, a few years after Bejan postulated the Constructal Law in 
1996 [10,11]. From 1999 onward, the number of published documents 
increased, particularly after 2008, peaking at 17 in 2017. The number of 
citations also increased over the years, exceeding 400 citations per year 
almost continuously since 2015. Over the period analyzed, a total of 
5,907 citations were recorded. The 211 analyzed documents indexed in 
Scopus yield an h-index of 48. This growth trend in both publications 
and citations highlights the increasing relevance of constructal design in 
heat transfer research. It is worth noting that the number of documents 
and citations from 2025 continues to increase, as it takes time for all the 
articles published in 2025 to be indexed in Scopus.

Table 2 
Inclusion and exclusion criteria adopted during the selection of the studies 
included in the systematic literature review.

Type Criteria

Included • Studies whose main focus was the constructal design involving fins 
and cavities in heat transfer problems

• Research articles in the English language
Excluded • Unavailable online

• Review paper; Conference paper, Notes, Editorial, Letters
• Articles where the main focus was not the constructal design on fins 

and cavities heat transfer problems
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Fig. 3 shows the co-occurrence of authors’ keywords, which helps 
identify the main research topics and their relationships across different 
areas within the constructal field applied to heat transfer problems 
involving fins and cavities. The figure was generated using VOSviewer 
software, with a minimum occurrence threshold of 5 occurrences per 
keyword and the full counting method without merging synonyms [49]. 
Larger nodes represent keywords with higher frequency of occurrence, 
while the thickness of the connecting lines indicates stronger relation
ships between keywords based on their simultaneous occurrence in the 
selected documents. Keywords positioned closer to each other tend to 
appear more frequently within the same studies. The color scale repre
sents the average year of keyword occurrence in literature, with lighter 
colors (yellow or light green) indicating more recent keywords and 
darker colors (purple or dark blue) representing earlier occurrences. 
Although the first studies identified in the review were published in 
1999, the average year of occurrence for the most frequent keywords 
ranged from approximately 2012 to 2020, reflecting their continued use 
throughout the analyzed period.

The network reveals that “constructal theory” and “constructal 
design” occupy central positions and present strong connections with 
terms such as “optimization”, “heat transfer”, “cavity”, and “enhanced 

heat transfer”, indicating that these topics form the core structure of the 
constructal field literature applied to fins and cavities. It is noteworthy 
that, on average, the expression “constructal design” has been used more 
recently in the literature (on average since 2018) than “constructal 
theory” or “constructal”. A possible explanation for this trend is the 
increasing differentiation in the use of the term “constructal”, with au
thors adopting more specific expressions, such as “constructal theory”, 
“constructal design”, or “constructal law”, rather than using “con
structal” as a generic keyword. In addition, the terms “optimization” and 
“generalized thermodynamic optimization” have appeared less 
frequently in recent years. This may reflect a clearer distinction between 
optimization techniques and the constructal law itself, which is a law of 
physics. In this regard, the term “optimization” is often linked to specific 
methodologies that can be coupled with the constructal design 
approach.

Besides the core structure, more specific keywords such as “forced 
convection”, “mixed convection”, “PCM”, and “multi-objective optimi
zation” appear more peripherally in the network and with more recent 
average occurrence years, suggesting the diversification of research 
applications and topics with greater recent prominence in heat transfer 
research. The link between constructal research and PCM-related topics 
aligns with global trends toward developing thermal energy storage 
technologies to support the integration of renewable energy.

Fig. 4(a) presents the number of publications and citations by 
country, while Fig. 4(b) shows the number of publications by scientific 
journal. China ranks first with 56 documents, followed by Brazil (51), 
Italy (46), Iran (26), and the USA (24). In terms of citations, the ranking 
changes to China, Italy, Brazil, and the USA. These results indicate that 
the constructal field applied to fins and cavities in heat transfer problems 
is widely explored worldwide, with contributions from 26 countries. The 
bibliometric analysis also indicates that most studies were published in 
the International Journal of Heat and Mass Transfer (38 papers), Inter
national Communications in Heat and Mass Transfer (20 papers), and 
the International Journal of Thermal Sciences (18 papers), as shown in 
Fig. 4(b).

4. Synthesis and interpretation

This section presents the synthesis and interpretation of the selected 

Fig. 2. Number of documents and citations per year related to the constructal 
design method applied to fins and cavities problems from 1999 to 2025.

Fig. 3. Keywords occurrence map over time. Circle sizes denote how often the keyword was adopted.
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documents to answer the questions proposed in the methodological 
procedures. To organize and clarify the analysis, the documents were 
grouped into categories based on the type of heat transfer problem, as 
shown in Fig. 5.

4.1. Cavities

4.1.1. Isothermal and convective cavities
Among heat transfer problems involving cavities, the study of cav

ities embedded in a solid wall with internal heat generation has been 
widely investigated from the lens of constructal design. In this kind of 
problem, the main goal is to determine the cavity geometry that in
creases the heat transfer performance from the solid wall and the 
intruded cavity. From this heat transfer problem, it is possible to 
extrapolate to several other problems composed of low-resistance media 
(cavities) and a high-resistance domain (a solid wall).

In most of these studies, a square numerical domain is used, and 
several different intruded cavity shapes are explored. In general, the 
domain is considered as a two-dimensional solid body subjected to a 
constant heat generation per unit volume (q‴) and with a constant 
thermal conductivity (k). The domain is cooled by inserting a cavity. The 
solid domain external surfaces are considered adiabatic. The thermal 
field is assumed to be in a steady state. In this regard, the heat generated 

by the solid domain is removed only by the cavity surface at a minimum 
temperature (Tmin), which is considered an isothermal cavity (simulating 
fluid flow with a constant high heat transfer coefficient, h). However, 
some works considered the heat transfer coefficient and a specific bulk 
temperature (T∞) in the cavity as boundary conditions rather than a Tmin 
on the cavity surface. In these cases, the intensity of convective heat 
transfer is characterized by the parameter a, introduced by [52] and 
defined as: 

a =

(
2hA

1
2

k

)1/2

(1) 

where h is the convective heat transfer coefficient, A is the cavity area, 
and k is the thermal conductivity of the solid material. The parameter a 
describes the ratio of convective and conductive heat transfer within the 
solid domain and is proportional to the square root of the Biot number 
based on the characteristic length scale. Low values of a are associated 
with practical industrial forced-convection applications, whereas a→∞ 
corresponds to the case of isothermal cavity surfaces.

For square or rectangular solid domains, the total domain area is 
expressed by A = H×L, where H is the height, and L is the length of the 
domain. From this equation, it is possible to calculate the relation be
tween the total domain area and area occupied by the cavity (Ac), which 

Fig. 4. Results of the bibliometric analysis regarding the number of documents and citations per country (a) and the percentage of documents by source (b).

Fig. 5. Types of heat transfer problems involving constructal design applied to fins and cavities.
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is defined as (ϕ): 

ϕ =
Ac

A
=

Cavity area
Total domain area

= 0.1; 0.2; 0.3… (2) 

Usually, the relationship between the cavity area and the domain 
area is treated as a constraint in the analyzed works. Additionally, 
different aspect ratios of the specific cavity (I-shaped, T-shaped, etc.) are 
explored to improve the heat transfer performance. In these studies, the 
main performance indicator was the dimensionless maximum excess of 
temperature (θmax), which is defined as: 

θmax =
Tmax − Tmin

qʹ́ʹ A
k

(3) 

where Tmax is the maximum temperature of the numerical domain, Tmin 
is the minimum isothermal cavity temperature (or the bulk temperature, 
T∞, when considering the heat transfer coefficient as a boundary con
dition). In some works, Equation (3) is also considered as the definition 
of the dimensionless global thermal resistance, and the main goal is to 
minimize it. Besides the dimensionless maximum excess of temperature 
as a performance indicator, some works also employed the entropy 
generation as a performance metric [53].

Table 3 presents studies on the geometric investigation of cavities 
inserted into conducting solid walls with internal heat generation based 
on the constructal design, focusing on cavity shape, the boundary con
ditions imposed, and geometrical degrees of freedom. It is important to 
note that most of the cavity studies reviewed in this section adopted the 
dimensionless maximum excess temperature or the dimensionless global 
thermal resistance as the performance indicator. These metrics facilitate 
the comparison of thermal performance reported in the literature. 
However, direct comparisons among studies should be interpreted with 
caution, as the works considered different boundary conditions, con
vection parameter (a) values, geometric constraints, and degrees of 
freedom.

Fig. 6 presents the evolution of the geometric configuration obtained 
through the application of constructal design in the cavity heat transfer 
problems over the years. In this figure, only square or rectangular do
mains were considered, presented in chronological order as they 
appeared in the first paper to use cavity geometry in the literature. It is 
possible to see the complex evolution of the cavity shape over time. The 
simplest designs were the I-shaped (C-shaped) and T-shaped cavities, 
which were the first ones studied. Subsequently, more complex designs, 

including H-, T-, and X-shaped cavities and, most recently, the double-Y- 
shaped cavity in 2023, were evaluated. All studies analyzed different 
cavity aspect ratios to determine the optimal cavity geometry for 
improving heat transfer performance.

To enable a consistent comparison among the main isothermal cavity 
studies, Fig. 7 presents the best dimensionless maximum excess tem
perature (θmax) reported for each cavity shape, considering a square 
domain H/L = 1 and the ratio of the cavity area and domain area (ϕ) 
equal to 0.1. Since all studies employ the same performance indicator 
and geometric constraints, the comparison provides a consistent over
view of the thermal improvements achieved through cavity evolution 
over time. All configurations are compared relative to the isothermal I- 
shaped cavity, which represents the simplest design and serves as the 
baseline case.

The first work found in the literature was developed by Biserni et al. 
[54], which explored the design of elemental isothermal I-shaped and T- 
shaped cavities, evaluating the impact of the first construct degree of 
freedom (bifurcation of T) on the configuration of the elemental trunk. 
The results showed that for the I-shaped cavity, the best value was θmax 
= 0.1008 for H/L = 1 and ϕ = 0.1 (baseline case). However, the best T- 
shaped cavity performed about 29% better than the I-shaped configu
ration under equivalent boundary conditions, achieving θmax = 0.0710. 
It is noteworthy that increased cavity intrusion into the solid wall 
improved the system's heat transfer performance. A few years later, 
Biserni et al. [55] studied an isothermal H-shaped cavity, using the same 
boundary conditions as the previous work. The results indicated that 
optimal architecture is achieved when the first branch is as minimal as 
possible, making the second branch thicker and extending almost to the 
end of the domain, as seen in Fig. 7. For the H/L = 1 and ϕ = 0.1, it was 
found that θmax = 0.00245, which exhibits a thermal performance 
approximately four times higher than that of the elemental I-shaped 
cavity and nearly three times higher than that of the T-shaped cavity.

Lorenzini et al. [67,68] investigated the isothermal and convective 
Y-shaped cavity using exhaustive search and a genetic algorithm to 
assess the effects of the Y-shaped aspect ratio and the heat transfer co
efficient (h) on thermal performance, and to determine the optimal 
configuration considering four degrees of freedom. Regarding the 
isothermal Y-shaped cavity, the best geometry had a short first branch 
and longer second branches, with the Y branches extending almost to the 
domain boundary. This geometry led to θmax = 0.0611 for H/L = 1 and ϕ 
= 0.1, representing a reduction of about 39.4% relative to the optimal I- 

Table 3 
Studies about the cavity geometrical investigation regarding cavity shape, boundary condition, and degrees of freedom for a square or rectangular solid domain.

Ref. Cavity Boundary condition Geometric degrees of freedom (DoF)

Biserni et al. [54] I and T-shaped Isothermal C-shaped: 1 DoF; H0/L0 

T-shaped: 3 DoF; H/L, L0/L1, D0/D1

Biserni et al. [55] H-shaped Isothermal 5 DoF: L0/L2, L1/L2, H0/H2, H1/H2, H2/L2

Lorenzini e Rocha [56] T-Y-shaped Convective (a = 0.1) 3 DoF: H0/L0, H1/L1 and H2/L2

Rocha et al. [57] I-shaped Convective (a = 0.005 - 1.0) 2 DoF: H0/L0, H/L
Lorenzini et al. [58] Y- and T-shaped Isothermal T-shaped: 2 DoF: D0/D1, L0/L1 

Y-shaped: 2 DoF: α and volume ratio
Lorenzini et al. [59] Y-shaped Isothermal 4 DoF: H/L, L1/L0, t1/t0, α
Lorenzini et al. [60] T-shaped Convective (a = 0.1) 4 DoF: H1/L1, H0/L0, H/L, L0/L1

Lorenzini et al. [61] T-Y-I -shaped Convective (a = 0.1) 4 DoF: H3/L3, H2/L2, H1/L1, H0/L0

Hajmohammadi et al. [62] Various I-shaped Convective (a = 0.1) and Isothermal 2 DoF: H0/L0, N branches
Lorenzini et al. [63] I-shaped Isothermal and Convective 2 DoF: H0/L0, H/L
Lorenzini et al. [64] T-shaped Convective (a = 0.1 – 2.0) 4 DoF: L0/L1, H1/L1, H0/L0, H/L
Lorenzini et al. [65,66] X-shaped Isothermal 2 DoF: L1/L0, D1/D0

Lorenzini et al. [67] Y-shaped Convective (a = 0.1 – 100) 4 DoF: H/L, t1/t0, L1/L0, α
Lorenzini et al. [68] Gonzales et al. [69] Y-shaped Isothermal 4 DoF: H/L, t1/t0, L1/L0, α
Gonzales et al. [70] Double T-shaped Isothermal 4 DoF: H0/L0, H2/L2, H1/L1, S1/H0

Hajmohammadi [71] Omega-shaped Convective (a = 0.1) and Isothermal 5 DoF: HR, R0/R1, ϕs, ϕb, Db/Hb

Hajmohammadi [72] Tree-shaped Convective (a = 0.1) and Isothermal 2 DoF: Ĥ1 , L̂1 for N branches
Gonzales et al. [73,74] Double-T Isothermal 5 DoF: H/L, H0/L0, H2/L2, H1/L1, S1/H0

Gonzales et al. [75,76] Double-Y Isothermal 5 - 7 DoF: H/L, H0/L0, H1/L1, H2/L2, S1/H0, α, β
Zhu et al. [53] Fork-shaped (Various I-shaped) Isothermal 4 DoF: H0/L0, H/L, porosity, N
Xie et al. [77] Fork-shaped (Various I-shaped Convective (a =0.1-0.5) 2 DoF: H0/L0, H/L

G.D. Telli et al.                                                                                                                                                                                                                                  International Communications in Heat and Mass Transfer 178 (2026) 111933 

7 



shaped baseline. In another work from Lorenzini et al. [59], they also 
found that the optimal Y-shaped cavity performed 39.9% and 45.8% 
better than the optimal T-shaped and I-shaped cavities under H/L = 1 
and ϕ = 0.05 conditions, respectively.

Hajmohammadi et al. [62] proposed reducing the complexity of 
cavity geometries and studied N-branched I-shaped cavities intruded 
into square and trapezoidal solid domains. In this work, the cavities do 
not enter at a single point (not a single cavity), as in previous works, but 
at several points. The N branches were separated nearly symmetrically 
into equal divisions. In this work, heat was removed from the cavity 
surface through the free stream with a heat transfer coefficient, and also 
as an isothermal cavity. For the sake of comparison, for a solid domain of 
H/L = 1 and ϕ = 0.1, the best isothermal cavity results were the ones 
where the cavity was intruded from the bottom to the upper part of the 

solid domain, cutting the entire solid and improving the heat transfer 
performance, as presented in Fig. 7. In particular, the θmax was 0.0253, 
0.0112, and 0.0064 for N = 2, 3, and 4 branches, respectively, repre
senting an improvement over the baseline I-shaped cavity. Xie et al. [77]
and Zhu et al. [53] also studied the geometry of 3-branched I-shaped 
cavities (fork-shaped) to find the best heat transfer performance.

Hajmohammadi [71] explored ω-shaped cavities with the same 
boundary conditions (convective and isothermal). The optimal 
isothermal ω-shaped cavity geometry achieved 26% better results than 
the optimal H-shaped cavity for ϕ = 0.1. Later, Hajmohammadi [72]
also presented a tree-shaped cavity. Different than the various I-shaped 
cavities (N branches), the tree-shaped cavity is a single cavity, since 
there is only one root, and from this one root derive N-branches. The 
author evaluated the thickness of the primary root and branches, as well 

Fig. 6. Evolution of geometric configuration through the constructal design method applied to cavity studies. Adapted from [54–56,59,61,62,65,66,70–72,75].
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as the number of branches in the tree configuration. The optimal tree 
design appears to be the one with N = 4, featuring a thick primary root 
extending from the bottom to the top of the cavity and a thicker sec
ondary root almost reaching from the left to the right side of the solid 
domain. The θmax results for the N = 1 were higher for almost all the 
cavities in the literature. Nevertheless, the results for N = 3 and 4 were 
lower than almost all configurations in the literature, except for the 
various I-shaped configurations with N = 4. The best isothermal cavity 
result was for N = 4, yielding θmax = 0.0065, corresponding to a 
reduction of about 93.6% relative to the isothermal baseline cavity (I- 
shaped) for H/L = 1 and ϕ = 0.1.

The isothermal X-shaped cavity was investigated by [65,66]. In these 
works, the authors evaluated two degrees of freedom: the ratios of the 
cavity lengths and the cavity thicknesses. They also explored different 
volume fractions occupied by the cavity. The results indicate that the 
optimal X-shaped cavity reduced about 67.3% the dimensionless 
maximum excess of temperature in relation to the optimal isothermal I- 

shaped cavity for H/L = 1 and ϕ = 0.1. However, it performs worse than 
the H-shaped cavity, suggesting that additional degrees of freedom 
could improve the X-shaped cavity's performance. On the other hand, 
the isothermal X-shaped cavity improves heat transfer performance by 
about 53% over the Y-shaped cavity and by about 68% over the I-shaped 
cavity at ϕ = 0.05.

Gonzales et al. [70,73,74] evaluated a isothermal double-T-shaped 
cavity embedded in a wall with internal heat generation. In their first 
study [70], the authors compared two stochastic optimization methods 
(Simulated Annealing and the Luus–Jaakola algorithm) combined with 
the constructal design method to optimize the double-T cavity geometry 
with four degrees of freedom. The Luus–Jaakola algorithm achieved the 
best performance. In a subsequent study [73], they investigated the 
application of the Differential Evolution (DE) algorithm and its param
eter effects for predicting cavity geometry, coupled with the constructal 
design method. Finally, in [74], the authors studied the application of 
exhaustive search and Simulated Annealing optimization methods 

Fig. 7. Design evolution over time in isothermal cavity problems (a) and their reduction of θmax in relation to the baseline I-shaped cavity [54] (b) for: Various I- 
shaped [62]; Tree-shaped [72]; Omega-shaped [71]; Double Y-shaped [76]; H-shaped [55]; Double T-shaped [74]; X-shaped [65,66]; Y-shaped [67,68]; T-sha
ped [54].
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combined with the constructal design approach to optimize the degrees 
of freedom of a isothermal double-T cavity. The optimal isothermal 
double-T cavity geometry for H/L = 1 and ϕ = 0.1 yielded a maximum 
dimensionless temperature of θmax = 0.0281, lower than those of the 
optimal I-, T-, Y-, and X-shaped cavities. The optimal double-T config
uration was geometrically similar to a tree-shaped cavity with two 
branches, in which the first construct extended almost to the top of the 
domain, while the second T-branch spanned nearly from the left to the 
right side of the domain (Fig. 7). Instead of using optimization algo
rithms to determine the cavity geometry for a prescribed set of degrees 
of freedom, Vianna et al. [78,79] proposed a general methodology to 
understand how the cavity shape evolves in this type of problem. In their 
approach, new algorithms were employed in which the cavity geometry 
was progressively built according to the maximum temperature at each 
evolutionary step.

More recently, Gonzales et al. [75,76] proposed the isothermal 
double-Y cavity. In [76], optimization was performed via exhaustive 
search and differential evolution, using four degrees of freedom. The 
best cavity geometry was obtained by considering the first construct up 
to the top of the domain and extending it downward to the bottom of the 
cavity, as shown in Fig. 7. This configuration produced a more homo
geneous temperature field and yielded θmax = 0.0182, which was 25- 
82% better than I-, T-, Y-, X-, double-T, and H-shaped cavities. In 
another work, the canonical differential evolution algorithm and its 
parameters were explored to optimize the geometry of an isothermal 
double Y-shaped [75].

Over the years, cavity designs have evolved from simple I-shaped 
geometries to more complex configurations, such as H-, Y-, X-, tree- 
shaped, double-T, and double-Y cavities, thereby improving heat 
transfer performance. The first I-shaped cavity was a non-hierarchical 
architecture and had a limited number of geometric degrees of 
freedom. For both isothermal and convective boundary conditions, 
introducing trunks and branches generally gave the cavity more freedom 
to morph, resulting in cavity shapes with better thermal performance. 
Under the same geometric constraints and using the same performance 
indicator, reductions of up to 93.7% in the dimensionless maximum 
excess temperature were achieved in relation to the baseline I-shaped 
cavity. The cavity geometries with lower thermal resistance are hierar
chical architectures that allow the cavity to penetrate deeper into the 
solid domain and distribute the cooling branches more uniformly 
throughout the heat-generating region. These flow architectures reduce 
the conduction path between the heat source and the cooling cavity, 
resulting in a more homogeneous temperature field and lower thermal 
resistance. In addition, the evolution of cavity designs was followed by 
an increase in the number of geometric degrees of freedom, providing 
greater flexibility during analysis. However, comparisons among 
different cavity geometries should be interpreted with caution, as the 

studies employed different geometric constraints and degrees of 
freedom.

4.1.2. Cavities intruded in a trapezoidal solid domain
Unlike previous works that analyzed an intruded cavity in a square or 

rectangular domain, some works evaluated it in a trapezoidal solid 
domain [62,80–83], as shown in Fig. 8. Rocha et al. [80] investigated an 
I-shaped cavity intruded into the lateral of a trapezoidal solid domain 
having an internal heat generation and adiabatic surfaces. They found 
that to improve thermal performance, the cavity should penetrate into 
the solid domain and be slender. Xie et al. [81] evaluated a T-shaped 
cavity in the lateral surface of a trapezoidal solid domain that generates 
heat, and the external surfaces are insulated. The best results were 
achieved when the solid domain is narrower in the region where the 
cavity is inserted and when the T-shaped cavity has a thicker trunk that 
penetrates deeply into the solid domain. In addition, the branches tend 
to be considerably thinner. Hajmohammadi et al. [62] also evaluated 
various I-shaped (N-branch) cavities embedded in a trapezoidal solid. 
Compared with the T-shaped cavity reported in Ref. [81], the single- 
branch case (N = 1) yields higher values than the reference T-shaped 
cavity. The introduction of additional branches (N = 2, 3, and 4) im
proves thermal performance across all solid aspects of the ratios inves
tigated. This behavior can be explained by a more uniform distribution 
of cooling paths within the solid as the domain is progressively divided 
into nearly symmetric regions, each intruded by equal branches. As a 
result, the temperature field becomes more homogeneous, and the peak 
temperature is considerably reduced, corroborating the constructal 
theory that uniform distribution of imperfections leads to optimal 
thermal designs. Pouzesh et al. [83] studied four different cavity shapes 
(triangular, elliptical, trapezoidal, and Y-shaped) inserted in a trape
zoidal solid domain with uniform heat generation. The optimal cavity 
shape depends on the cavity aspect ratio: for (H0/L0 < 0.7), trapezoidal, 
triangular, and Y-shaped cavities perform similarly, whereas for (H0/L0 
> 0.7), the Y-shaped cavity provides the lowest peak temperature, 
making triangular and Y-shaped cavities the best designs.

These studies indicate that optimal cavity design is influenced by the 
external geometry of the solid. Unlike rectangular domains, where 
cavity evolution was primarily associated with increased branching 
complexity, the trapezoidal geometry imposes additional geometric 
constraints that influence the optimal cavity shape and penetration 
depth. Nevertheless, the same principles of the constructal law remain 
valid: cavity configurations with better thermal performance improve 
the distribution of cooling paths within the solid domain and promote a 
more uniform temperature field. Therefore, the interaction between the 
cavity and domain geometries is also an important factor in determining 
the optimal cavity design.

Fig. 8. Trapezoidal cavities. Adapted from [62,80,81].
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4.1.3. Cavities intruded in a cylindrical solid domain
Besides the square, rectangular, and trapezoidal solid domains, 

Lorenzini et al. [84] studied the geometry of rectangular cavities 
intruding into a cylindrical solid with uniform internal heat generation, 
aiming to minimize the global thermal resistance for an isothermal 
cavity with adiabatic outer surface conditions. The effects of the number 
of cavities (N = 3-12) and the cavity volume fraction (ϕ = 0.02-0.15) 
were investigated while keeping the total volume fixed. Results show 
that the minimized global thermal resistance decreases with increasing 
N and ϕ, although it tends to stabilize for large N. This design evolution 
promotes a more uniform temperature distribution, improving the 
overall thermal performance. In another work, Lorenzini et al. [85]
consider the same I-shaped cavities intruded in a cylindrical body with 
internal heat generation, but with the cavity bathed by a fluid with a 
heat transfer coefficient, h, at T∞. In this work, they evaluated the 
impact of the heat transfer coefficient using the parameter λ = hA1/2/k, 
varying the number of cavities from N = 3-32 and the cavity area 
fraction from 0.02 to 0.15. In general, the intruded cavities penetrate 
almost to the middle of the solid domain to improve temperature uni
formity. The results show that for fixed λ and ϕ, there is an optimal 
number of cavities that minimizes the θmax, and this number, in general, 
increases as λ and ϕ increase.

Estrada et al. [86] studied the intrusion of a tree-shaped cavity with 
two branches added to a single branch in a cylindrical solid under in
ternal uniform heat generation. The heat was dissipated by the cavity 
with a heat transfer coefficient, h. The authors combined the constructal 
design with the exhaustive search optimization method, imposing two 
restrictions (the area occupied by the trunk and the area occupied by the 
branches of the cavity) and four degrees of freedom. The authors 
compared the tree-shaped results with the I-shaped cavity from [85] as 
shown in Fig. 9a. The results show that optimizing each degree of 
freedom (DOF) improves the system's thermal performance. However, 
the θmax results for a more complex cavity (tree-shaped) were similar to 
those obtained for the I-shaped cavity. Fig. 9b presents the results for the 
best designs found in [85,86], considering N = 4, 8, and 16 cavities. A 
comparison with previous exhaustive optimizations reveals that the 
choice of optimized parameters and imposed constraints influences the 
optimal configuration, with the best designs being those that most 
effectively distribute high-temperature regions rather than simply 
increasing the number of cavities. Finally, an example of a study of an H- 
shaped fin inserted in a cylindrical domain can be found in [87].

In the end, these studies of cavities in cylindrical domains indicate 
that increasing the number of cavities improves heat transfer perfor
mance by promoting a more uniform temperature distribution within 
the solid domain. However, thermal improvement tends to plateau as 
the number of cavities increases, indicating an optimal number of cav
ities for a given set of conditions. Besides that, the comparison between 
I-shaped and tree-shaped cavities suggests that increasing geometric 
complexity does not necessarily result in better thermal performance. 
On the other hand, the optimal cavity design depends not only on the 
design itself but also on the imposed constraints and the number of 
geometric degrees of freedom considered in each study.

4.1.4. Lid-driven cavity flows and natural convection in cavities
Another type of problem explored in the literature is the intrusion of 

fins into lid-driven cavity flows. In this problem, an object (a fin) is 
typically inserted into a square cavity. Fluid motion is generated by the 
movement of an infinite plate at the upper surface. Heat transfer occurs 
due to the temperature difference between the fin surface and the sur
rounding flow. This temperature difference generates buoyancy forces 
and drives the flow. This type of problem is considered a mixed con
vection problem. Forced convection is driven by the motion of the plate, 
while natural convection is driven by the temperature difference be
tween the fin surface (T* = 1) and the bottom and lateral walls (T* = 0). 
The lateral and lower surfaces are considered adiabatic. Performance 
indicators found in the literature include the (i) spatial-averaged Nusselt 

number (NuH) and also the (ii) dimensionless heat transfer rate (q*). 
Table 4 presents some of the best-performing results for fins intruded 
into lid-driven cavities under various conditions.

Lorenzini et al. [88] investigated the intrusion of a rectangular fin in 
the center of the bottom surface of the cavity. The fin-to-cavity area 
ratio, ϕ, was fixed at 0.05, and the fin aspect ratio varied while the cavity 
aspect ratio was held constant. They also varied the Rayleigh (Ra) and 
Reynolds (Re) numbers, keeping the Prandtl number (Pr) fixed at 0.71. 
The results demonstrate that the rectangular fin aspect ratio affects the 
Nusselt number across flow regimes, and that the application of con
structal design improves thermal performance, with differences of up to 
~200% between optimal and non-optimal shapes. Aldrighi et al. [89]
considered the same problem and the same boundary conditions as [88]. 
However, they studied the fin intruded into the middle of the cavity's 
bottom surface, as well as the downstream (right) and upstream (left) 
surfaces of the cavity. They found that the best NuH results were higher 
for fins intruded into the downstream surface for ReH = 50-500, whereas 
for ReH = 1000, the best results were obtained for the fin placed at the 
upstream surface. Aldrighi et al. [90] also investigated the variation in 
the position of the inserted fin across the cavity surfaces, rather than 
fixing it at the midpoint of the bottom, downstream, and upstream. The 
results show that, for the bottom surface, the best results are still in the 
middle. However, for the downstream and upstream surfaces, the best 
results were obtained when the fin was inserted at the top of the sur
faces, yielding NuH = 28.55 and 26.88, respectively (Table 4).

Robinson and Das [91], based on our respiratory system, investi
gated an alveolus-shaped fin intruded into a mixed-convection lid- 
driven cavity. The authors evaluated the fin with one, two, and four 

Fig. 9. (a) Comparison of θmax for I and tree-shaped cavities in relation to the 
number of branches and λ; (b) Best designs found in tree-shaped [86] and the 
best design found in the I-shaped [85], considering N = 4, 8, and 16 (Adapted 
from [86]).
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facsimile alveoli and compared it with a rectangular fin. Results indi
cated that the fin with one alveolus achieved the highest thermal per
formance, followed by the four and two-alveoli fins, while the 
rectangular fin showed the lowest performance due to its smaller surface 
area. Nevertheless, despite having nearly 25% more surface area than 

the rectangular fin, the two-alveoli fin provided a slight improvement in 
heat transfer performance, demonstrating that geometry is the key fac
tor for maximizing heat transfer. Unrestricted fluid motion within the 
cavity prevents heat accumulation and enhances heat dissipation. Cong 
et al. [92] and Mountrichas et al. [93] studied rectangular fins intruded 
in a lid-driven cavity using Al2O3–water and CuO-water nanofluids in 
different concentrations, respectively. They found that adding nano
particles enhances heat transfer compared with the base fluid, 
improving heat-transfer rates and reducing entropy generation. Kan 
et al. [94] also studied the application of Al2O3–Cu–water hybrid 
nanofluids in a Y-shaped fin intruded in a split lid-driven square cavity 
(the moving plate that generates the flow begins from both sides of the 
upper surface of the cavity). The results indicate symmetrical stream
lines and isotherms, as the fluid motion is generated from both sides, 
while the local Nusselt number increases with lid motion and reaches a 
maximum when both lids meet. Other works considering non- 
Newtonian fluid and nanofluids in cavities can be found in refs. [95–97].

Rodrigues et al. [98,99] evaluated the insertion of two rectangular 
fins in a mixed convection lid-driven cavity. They varied the height-to- 
length ratios of the left and right rectangular fins, considering three 
different fin area fractions and two Richardson numbers (Ri) to maxi
mize the dimensionless heat transfer rate and the Nusselt number. The 
best results were obtained with asymmetric fins, each with a different 
area fraction, resulting in the best thermal performance. The height/ 
length ratios depend on the Ri and the fraction areas. Notably, designs 
that maximize the Nu number do not yield the highest heat-transfer rate, 
since thermal performance depends on the trade-off between Nu number 
and fin heat-exchange area [98]. Building on this, Rodrigues et al. 
[100,101] later investigated three rectangular fins intruded into the 
bottom of a lid-driven square cavity. In this study, the authors combined 
the constructal design method with response surface methodology 
(RSM) to improve dimensionless heat transfer rate [100]. Again, they 
varied the fin area fraction (0.05 to 0.2) and the height-to-length of the 
tree fins. The highest thermal performance (q* = 19.59) was achieved 
for an asymmetric design with a total fin area fraction of 0.2, distributed 
as 0.02, 0.16, and 0.02 for the first, second, and third fins, respectively. 
The first and third fins had tall, slender geometries. The second fin was 
shorter and wider. This configuration allowed free fluid flow between 
the fins and restricted edge flow, enhancing convection, as shown in 
Table 4. Subsequent works explored different fin shapes and cavity ge
ometries. These included triangular [102], semi-elliptical fins [103] in a 
mixed convection square lid-driven cavity, and a U-shaped fin intruded 
into a trapezoidal lid-driven cavity [104]. Beyond the constructal design 
domain, recent studies have also investigated cavity heat transfer 
problems involving flexible fins and deformable cavity walls, as well as 
the effects of magnetic fields and nanofluids on thermal performance 
[105,106]. Although these studies do not explicitly employ the con
structal design idea, they illustrate current research trends in cavity 
problems using alternative design approaches and physical mechanisms.

Unlike previous works, which studied intruded fins in mixed- 
convection lid-driven cavities, Borahel et al. [107,108] investigated 
the constructal design method to optimize heat transfer from a rectan
gular isothermal block placed inside an adiabatic lid-driven cavity under 
mixed convection. The cavity area and the block–to–cavity area fraction 
(ϕ = 1/4, 1/8, 1/16, and 1/32) are fixed, while the block aspect ratio 
and horizontal position are treated as DOFs [108]. The analysis 
considered Richardson numbers of 0.1, 1.0, and 10 at fixed Grashof (Gr 
= 105) and Prandtl (Pr = 0.71) numbers. Results indicated that heat 
transfer performance is strongly governed by isothermal block geome
try, with higher dimensionless heat transfer rates associated with larger 
block aspect ratios. For ϕ = 1/16 and Ri = 0.1, a tall block improved 
thermal performance by up to 143.2% compared to the square config
uration. In another work [107], the impact of the cavity geometry on 
heat transfer performance was investigated.

The reviewed studies of lid-driven cavities show that the system's 
thermal performance is affected by the fin geometry, position, and fin 

Table 4 
Summary of some conditions tested, and the best performance achieved for fins 
intruded in lid-driven cavities

Ref. Conditions 
tested

Best 
Performance

Optimal design in 
temperature maps

Main finding

Lorenzini 
et al. 
[88]

ϕ = 0.05 
RaH = 103 - 
106 

ReH = 10 - 
1000 
Pr = 0.71

NuH = ~ 14 
ϕ = 0.05 
RaH = 106 

ReH = 1000

Optimal fin 
shape depends 
on the flow 
regime and 
strongly 
affects heat 
transfer

Aldrighi 
et al. 
[89]

ϕ = 0.05 
ReH = 10 
-1000 
Pr = 0.71

NuH = 11.32 
(H1/L1)o =
0.3 
ϕ = 0.05 
ReH = 1000

Fin placement 
on different 
cavity surfaces 
affects thermal 
performance.

Aldrighi 
et al. 
[90]

ϕ = 0.05 
ReH = 10 - 
1000 
Pr = 0.71

NuH = 28.55 
(H1/L1)o =

2.0 
ϕ = 0.05 
ReH = 1000

Fin surface 
location and 
position 
influence 
thermal 
performance.

Razera 
et al. 
[103]

ϕ = 0.05 - 
0.30 
RaH = 103 - 
106 

ReH = 10 - 
1000 
Pr = 0.71

NuH = 14.21 
(H1/L1)o =

0.4 
ϕ = 0.05 
RaH = 106 

ReH = 100

Semi-elliptical 
fins 
outperformed 
rectangular fin

Rodrigues 
et al. 
[98]

ϕtotal = 0.1 
Ri = 0.1 - 
1.0 
ReH = 400 
Pr = 6.0

q* = 7.84 
NuH = 2.55 
ϕ1 =0.07; ϕ2 

=0.03 
Ri = 1.0 
(H1/L1)oo =

0.5 
(H2/L2)o =

0.5

Asymmetric 
fin 
distributions 
improve heat 
transfer

Borahel 
et al. 
[108]

ϕ =1/4, 1/ 
8, 1/16, 
and 1/32 
Ri = 0.1 - 
10 
ReH = 500 
Pr = 0.71

q* = 19.83 
ϕ = ¼ 
Ri = 0.1 
Cavity 
aspect ratio 
= 3.0 
Position =
3/4

Obstacle 
position and 
aspect ratio 
govern heat 
transfer.

Robinson 
and Das 
[91]

ϕ = 0.20 
RaH = 103 - 
106 

ReH = 10 - 
1000

NuH = ~ 16 - 
21 
ReH = 500

Biomimetic 
fins perform 
better than 
conventional 
designs

Rodrigues 
et al. 
[101]

ϕtotal = 0.1 
Ri = 0.1 
ReH = 400 
Pr = 6.0

q* = 22.84 
ϕ1 = 0.01, 
ϕ2 = 0.04, 
ϕ3 = 0.05

Larger third- 
fin increase 
thermal 
performance

Rodrigues 
et al. 
[100]

ϕtotal =

0.05 – 0.2 
Ri = 0.1 
ReH = 400 
Pr = 6.0

q* = 19.59 
ϕT = 0.2 
ϕ1 = 0.02, 
ϕ2 = 0.16 
and ϕ3 =

0.02

Multi-fin 
asymmetry 
improves flow 
access and 
heat transfer.
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area distribution. These parameters influence how the fluid motion in
teracts with the intruded fins and how heat is removed from the system. 
Asymmetric fin configurations tend to provide better thermal perfor
mance than symmetric designs because they improve fluid access and 
heat transfer within the cavity. The results also show that maximizing 
the Nusselt number does not necessarily maximize the heat transfer rate, 
since thermal performance depends on the trade-off between heat 
transfer coefficient and heat transfer area. Therefore, for this type of 
heat transfer problem, the optimal fin architecture and position depend 
on the adopted performance indicator and the flow conditions consid
ered in each study. As a result, there is no universal design answer for the 
fin design and position, since they depend on the constraints and con
ditions imposed on each system.

Different from the specific mixed convection lid-driven cavity, Da 
Silva and Gosselin [109] numerically maximize heat transfer in a rect
angular thermal loop composed of two superimposed rectangles of 
different sizes, with coolant between them. Buoyancy-driven flow is 
induced by maintaining a constant temperature difference across the 
outer vertical walls, which is characterized as a free convection problem. 
Results show that the relative dimensions of the inner and outer rect
angles strongly influence thermal performance, with the optimal gap 
size decreasing as the Rayleigh number increases. Increasing the circuit 
aspect ratio enhances heat transfer, whereas increasing the eccentricity 
between the rectangles decreases thermal performance. Other natural 
convection and ventilated cavity studies can be found in [110–112].

4.2. Disc and circular fins

In studies of disc and circular fin heat transfer, the problems typically 
involve convective heat transfer in a main stem or tube at high tem
perature, or in a tube carrying a hot fluid internally. To enhance heat 
transfer, disc-shaped or radial fins with different geometries, numbers, 
and spatial arrangements are attached to the main stem. Other studies 
consider cylindrical bodies with internal heat sources or heat generation 
at the tube walls, with fins placed inside the tube to promote heat 
transfer to the flowing fluid. The main goal of these studies is to use the 
constructal design to identify the optimal design of disc or radial fins 
attached to a main stem, as well as the optimal positioning of heat 
sources, considering parameters such as the number, spacing, diameter, 
thickness, and arrangement of the flow architectures. The performance 
indicators used for this type of problem are diverse and include: (i) 
overall thermal resistance; (ii) global thermal conductance; (iii) heat 
transfer rate; (iv) maximum dimensionless temperature; and (v) heat 
exchanger effectiveness.

Alebrahim and Bejan [113] applied the constructal design method to 
minimize the thermal resistance of a conduction heat transfer problem 
in which a heat-generating volume of low-conductivity material con
tains high-conductivity inserts in the form of constant-thickness disks 
assembled on a common stem. The elemental and assembly geometries 
were numerically optimized under a constant total volume constraint. 
Subsequently, the interstitial material was replaced by forced convec
tion, and the inserts acted as fins, forming a cylindrically symmetric 
finned assembly. The results showed that the overall optimization 
sequence can be simplified by using optimal geometric ratios obtained at 
the elemental level.

Almogbel and Bejan [114] performed a constructal design geometric 
optimization of a cylindrical stem with a large number of radially 
mounted pin fins. The heat is generated inside the stem and transferred 
to a free stream (forced convection) via the fins. The geometry is opti
mized to maximize global conductance under constant total volume and 
fin material constraints, exploring the effects of the external shape's 
height and diameter, as well as the internal ratio of the stem diameter to 
the fin diameters. The results found that the optimized design slightly 
improves global conductance. Similarly, Shokouhmand et al. [115]
studied the constructal design and geometric optimization of a finned- 
tube heat exchanger to minimize the overall thermal resistance. It was 

found to have optimal fin numbers and heights. Hajmohammadi [116]
also evaluated the geometry of annular fins attached to a pin fin based 
on the constructal design.

Mustafa et al. [117] investigated the maximization of heat transfer 
performance in a single-row crossflow heat exchanger with concentric 
and eccentric circular fins using the constructal design approach. The 
authors varied the fin tip-to-fin spacing, tube diameter, fin number, fin 
thickness, and the angle between the fins. The maximum volumetric 
heat transfer density occurs at N = 2 and decreases with increasing fin 
number, with minimum values observed for vertical fin configurations 
at N = 4, 8, and 12. Matos et al. [118] investigated the geometry of 
finned tube bundles to maximize heat transfer within a fixed volume 
under external flow by the lens of the constructal theory. The authors 
identified optimal tube spacing, eccentricity, and fin spacing for stag
gered circular and elliptical arrangements, with elliptical tubes 
achieving up to 19% higher heat transfer and 32% lower material mass 
than circular tubes.

Fig. 10 presents some of the cases studied in the literature. Da Silva 
et al. [119] investigated the optimal shape of a rectangular fin posi
tioned on the rim of a heat-generating disc to minimize global thermal 
resistance. Fig. 10a shows the studied domain. The heat is generated in 
the disk and removed by N radial fins with higher thermal conductivity. 
The fins are uniformly distributed along the disc perimeter and project 
toward the interior. Geometric optimization was performed considering 
the distribution of the fin material, the ratio of high- to low-conductivity 
regions, the fraction of fin material, and the number of sectors in the disc 
domain. The analytical and numerical results show good agreement and 
identify optimal fin aspect ratios. Salimpour et al. [120] studied a 
similar tube with radial fins based on the constructal theory. However, 
in this study, the round tube has constant heat flux and temperature. 
Then, the heat is transferred from the tube wall to the fluid inside the 
tube by the radial fins (Fig. 10b). The authors evaluated the conductivity 
ratio, fin volume fraction, and number of fins. The maximum heat 
transfer rate and the minimum temperature were achieved for N = 16 
with a fin fraction ratio of 0.1.

Fig. 10. Disc and cylindrical domains studied in the literature (Adapted from 
[119,120,122,124]).
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Hajmohammadi et al. [121] applied the constructal design to mini
mize the maximum dimensionless temperature (θmax) in an architecture 
of multiple cylindrical heat sources cooled by a circular fin. The heat is 
uniformly generated in the inner circles and dissipated to a cold free 
stream as shown in Fig. 10c. The authors investigated the optimal lo
cations of the heat sources (from 2 to 4 heat sources) for several con
figurations, and then the optimized configurations were compared to 
identify the best thermal performance. The authors found that the 
triangular configuration had better thermal performance than the in- 
row distribution of three sources, resulting in lower thermal resistance 
under identical conditions. In general, the optimal heat-source locations 
lie near the centroids of equal fin sectors.

In the study of Gong et al. [122], they similarly applied constructal 
theory to identify the geometry of cylindrical heat sources with 
convective cooling and cylindrical or conical fins. For conical fins, the 
hot-spot temperature increases with the radius ratio of the top to the 
bottom circles and reaches a minimum when the heat sources are closely 
spaced. The minimum dimensionless hot-spot temperature with conical 
fins is about 7.26% lower than with cylindrical fins. Feng et al. [123]
apply the constructal law to determine the optimal geometry for 
removing heat from a cylindrical internal heat source with an external 
circular helm-shaped fin. The helm-shaped fin reduced the dimension
less thermal resistance by 6.57% compared with the circular-shaped fin 
configuration.

Hajabdollahi et al. [124] studied the heat transfer performance of a 
cylinder with extended fins to dissipate heat via constructal design, as 
shown in Fig. 10d. The optimization was performed to improve the total 
heat transfer rate and reduce the fin material. The authors investigated 
simple fins and two- and three-branch (fork-shaped) fins, considering 
five design parameters. The results indicate that increasing the number 
of fin branches improves the heat transfer rate for a fixed fin length, with 
the three-branch configuration achieving the required heat transfer with 
the shortest fin length, followed by the two-branch and simple fins. 
Later, Hajabdollahi et al. [125] explored the same problem using a 
multi-objective optimization method, with the total heat transfer area 
and the heat exchanger effectiveness as objective functions. With simple 
fins, the heat exchanger effectiveness increased to 5.3% compared to the 
case without fins. More works related to circular fork-shaped fins, 
especially under dry, partial, and fully wet conditions, can be found in 
[126–128].

Similarly, Mustafa et al. [129] also studied the design of a row of 
radially finned tubes with simple fins. Using the constructal design 
method, the configuration is optimized by maximizing the volumetric 
heat transfer density while keeping the domain dimensions constant. 
Five geometric degrees of freedom are considered: fin spacing, number 
of radial fins, tube diameter, fin thickness, and the angular spacing be
tween fins. In the analyzed cases, the maximum volumetric heat transfer 
density is achieved with two fins and decreases as the number of fins 
increases. Unlike the studies presented, which usually consider air or 
conventional liquids, only one study analyzed the magnetohydrody
namic natural convection cooling of liquid metal in a horizontal 
concentric annulus with tree-shaped fins [130].

In summary, the studies reviewed in this section indicate that 
increasing the number or complexity of fins does not necessarily 
improve thermal performance, since an optimal fin configuration 
generally exists for a given set of constraints. In many cases, the best 
results were achieved with a limited number of fins and an appropriate 
distribution of fin material. In addition, the location of heat sources and 
the arrangement of fins are important factors in reducing thermal 
resistance and improving heat transfer performance. These results show 
that the distribution of the flow architecture is often more important 
than simply increasing fin area.

4.3. Constructal design applied to heat sinks with different types of fins

4.3.1. Constructal fins
One of the most researched heat transfer problems is the convective 

fins or trees used in several cooling applications. This is also a funda
mental topic, as it investigates the influence of fin geometry on thermal 
performance. In general, the heat current enters the base (root) of the fin 
and dissipates through it into a highly conductive material. The fin is 
usually under natural convection (T∞ and h) or forced convection. In this 
type of problem, the main performance indicators are: (i) dimensionless 
global thermal conductance, (ii) fin efficiency, and (iii) fin effectiveness.

The fin efficiency is the ratio of the actual heat transfer to the heat 
transfer that would occur if the entire fin were at the base temperature. 
Fin effectiveness is the ratio of the heat-transfer rate with the fin to that 
without the fin. The dimensionless global thermal conductance is 
defined as: 

q̃ =
q

kW(T1 − T∞)
(4) 

where q is the heat current, T1 is the temperature of the root, T∞ is the 
ambient temperature, k is the thermal conductivity, and W is the width 
of the fin. Besides these performance indicators, some studies also use 
the entropy-generation perspective to study constructal fins [131].

Fig. 11 illustrates the evolution of constructal design applications for 
various fin shapes over time. The fin geometries are presented in chro
nological order of their first appearance in the literature. A clear in
crease in geometric complexity is observed, with designs evolving from 
simple T-shaped fins to more complex configurations, including Y-sha
ped, T-Y-shaped, double T-shaped, and two-stage T-Y-shaped fins, to 
enhance the thermal performance of the system.

This type of problem was first analyzed through the lens of the 
constructal design by Bejan and Almogbel [52]. The authors investi
gated the best design to maximize the dimensionless global thermal 
conductance of a T-shaped fin, as presented in Fig. 11a. The T-shaped fin 
has two elemental fins with thicknesses t1 and t0 and lengths L1 and L0, 
respectively. The fin receives a heat current from its root (q1) with 
temperature (T1), and the heat transfer occurs to a fluid with tempera
ture T∞ and constant heat transfer coefficient. The main goal was to find 
the best design in relation to L1/L0 and t1/t0 that maximizes global 
thermal conductance. The results indicate that q̃ increases as the fin 
material volume fraction and T-shaped construct increase. The con
structal design fin improved the global conductance by 29% compared 
to optimized fins reported in the literature. The authors also investigated 
Tau-shaped and umbrella cylindrical fins. The impact of the heat 
transfer coefficient on the T-shaped fin problem is discussed in [138]. 
The constructal approach was validated using a CFD code in [139].

Lorenzini and Rocha [132] applied the constructal design to deter
mine the geometry of the Y-shaped fin, similar to the previous work 
using the T-shaped fin [52], but also considering the angle between the 
branches as a degree of freedom (Fig. 11b). The main goal was to 
minimize global thermal resistance by keeping the total volume and fin 
material constant. The minimized thermal resistance of Y-shaped fins is 
lower than that of T-shaped fins (~11% in one case), and the optimal 
thickness ratio for Y-shaped fins is about 12% higher than that for T- 
shaped fins.

Later, Lorenzini and Moretti [140,141] proposed Y-shaped fin pro
files varying the angle of the arms of the original T-shaped fin. For a 
single fin, the highest global conductance was for an angle of 180◦ in the 
vicinity, which is similar to a T-shaped fin. However, they emphasize the 
importance of using the new performance indicators, such as fin effi
ciency and fin effectiveness. The authors also analyzed multiple fin 
systems and found that for five Y-shaped fins, the best angle was 78◦, 
which increased performance by 4 times compared to the baseline case 
[140]. The geometry of the T-shaped fin was also optimized to minimize 
the entropy generation [142]. Hui et al. [134] studied the constructal 
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design of twice Y-shaped fin assemblies with six geometric degrees of 
freedom to minimize the dimensionless maximum thermal resistance, as 
shown in Fig. 11d. The results show that the twice Y-shaped configu
ration improves heat transfer performance, reducing the maximum 
thermal resistance by 36.4% compared to a single Y-shaped assembly.

The performance of the T-shaped fin under variable thermal con
ductivity and convective heat transfer coefficient is analytically inves
tigated in [143]. The results show that the performance of constructal 
fins is influenced by both base and ambient temperatures: increasing 
base temperature reduces performance, whereas higher ambient tem
perature enhances it. Bhanja and Kundu [144,145] increased the 
complexity of their analytical models by incorporating radiation into the 
heat transfer problem and treating the T-shaped fin as a porous fin. 
Increasing the radiation parameter enhances the dimensionless heat 
transfer and slightly increases the optimal thickness-to-length ratio of 
the stem [145]. The performance also increases with higher porosity and 
decreases with increasing thermogeometric parameter [144]. Hajmo
hammadi et al. [146] also considered the radiation effect on a T-Y- 
shaped fin.

Hazarika et al. [147] developed an analytical method to predict the 
performance of a fully wet constructal T-shaped fin assembly under 
dehumidifying conditions. The maximum heat transfer rate and the 
optimal thickness-to-length ratio of the stem aspect ratio increase with 
relative humidity and ambient temperature, whereas a higher base 
temperature reduces the heat transfer rate and shifts the optimum to
ward a larger thickness-to-length ratio of the stem. Hazarika et al. [148]
also considered the temperature distribution, fin efficiency, and optimal 
design parameters of a constructal T-shaped porous fin operating under 
fully wet conditions.

In other studies, the authors also analytically predict the thermal 
performance and optimal design parameters of a wet T-shaped fin, ac
counting for temperature-dependent thermal conductivity of the fin 
material and a variable convective heat transfer coefficient [149,150]. 

They also evaluated the relationship between the humidity ratio of 
saturated air adjacent to the fin surface and the fin surface temperature, 
and the effect on the T-shaped fin performance under fully wet condi
tions [151]. Recently, they also determined the dry-region length, 
temperature distribution, performance, and optimal design parameters 
of a T-shaped fin under partially wet conditions [152].

Das and Kandu [153] performed direct and inverse analyses of dry 
and wet T-shaped fins to evaluate heat transfer performance and 
determine optimal geometric parameters under a prescribed fin volume. 
Diao et al. [154] studied the constructal design of a T-shaped porous fin 
by minimizing a composite objective function that combined the 
maximum temperature difference and the pumping power. Compared 
with the original design, the optimized configuration reduces the com
posite function by 12.2% and the maximum temperature difference by 
42.7%.

Lorenzini and Rocha [133] evaluated the geometry of a T-Y fin as
sembly with an internal cavity by minimizing the global thermal resis
tance subject to constraints on the total, fin-material, and cavity 
volumes, as shown in Fig. 11c. The results show that smaller cavity 
volumes and larger fin volumes enhance thermal performance and the 
twice-minimized global thermal resistance. The T-Y-shaped fin showed 
slightly higher performance than the Y-shaped fin. Zhang et el. [136]
applied the constructal design method to a variable-angle T-Y-shaped 
fin, where the branched fin angle is an additional variable (Fig. 11f). The 
optimization results indicated that a branched angle of 17.2◦ reduces the 
maximum dimensionless excess temperature by 19.3% compared to a 
90◦ configuration, while 3-DOF optimization further lowers it by 28.7%.

Based on the T-Y-shaped fin, a new fin geometry was proposed with a 
cavity between the branches of a T-Y configuration and two additional 
extended surfaces, as presented in Fig. 11e [135]. Global thermal 
resistance is minimized through geometric optimization under fixed- 
volume constraints, demonstrating that increased fin material en
hances performance. The optimized complex assembly achieves about 

Fig. 11. Evolution of the constructal design method applied to different fins shapes (Adapted from [52,132–137]).
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32% lower thermal resistance than the best T-Y configuration under 
identical conditions. Fig. 12 compares the two designs and their 
respective thermal performance.

Zhang et al. [137] apply constructal theory in a two-stage combined 
T-Y-shaped fin by minimizing the maximum dimensionless thermal 
resistance, which decreased by 20.4% from 1-DOF to 6-DOF optimiza
tion, with the branched fin length-width ratio identified as the most 
influential parameter (Fig. 11g). Compared with other configurations, 
the optimized two-stage T-Y fin reduces by 33.7% relative to a single- 
stage T-Y fin and by 1.5% relative to a variable-angle T-Y fin. A geo
metric optimization of a two-stage T-shaped porous fin is also reported 
in Ref. [155]. Different fin shapes, such as cascade fins composed of two 
different materials, and I-shaped fins cooling a heat-generating plate, 
have also been studied in [156,157].

Other studies have evaluated T-shaped fins attached to a uniformly 
heated, insulated basement under steady convective cooling [158–161]. 
The heated solid base may have semicircular, cylindrical, rectangular, or 
trapezoidal geometries, as shown in Fig. 13. The results show that global 
thermal resistance can be minimized through constrained geometric 
optimization guided by constructal design.

From the presented constructal fins literature, it is clear that evolu
tion has progressed from simple T-shaped fins to more complex Y-, T-Y-, 
and hierarchical branched configurations. It is evident that increasing 
the number of branches and the geometric degrees of freedom improves 
thermal performance by distributing the fin material more effectively 
and increasing the heat-transfer area available for heat dissipation. 
Then, the best constructal fin architectures are those that distribute heat 
more uniformly from the heat source (fin base) toward the fin extrem
ities, reducing thermal resistance and improving overall conductance. 
However, the thermal improvement tends to diminish as the fin's 
complexity increases with the addition of more branches. Since different 
performance indicators are used for this type of problem, the one chosen 
to maximize may lead to different optimal geometries. Therefore, the 
optimal constructal fin design depends not only on the fin design but 
also on the performance indicator and optimization objective adopted.

4.3.2. Arrangement of different types of fins, rectangular and pin fins
The constructal design of rectangular and pin-fin heat transfer 

problems typically concerns finding the optimal geometry and 
arrangement of a fin array to improve the system's thermal performance. 
Fig. 14 presents generic physical models of rectangular (a) and cylin
drical pin fins (b). Most of the literature relies on numerical studies in 
which a heat flux is imposed at the base, while the fluid flow is parallel 
or perpendicular to the fins. An alternative approach is to prescribe a 
constant temperature on the fin surfaces, rather than using a heat- 
generation parameter, while maintaining the surrounding fluid at a 
lower temperature. In general, the literature on this problem has 

investigated the influence of position, height, spacing, fin diameter (or 
thickness), and the number of fins on the system's performance. The 
main performance indicators for these problems are the overall heat 
transfer rate, the pumping power (or pressure drop), the maximum 
temperature difference, and the thermal resistance or conductance.

Bejan et al. [162] investigated a parallel rectangular fin with heat 
transfer from the base and a flow direction parallel to the base, as shown 
in Fig. 14a. In this work, the authors simultaneously optimize fin and 
flow-channel aspect ratios to achieve a high overall heat transfer rate. 
For a specified total volume and known inlet flow conditions, the con
structal theory predicts the optimal configuration, the overall heat Fig. 12. Comparison of the best results found for T-Y-shaped and T-Y-shaped 

with insertions for H/L = 1, ϕ = 0.1 and ϕ = 0.05 (Adapted from [133,135]).

Fig. 13. Different basement geometries generating heat with T-shaped fins 
(Adapted from [158–161]).

Fig. 14. Rectangular fins (a) and cylindrical pin fins (b).
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transfer rate, and the required pumping power as functions of multiple 
DOFs. With similar rectangular fins and boundary conditions, Liu et al. 
[163] applied constructal design, combined with optimization tech
niques, to optimize the geometry of rectangular porous fins with respect 
to the maximum temperature difference and pumping power. Opti
mizing the fin number and length reduced the maximum temperature 
difference by 66.3% compared with the original design.

Previous works considered rectangular fins under forced convection. 
On the other hand, Zhang et al. [164] investigated the space between the 
rectangular fins under natural convection to maximize the heat transfer. 
The results indicate that optimal spacing differs from conventional de
signs, with enhanced heat transfer driven by outlet velocity effects 
rather than early boundary-layer merging. By an analytical expression, 
the optimal plate-to-plate spacing is 4

3δ (being δ the velocity boundary- 
layer thickness). Zadhoush et al. [165] also studied the geometry of 
rectangular fins under natural convection using the constructal theory. 
Longitudinal and transverse fin arrangements are analyzed to assess 
their cooling performance, showing that fin arrangement strongly in
fluences thermal efficiency. The optimal configuration is a longitudinal 
arrangement with six fins, achieving a maximum heat transfer rate of 
34.47 W. Bejan [166], through the constructal design, identified the 
optimal internal structures geometry (spacing, aspect ratio, and sizes) 
that improve the thermal performance of parallel plates, rectangular pin 
fins, and an array of horizontal cylinders under forced and natural 
convection. The optimal aspect ratio for ducts relates to the geometry 
and flow conditions in which thermal boundary layers merge near the 
channel exit.

Bello-Ochende and Bejan [167] applied the constructal theory to find 
the configuration of two rows of cylindrical pin fins under laminar 
forced convection that maximizes the total heat transfer rate for a fixed 
fin material volume (similar to Fig. 14b). The optimal design results 
from balancing conduction along the fins and transverse convection. 
Numerical results show good agreement with scaling analysis pre
dictions and indicate that non-uniform fin diameters and heights 
resulted in the best thermal performance. Later, Bello-Ochende [168]
investigated the thermal performance of cylindrical pin-fin heat sinks 
with multiple array configurations under forced convection. The results 
show that varying fin height has a limited impact, while optimized fin 
diameter plays a dominant role in improving thermal performance. It 
was also found that the three-row configuration improves thermal per
formance by 10% for Re > 100 compared to the two-rows configuration.

Similarly, Yang et al. [169] evaluated the inline arrangement of 
cylindrical pin fins under forced convection to maximize heat transfer 
rate and minimize pressure drop. They identified the optimal pin 
diameter, fin number, and heat sink aspect ratio that maximizes thermal 
performance. They also studied the same problem, considering the en
tropy generation rate [170]. Other works also use the minimum entropy 
generation rate as an objective function to optimize the cylindrical pin- 
fin heat sink geometry, as reported in [171,172]. Another study exam
ined a multi-scale cylindrical porous fin, minimizing a composite func
tion of the maximum temperature difference and pumping power. The 
optimized design reduces the composite function by 51% and, via ANN- 
assisted NSGA-II optimization, decreases the maximum temperature 
difference by 81.9% and the pumping power by 18.7%, demonstrating 
the superior performance of multi-scale porous fins [173].

Besides the pin-fin arrangement under forced convection, some 
works have considered different fin arrangements under natural con
vection conditions [174–176]. Joo et al. [175] conducted a topology 
optimization of a pin fin array to thermally optimize natural-convection 
heat sinks. The resulting multiscale fin geometries align with constructal 
theory predictions and result in 13% lower thermal resistance and 48% 
lower mass than analytically optimized radial plate-fin heat sinks.

Most of the literature addresses cylindrical pin fins, since they are the 
most suitable geometry in industry. However, other works also inves
tigated different pin fin shapes such as: diamond-shaped pin fins cooled 

by mixed convection [177]; concave/convex and tapered fins under 
forced convection [178,179]; T-shaped under forced convection by 
parallel and cross-flow [180]; snow-flake fin under conduction [181]; 
longitudinally finned tubes cooled by forced convection [182,183]; and 
the position of various heat sources connected and cooled by square- 
shaped fin [184].

More recently, Godi [185–187] studied micro-channel heat sinks 
with cylindrical or rectangular pin fins, as shown in Fig. 15. Godi [185]
inserted solid, half-hollow, and fully hollow fin configurations on a 
microchannel to maximize the dimensionless thermal conductance with 
fixed axial length and total volume. The results show that hollow fins 
performed better than solid fins at moderate Reynolds numbers (Re <
475) by promoting internal fluid circulation and enhanced heat 
removal, while solid fins perform better at higher Reynolds numbers due 
to reduced flow complexity. Compared with conventional micro
channels (without fins), solid fins improve thermal conductance by 
17.1%, half-drilled fins reduce peak temperature and increase conduc
tance by 13.4%, and fully hollow fins provide the best performance, 
increasing conductance by up to 17.5%.

In general, from the studies reviewed in this section, it is possible to 
observe that the thermal performance of rectangular fins, pin fins, and 
the heat exchanger with cylindrical pin fins is determined by the dis
tribution of the fins within the available volume. More specifically, for 
parallel rectangular fins, the best design depends on the fin spacing and 
aspect ratio, which allow thermal boundary layers to develop efficiently. 
For pin-fin heat sinks, the results indicate that non-uniform fin design 
and arrangements often provide better thermal performance than uni
form configurations, since they improve the balance between heat 
transfer and pressure losses. More recently, studies on heat exchangers 
with cylindrical pin fins and microchannels have shown that both the fin 
arrangement and the internal fin geometry can affect thermal perfor
mance. Finally, the reviewed studies indicate that thermal performance 
improves when the available fin material and flow passages are properly 
distributed within the domain, rather than simply increasing the number 
or size of the fins.

4.3.3. Trees of convective fins
The first work related to convective tree fins was developed by Bejan 

and Dan [188]. In this work, the main goal was to identify the geometry 
that maximizes the overall thermal conductance. In other words, the 
geometry that best distributes a limited amount of high-conductivity 
material within this domain to collect heat from a localized boundary 
source and spread it efficiently throughout the volume. The problem was 
treated as two-dimensional with fixed volume (frontal area and length), 
consistent with forced convection. The authors investigated several 
configurations, changing the number of branches from the main root 
and also their aspect ratio. Using the constructal approach, it was 
possible to identify that the optimized structures in the first construct 

Fig. 15. Heat exchanger with cylindrical pin fins.
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consist of a single thicker main root with multiple thin branches, 
whereas in the second optimized construct, the geometry evolves into a 
T-shaped thicker main root with several thicker secondary branches. 
Bejan [189] reviewed developments in minimizing flow resistance be
tween a point source (or sink) and a finite volume via geometric opti
mization under volume constraints. Using steady volume-to-point heat 
conduction as a reference problem, the method begins by optimizing an 
elemental volume and progressively extends to larger assemblies. The 
resulting optimal configurations naturally evolve into tree-shaped 
structures. It is also highlighted that constructal theory is relevant for 
explaining similar tree-like patterns observed in nature.

Almogbel [190] investigated the optimization of a convective tree- 
shaped fin from the constructal perspective. The total volume and fin 
material were considered as constraints. At each optimization stage, 
additional branches are introduced to increase the fin material's access 
to the heat transfer surface. It was found that a uniform tree-shaped fin 
with equal branch lengths and thicknesses exhibits better thermal per
formance than conventional longitudinal and optimized T-shaped fins, 
while maintaining compact geometry. Kephart and Jones [191]
explored the optimization of metal-matrix heat sinks in a convective 
medium. The results revealed that optimal fin architectures naturally 
evolve into tree-like structures with functionally graded porosity. When 
the fin shape, aspect ratio, and base-to-fin thickness are simultaneously 
optimized, total heat transfer can increase by up to 55% compared with 
conventional fin configurations. Çetkin [192] reported that the peak 
temperature of a non-uniformly heated 3D solid can be reduced by 
adding high-conductivity tree-shaped inserts connected to a heat sink 
through their stem. For a fixed solid volume and a high-conductivity 
material fraction, the influence of hot-spot location and insert geome
try is examined. Increasing the number of bifurcation levels from zero to 
two lowered the peak temperature. Optimal diameter ratios and bifur
cation angles at each branching level were identified, and Y-shaped trees 
performed better than T-shaped trees.

4.3.4. Composite heat transfer
More recently, composite heat-dissipating architectures have been 

proposed in the literature [193–195]. In this type of work, high- 
conductivity channels of various shapes are inserted into a heat- 
generating body, which is externally connected to a T-shaped fin. The 
heat generated is collected from the high-conductivity channel (con
duction), transferred to the external T-shaped channel, and dissipated to 
ambient air by convection.

Fig. 16 presents an arrow-shaped high-conductivity channel con
nected to the T-shaped fin proposed by Chen et al. [193]. In this case, an 

arrow-shaped high-conductivity channel (kp) is embedded in a square 
heat-generating body composed of low-conductivity material (k0) and 
externally connected to a T-shaped fin (kl). A thin interfacial layer with 
conductivity (kr) is introduced at the junction between the channel and 
the fin to model contact thermal resistance. Uniform volumetric heat 
generation occurs within the low-conductivity material, with the 
generated heat first converging toward the arrow-shaped channel and 
then flowing into the T-shaped fin. Heat is dissipated to the surrounding 
air by convection with a heat transfer coefficient, while the remaining 
boundaries of the heat-generating body are considered adiabatic. Using 
the constructal theory and optimization techniques, they found that the 
optimal geometry with four degrees of freedom reduces the minimum 
dimensionless maximum temperature difference by 43.9% and the en
tropy production rate by 19.6% compared with single-degree-of- 
freedom optimization.

In another work [194], an X-shaped high-conductivity channel 
connected to a T-shaped fin under convective conditions was proposed 
and optimized. Compared with the arrow-shaped channels [193], the X- 
shaped channels reduced the minimum dimensionless maximum tem
perature difference by 28.1% and lowered the hotspot temperatures. 
Finally, Chen et al. [195] studied the incorporation of fan- and clover- 
shaped conductive channels into heat-generation bodies coupled to an 
externally T-shaped fin. The performance indicators are the minimiza
tion of the maximum temperature difference and the entropy generation 
rate in a multi-objective optimization. In general, slender channels and 
fin geometries improved heat dissipation by enabling more effective 
heat conduction and increasing the available convective surface area. 
Overall, the clover-shaped configuration performs better, resulting in 
about 23% lower maximum temperature difference and 1.4% lower 
entropy generation rate than the fan-shaped design.

4.4. Constructal design applied to fins in latent heat thermal energy 
storage

Latent heat thermal energy storage (LHTES) has attracted attention 
in the literature due to its strong connection to energy storage research 
and its importance for renewable energy systems. The use of phase 
change materials (PCMs) for cooling applications is also important, as it 
is defined as a passive cooling approach that does not require external 
power sources, such as fans or pumps, to drive fluid flow. This charac
teristic makes PCM-based cooling an attractive energy-efficient solution. 
However, the main challenge with LHTES is the inherently low thermal 
conductivity of most PCMs, which results in relatively long charging and 
discharging times. In this context, several researchers have investigated 
the use of finned structures made of highly conductive materials to 
address these limitations. Nonetheless, most studies on fin insertion in 
PCM heat sinks do not explicitly use the term “constructal” and were 
therefore excluded from this systematic literature review. Using the 
adopted methodology, only thirteen documents were identified.

In these works, the main goal was to study different flow architec
tures (fins) in PCM reservoirs to improve the system's heat-transfer 
performance. It is important to note that, during the early stages of 
the PCM melting process, heat transfer is dominated by conduction 
because the PCM remains in the solid phase. As melting progresses, 
natural convection becomes more important and must be accounted for 
to achieve an optimal design for a latent thermal energy storage system. 
During the solidification process, the heat transfer mechanisms act in the 
opposite sequence. Then, the optimal flow architecture for these prob
lems should perform well in both conduction and convection heat 
transfer mechanisms. The main performance indicators found in the 
literature are as follows: (i) melting or solidification time, (ii) average 
temperature or maximum temperature evolution by time, and (iii) en
ergy absorbed or released.

The first document to use the term “constructal” and fins in LHTES 
was published by Wang et al. [196] in 2006. In this work, the energy is 
stored in a PCM cavity at –1 ◦C, released from a hatch on the left side at 

Fig. 16. A composite heat-dissipating structure composed of an arrow-shaped 
high-conductivity channel externally connected to a T-shaped fin (Adapted 
from [193]).
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60 ◦C, and the other surfaces are insulated. The main goal was to design 
the distribution of highly conductive material to improve the melting 
process. The best distribution of the highly conductive material exhibits 
a dendritic shape and performs better than arbitrary shapes. It is clear 
that the developed hierarchy in the best designs features a few thicker 
trunks and several small ramifications. The optimized constructal design 
fin presented a melting time of 923 s, which was around 29.5% of the 
melting time of the first structure (rectangular fin).

Fig. 17 presents some of the fins’ configurations studied in the 
literature. Kalbasi and Salimpour [197] investigated the melting process 
in a PCM heat sink with the intrusion of horizontal fins. Fig. 17a illus
trates the computational domain considered in this study. The authors 
varied the enclosure aspect ratio (AR), the number of fins, the fin length, 
and the number of enclosures. With a low number of fins (meaning 
longer fins), the space between the enclosures is almost blocked. As a 
result, the heat from the bottom is trapped in the lower levels, increasing 
the base temperature and decreasing the maximum time required to 
reach the system's critical temperature. On the contrary, increasing the 
number of fins shortens their length, promoting a less uniform temper
ature distribution within the enclosure and reducing the maximum time. 
Thus, the optimal maximum time for safe operation corresponds to the 
optimal number of fins. In another work, Kalbasi and Salimpour [198]
evaluated the use of vertical fins to maximize the safe operating time 
while avoiding critical temperatures. Results show that PCM melting in 
finned rectangular enclosures is governed by fin-PCM contact area and 
natural convection, with wider enclosures outperforming square or 
slender ones. The fin thickness ratio has little effect and increasing the 
number of enclosures does not necessarily improve the system's thermal 
performance. Salimpour et al. [199] also evaluated boundary-layer 
development for vertical fins in a PCM-based heat sink and concluded 
that, for a given enclosure length, there exist optimal values of volume 
fraction and fin spacing that maximize heat sink performance.

Joshi and Rathod [200] investigated the PCM melting time using 
three horizontal rectangular fins positioned on the right side of the PCM 
reservoir, based on the constructal theory. The right wall has a constant 
temperature of 70 ◦C, and the others are insulated. In the first stage, the 

authors evaluated the impact of changing the length of the tree fins. The 
first, second, and third fins were 50, 75, and 100% of the length of the 
baseline (Config. 1 - Fig. 17b). After 100 min, the Config. 1 attains a melt 
fraction of 0.93 and absorbs 270.19 kJ, while the baseline reaches 0.95 
and 273.38 kJ, respectively. The small differences are attributed to the 
larger PCM volume resulting from reduced fin volume. In the second 
stage, the authors identified reservoir hotspots and relocated the Config. 
1 fin. The constructal design results in a 6.3% increase in melt fraction 
despite a 50% reduction in the fin-to-PCM volume ratio, and it also 
improves the total energy absorbed by the PCM by 4.4%.

Barik and Swain [201] investigated the melting time in tree-shaped 
fins intruded into a cylindrical PCM reservoir as shown in Fig. 17c. They 
studied seven configurations: the 2nd construct is a Y-shaped fin, the 3rd 

is a tree-shaped fin with two ramifications, and the 4th is a tree-shaped 
fin with four ramifications from the principal trunk (Fig. 17c). The re
sults show that melting time decreases with increasing fin complexity. 
The 4th construct fins reduced melting time by 42.5% compared with the 
2nd construct fins, while configurations with fins on both inner and outer 
surfaces performed better than those with fins on a single surface. In 
particular, the 3rd with inner and outer fins achieves a 50.3% reduction 
in melting time relative to the 2nd configuration. Shukla et al. [202]
examined the melting and solidification behavior of a metallic heat 
exchanger filled with PCM and equipped with tree-shaped fins as shown 
in Fig. 17d. The number of fins generated ranges from no fins to one 
branch (rectangular), two branches (Y-shaped), to three branches (tree- 
shaped). The branch angles considered are 30◦, 45◦, and 60◦, while the 
fin branch length ratios were 0.75, 1.0, 1.25, and 1.50, and the fin 
volume fractions were 3%, 5%, 7%, and 9%. The results show that, at a 
constant fin volume, increasing the number of fin branches improves 
melting and solidification rates by increasing the heat-transfer area, 
with tree-shaped fins performing better than rectangular ones. With 
higher fin volumes, the total stored energy is reduced, while fin length 
ratio and branch angle have only minor effects.

More recently, Arshad [203] studied the constructal design applied 
to PCM-based heat sinks for thermal management. A novel tree-shaped 
constructal fin heat sink is analyzed by varying fin height (0-20 mm) and 

Fig. 17. PCM-based heat sinks with different fin designs. Adapted from [197,200–204].
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volume fraction (0-20%) at a constant heat flux (Fig. 17e). The results 
show that heat-transfer performance is governed by fin height and 
branching, with tree-shaped fins reducing the average heat-sink tem
perature by about 8% compared to unfinned configurations. Higher fin 
heights increase the time required to reach a target temperature, as 
natural convection dominates the PCM melting process. An optimal 
configuration with a 20 mm fin height and a 10% volume fraction is 
identified as the most effective for passive cooling. Marzouk et al. [204]
investigated the PCM melting in a rectangular enclosure with the 
intrusion of rectangular, constructal fin (Y-shaped), and tree-shaped 
fins, evaluating liquid fraction, melting time, and heat transfer rate. 
The constructal fin design is shown in Fig. 17f. The results show that fins 
enhance melting performance, with tree-shaped fins providing the best 
results, achieving complete melting within 130 min and reducing the 
melting time by 67% relative to the baseline case (without fins). Rect
angular and constructal fins reduce melting time by 41% and 53%, 
respectively, while tree-shaped fins also achieve the highest heat 
transfer rates and energy storage capacity.

Eslami and Bahrami [205] studied the transient behavior of a sen
sible and latent heat storage tank with fin configurations optimized 
based on constructal theory. The fins were responsible for the heat 
conduction to the PCM tank. The fin-to-PCM volume ratio was kept 
constant at 10%. The authors investigated I-, V-, and pencil-shaped fins. 
In sensible heat storage, the pencil-shaped fin improved thermal per
formance by up to 42% compared to the I-shaped fin. In PCM latent heat 
storage systems, conduction dominates during the early charging stage. 
Although V- and pencil-shaped designs enhance early melting, the total 
charging time remains similar across configurations. Solé et al. [206]
performed a geometrical optimization of a PCM fin heat exchanger used 
in a solar receiver.

Khosravi et al. [207] investigated seven fin designs to reduce the 
melting and solidification times of a tank filled with PCM, based on the 
constructal theory. The authors studied horizontal and vertical parallel 
and snowflake-shaped fins in a rectangular PCM tank, as well as radial, 
V-shaped, Y-shaped, and triple fins in a cylindrical PCM tank. Fig. 18
presents the temperature and mass fraction for the configuration tested 
during the melting process at 30,000 s. The triple-fin with three 
branches presented the fastest melting time due to strong vortex for
mation and enhanced recirculation in the upper region. To minimize 
solidification time, the parallel-horizontal fin configuration was most 
effective because its uniform fin distribution enhances conductive heat 
transfer and maintains a more symmetric temperature field. When both 
charging and discharging are considered, the parallel-horizontal 
configuration provides the best overall performance based on the 

100% melting/solidification criterion. At full charge and discharge, Y- 
shaped fins achieve the highest energy storage and release.

Finally, the literature on constructal design applied to fin-PCM sys
tems indicates that fin design can overcome the low thermal conduc
tivity of PCMs and reduce melting and solidification times. The design 
evolution in this field began with simple I-shaped fins and progressed to 
more complex Y- and tree-shaped configurations with multiple 
branches. In general, the best fin architectures are those that distribute 
heat more uniformly within the PCM reservoir and increase the heat 
transfer area available for conduction during the early stages of melting. 
However, most studies have focused on the melting process while 
neglecting the solidification. This may lead to designs that are optimal 
for melting but not necessarily for both thermal regimes. Additionally, 
increasing the fin volume fraction does not always improve overall 
thermal performance, as part of the PCM volume is replaced by highly 
conductive material. Therefore, the optimal fin design should balance 
melting time, solidification time, and thermal energy storage capacity of 
the system.

4.5. Constructal fins applied to channel heat transfer problems

The category of constructal fins in channels or ducts refers to heat- 
transfer problems in which fins of different shapes, aspect ratios, and 
numbers are inserted into channels or ducts. These problems typically 
involve forced convection as the dominant heat-transfer mechanism, 
since the fluid flows through the channels and removes heat from the 
fins, which are usually maintained at a constant temperature or sub
jected to heat generation at the channel base. In this type of problem, it 
is important to study heat transfer combined with flow separation and its 
subsequent reattachment, which is important in several engineering 
problems [208]. The performance indicators for this type of problem are 
usually the heat transfer rate, peak temperature, thermal conductance, 
and pressure losses.

Lorenzini and Moretti [209,210] investigated the thermal conduc
tance and pressure losses of I- and Y-shaped fins inserted inside a 
channel under laminar forced convection. The authors evaluated these 
fins positioned only at the bottom, as well as at the bottom and top of the 
channel. The air was flowing at Re = 1500 and 297.15 K while the fin 
root temperature was 373.15 K. The maximum thermal conductance 
was achieved for Y-shaped fins at the top and bottom of the channel’s 
surface. However, it resulted in the second-highest pressure drop, while 
the Y-shaped fin, only on the bottom, presented the lowest values of 
pressure losses. Thus, Y-shaped fins presented better thermo-hydraulic 
performance than I-shaped fins. Lorenzini and Moretti [211] also 

Fig. 18. Temperature (left halves) and mass fraction (right halves) of seven different fin designs during the melting process at 30,000 s (Adapted from [207]).
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compared the same system with Y-shaped fins at the bottom only, using 
water and air as the fluids. Cetkin [212,213] investigated a heat gen
eration domain that is cooled by a channel with I- and T-shaped fins. The 
author found the optimal design, based on constructal theory, for a given 
condition. The application of triangular fins based on the constructal 
design was also investigated, and the optimal case improved the thermal 
performance by 65.7% compared with the worst case [214].

An interesting design investigated is the wavy-fin channel in 
compact heat exchangers, which resembles a corrugated channel 
[215,216]. Song et al. [216] investigated the optimal wavy-fin channel 
geometry that maximizes the heat transfer rate and minimizes the 
pressure drop using constructal theory. The geometric parameters 
analyzed were the channel spacing, wavelength ratio, and amplitude 
ratio of the two wavy walls. The results show that the constructal wavy- 
fin channels can reduce the pressure drop by about 54% while 
improving the heat transfer rate by 26% compared with conventional 
designs. Another interesting architecture investigated in the literature is 
the louvered fin channel configuration reported in Refs. [217, 218].

Adewumi et al. [219] explored the geometry of a microchannel with 
the addition of a cylindrical pin fin using constructal theory to minimize 
the peak temperature of the system. The results indicate that the mini
mized peak temperature decreases with increasing Bejan number, while 
the maximum thermal conductance increases for optimized configura
tions containing three to six rows of micro pin fins. Wang et al. [220] did 
a similar study, adding rectangular fins to a microchannel and using the 
dimensionless entropy generation rate as the objective. They found that 
a hybrid staggered finned configuration decreases the entropy genera
tion rate by 60.36% compared with the finless configuration. De Moura 
et al. [221] is another example of work that investigated the fin design in 
a microchannel heat sink using the constructal law and found the 
optimal design for its boundary conditions. Recently, Zhang et al. [222]
investigated a microchannel with different pin-fin arrays to cool a chip 
with non-uniform heat generation using a genetic algorithm. Compared 
with a dense pin-fin array, the optimized fin layout reduced the 
maximum temperature by 6.75 K and the pressure dropped by 54.1% at 
Re = 750, achieving a better balance between heat-transfer performance 
and flow resistance under non-uniform heating.

Lu et al. [223] applied the constructal theory to an embedded finned 
microchannel heat sink for circuit liquid cooling under fixed total vol
ume and fin-volume constraints. A conditional generative adversarial 
network was employed to predict performance, enabling a 5-DOF 
evolutionary optimization of fin cross-section geometry via a genetic 
algorithm. Fig. 19 presents the performance evaluation criteria (PEC) 
used in the study, which consider the average Nusselt number and the 
apparent friction factor of the microchannel, along with their bench
marks. It compares different fin cross-section shapes evaluated in the 
study. The circular figure inside the graph shows the degree of freedom 
of the fin cross-section. The optimized “butterfly-wing”-like fin shape 
reduces maximum and average temperatures while improving overall 
thermal performance. Compared with heat sink designs using near- 

elliptical, rectangular, square, and rhombus fin cross-sections, the 
optimized design improved PEC by 85.9%, 65.7%, 23.7%, and 21.9%, 
respectively. Other works also consider nanofluids and porous fins in 
channels, as reported in Refs. [224, 225].

For the works involving fins applied to channels reviewed in this 
section, the system performance does not depend exclusively on heat 
transfer enhancement, but rather on the balance between heat transfer 
and pressure losses, which are directly related to the required pumping 
power. In this regard, increasing the complexity of the flow architecture 
usually improves heat transfer by promoting fluid mixing and disrupting 
the thermal boundary layer. However, these modifications also tend to 
increase flow resistance and pressure losses. Therefore, for this type of 
problem, the best configurations are those that achieve the highest 
thermo-hydraulic performance by balancing heat transfer rate and 
pressure drop. Studies on microchannels also indicate that the fin 
arrangement and cross-sectional geometry are important geometric 
parameters for improving thermal performance under volume and flow 
constraints.

4.6. Applications

The applications category includes documents identified in the sys
tematic literature review that are not directly related to the fundamental 
heat transfer problems discussed previously. In this context, a variety of 
studies are presented that apply constructal law to diverse types of 
problems and applications, using various performance indicators.

Most applications use the constructal law to improve the geometry of 
heat exchangers. Hajabdollahi [226] performed multi-objective opti
mization of a constructal plate-fin heat exchanger, using effectiveness 
and total annual cost as objectives, and compared the results with a 
conventional design. The constructal configuration is preferable for 
effectiveness above 0.747, while the conventional design is optimal 
below this value. Sotoodeh and Amidpour [227] also modelled and 
optimized a multiple-stage plate-fin exchanger by the constructal the
ory. They found that constructal heat exchangers improve heat recovery 
by 7% and 11.5% for two-section and three-section heat exchangers, 
respectively, compared with the conventional heat exchanger. In turn, 
Dehaj and Hajabdollahi [228] studied a constructal fin-and-tube heat 
exchanger using effectiveness and total annual cost as objective func
tions. The constructal branch-type design improves the maximum 
effectiveness by 6.65% compared with the conventional heat exchanger. 
The constructal design was also applied to improve the thermal per
formance of coaxial and finned crossflow heat exchangers, and microjet 
liquid-cooled heat sinks [229–231].

The constructal design method was also used to identify the best 
geometries of insulating walls, accounting for thermal insulation and 
mechanical strength constraints [232–235]. The optimal number of air 
gaps (cavities) increases with stronger natural convection effects and 
lower prescribed wall stiffness, while the maximum wall thermal resis
tance is higher when natural convection within the air gaps is weaker, 
and the wall stiffness is reduced [232]. This type of problem extends 
constructal design, typically applied to fluid flow or heat transfer 
problems, showing that it can also be effectively integrated with me
chanical strength requirements [232]. The study of the constructal 
theory on flow architectures in mechanical engineering and civil engi
neering is reviewed in Ref. [236]. For example, within mechanical en
gineering, constructal design has been employed to investigate gas 
turbine blades and to optimize the design of low-speed turbines 
[237,238].

Another application is the use of the constructal design in solar 
thermochemical reactors to identify the geometry that maximizes 
reactor efficiency [239,240]. Different reactor designs were evaluated, 
such as a filled cylinder, a cavity, and a honeycomb. The optimized 
honeycomb reactor allows an efficiency increase (~10%) with respect to 
the single cavity reactor [240]. Neveu et al. [241] also combined the 
constructal theory and exergy optimization to study the design of 

Fig. 19. Comparison of different fins cross section shapes in relation to the 
performance evaluation criteria (PEC) for Re = 200 (Adapted from [223]).
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thermochemical reactors. The application of the constructal design was 
also found in problems involving solar collectors and thermophoto
voltaic systems [242,243]. Kant and Pitchumani [244] investigated the 
influence of incorporating constructal tree-shaped fins on the thermal 
performance and cost of a thermochemical energy storage system for 
storing solar thermal energy in building applications. The constructal 
tree-shaped fins improve heat transport during the discharge phase. 
Systems without fins fail to meet U.S. Department of Energy targets, 
exhibiting low energy density and high storage cost, whereas embedding 
constructal fin trees enhances performance, achieving energy storage 
densities above 140 kWh/m3 and levelized storage costs below $4/kWh, 
thereby meeting the energy storage requirements.

The applications shown here clearly indicate that constructal design 
for fins and cavities extends beyond just heat transfer. It is increasingly 
being used in thermal energy systems, civil engineering, and thermo
chemical materials. These studies demonstrate the predictive power of 
constructal law in guiding the development of new flow architectures 
across different technologies.

5. Conclusion and future directions

This work presents the constructal design evolution of fins and 
cavities in heat transfer problems, showing how this research field has 
evolved over time, the main performance indicators, and the most 
prominent topics. To address these aspects, this research was conducted 
through a systematic literature review following a review protocol. The 
searched terms were “constructal” combined with “fin” or “cavity”. The 
documents selected were carefully analyzed.

From the bibliometric analysis, it can be concluded that the con
structal design applied to fins and cavities heat transfer problems is 
expanding and growing steadily, as evidenced by the increasing number 
of documents and citations per year. It was also evident that this 
research topic is being pursued worldwide, with several countries and 
research groups studying how the evolutionary flow architectures of fins 
and cavities impact the heat transfer performance of different systems. 
The authors’ keywords also showed some promising research topics in 
this field, some of which are more recent in the literature. Topics related 
to forced and mixed convection, and to heat transfer problems involving 
phase change materials, appear to be more recent in the literature and 
more prominent for future research. Besides that, the combination of the 
constructal design method with multi-objective optimization techniques 
has also been shown to be a recent and prominent topic for future 
research.

The evolution of fin and cavity designs is evident over time in the 
evaluated heat transfer problems. Some common design principles 
emerged across the literature. In general, thermal performance improves 
when the flow architecture provides better access for heat flow, dis
tributes cooling paths more uniformly throughout the domain, and 
promotes a more effective distribution of the available conductive ma
terial. The reviewed studies also showed that increasing geometric 
complexity and the degrees of freedom often improve thermal 
performance.

In cavity problems, it was possible to see the evolution of the cavity’s 
geometries studied over the years. The results show that when a ge
ometry is free to morph, it facilitates access to its currents and improves 
its performance. In the case of cavities in square domains, the elemental 
cavity (C- or I-shaped cavity) has a dimensionless global thermal resis
tance of 0.113. With the evolution of more complex cavity designs, the 
global thermal resistance was reduced by up to 93.7%.

This trend is also evident in constructal fins in heat sink problems. 
The most fundamental problem was the T-shaped fin, which evolved 
into a twice-Y-shaped fin, or into several pin-fin arrays, whose size, 
spacing, and distribution completely affect heat transfer and could 
determine the best design by the lens of constructal design. The litera
ture clearly indicates that design modifications to fins and cavities based 
on constructal design can improve heat-transfer performance in a wide 

range of heat-transfer problems. However, it is worth mentioning that, 
since we are dealing with heat transfer problems involving a large 
number of variables, it is difficult to perform a fair comparison among 
different research articles. This is because the boundary conditions, 
performance indicators, and geometric degrees of freedom may differ 
from one study to another, making direct comparisons among different 
designs reported in the literature difficult. Nevertheless, in all heat 
transfer problems analyzed, it was possible to observe the evolution of 
the flow architectures and their ability to improve system performance. 
In phase change material problems, the first design studied was the I- 
shaped fin, which evolved into Y-shaped and complex tree-shaped fins 
that improve melting or solidification through conduction and convec
tion heat transfer mechanisms.

It is also interesting to note that, even though most of the works 
presented here are related to more fundamental heat transfer problems, 
some works are also related to more applied problems, as seen in the 
application category, where constructal design was used to identify the 
best design of fins or cavities in insulation walls, heat exchangers, 
thermochemical reactors, solar collectors, and thermophotovoltaic sys
tems. This shows how broad the constructal law is becoming and how 
the heat transfer problems presented here can be coupled with several 
applications, including thermal energy storage systems, other engi
neering fields, and even beyond the field of thermodynamics.

Then, from this research, it is possible to point out some future 
research directions: 

(i) For cavity and fin heat transfer problems, most existing studies 
rely on analytical or numerical models, leaving opportunities for 
future experimental investigations and three-dimensional studies 
to validate the thermal performance of complex cavity architec
tures under realistic operating conditions.

(ii) For finned heat sinks and channel-flow applications, future 
research should further explore multi-objective optimization 
approaches that simultaneously consider heat transfer enhance
ment and pressure losses (pumping power) requirements. The 
incorporation of manufacturability constraints into the develop
ment of new flow architecture is also an important research 
opportunity.

(iii) For constructal fins and heat exchangers, investigations involving 
new hierarchical branched architectures, new objective func
tions, and experimental validation are required. The integration 
of constructal design with artificial intelligence, machine 
learning, artificial neural networks, and genetic algorithms may 
also reduce computational costs and accelerate the development 
of new flow architectures.

(iv) For phase-change material systems, future studies should focus 
on fin architectures that simultaneously improve melting and 
solidification performance. Most existing studies evaluate only 
the melting process, leaving opportunities to develop designs 
optimized for the complete charging/discharging cycle. 
Furthermore, future research should seek evolutionary architec
tures that perform well under both conduction and convection 
heat transfer mechanisms, which are inherent in PCM thermal 
energy storage systems.

(v) For application problems, more studies are needed to transfer 
constructal design concepts from fundamental heat transfer 
problems to industrial applications, including thermal energy 
storage systems, heat exchangers, electronic cooling, renewable 
energy technologies, and other engineering systems.

Finally, this research demonstrates the power of the constructal law 
to predict and design new flow architectures across a wide range of heat 
transfer problems. The examples presented show that when flow ar
chitectures are designed with purpose and allowed to evolve within 
appropriate degrees of freedom, improvements in thermal performance 
can be achieved. Finally, as the demand for high-performance thermal 
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management continues to grow in emerging technologies, the applica
tion of the constructal law is expected to expand across heat transfer 
research and industrial practice.
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