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ABSTRACT

Since energy efficiency and the shrinkage of thermal management systems has become a key
concern across global industries, the optimization of compact heat exchangers (CHEs) has
become a major engineering requirement. This research paper gives a detailed discussion of
the ways of further enhancing the heat transfer techniques; in particular, the issue of interest
is how to optimize the heat transfer conductance and also how to reduce the pressure drop
penalties. The research divides the types of methodologies used to enhance the thermo-
hydraulic performance of systems into passive, active and compound methodologies and
compared these using the well known criteria which include the Nusselt number, friction
factor, and Thermal Performance Factor (TPF).

Much focus is on passive techniques, such as installation of longitudinal vortex generators,
pin-fin arrays, and special tube inserts such as double counter twisted tapes. More so, the
paper also explores the synergies of compound techniques, that is, the combination of
nanofluids based on Al>,Os nano-crystals with swirling flow geometries that have proved to
overcome conventional performance thresholds.

The study also addresses the revolutionary effect of additive manufacturing (3D printing) in
defeating the geometric limitation of a subtractive machining. Additive manufacturing is
redefining the possibilities of compact thermal design by allowing the creation of internal
topologies that are more complex and optimized mathematically, including Triply Periodic
Minimal Surfaces (TPMS) and leaf-vein networks of microchannels. These results indicate
that convergence of high conductivity nanofluids, generative design, and precision digital
fabrication is the future of heat exchanger optimization, offering a roadmap to future cooling
conditions in the aerospace, microelectronics and renewable energy industries.

Keywords: Compact Heat Exchangers (CHEs), Heat Transfer Enhancement (HTE), Passive
and Active Techniques, Thermo-Hydraulic Performance, Vortex Generators, Twisted Tape
Inserts, Nanofluids, Additive Manufacturing (3D Printing), Microchannel Heat Sinks,

Boundary Layer Disruption.

INTRODUCTION

The recent explosion in modern engineering applications;
aerospace, automotive, microelectronics and chemical
processing has stimulated an unprecedented compounding
of thermal management systems of the highest efficiency.
With the increase in the number of devices that are smaller
with high power densities, conventional heat exchange
processes may not be enough to remove the produced
thermal load. Therefore, two-dimensional studies with
compact heat exchangers (CHEs) have taken centre stage
in the modern study of thermodynamics. The need to
create heat exchangers with the highest thermal efficiency
in the smallest footprint is highly important in the
industries where harsh weight and volume limitations
define project feasibility, e.g. acrospace (Careri et al [5].).
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The essential characteristic of a compact heat exchanger
is its area density commonly denoted as and it is the ratio
of heat transfer surface area to the internal volume.
Although there are differences in definition across
literature, a heat exchanger is typically termed as compact
when its area density is greater than 700 m2 /m3 when
operating on gas or 400 m2 /m3 when operating on liquid
or phase-change systems ( "A Review on Heat Transfer
Enhancement” [9]). Through the maximization of this
surface area in a limited area CHESs enhance high rates of
heat  transfers over traditional  shell-and-tube
configurations. Nonetheless, miniaturization presents a
major technical problem: the opposite effect of
augmentation of heat transfer and drop of fluid pressure.
Forcing fluids through small, highly intricate channels,
one inevitably faces a greater frictional resistance and
thus, more power is needed to pump this fluid, and the
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overall amount of energy used by the system is amplified
(Ghorbani [7]).

In order to overcome this thermo-hydraulic trade-off,
scientists have come up with and perfected numerous heat

play with the fluid flow boundary layer, cause turbulence
or enhance the effective thermal conductivity of the
system. The three major ways to enhancement are
generally divided into three types: passive, active and

transfer enhancement methods. These techniques act to CA(};I;E (s)llar;ii etrzf E}}'(z)steVﬁif;V ogrlia;ﬁ?e[rlnﬂ). (Mousavi
Table 1: Classification of Heat Transfer Enhancement Techniques
Category Description Common Examples

Methods that require no direct application of external|Extended surfaces (fins), vortex

Passive Techniques

power. They rely on surface modifications or fluid additives

to alter flow geometry and thermal properties.

generators, twisted tapes, microchannels,

dimples, and nanofluids.

Active Techniques

Methods that require external power to facilitate heat
transfer. These are often complex and expensive to

implement but offer high enhancement ratios.

Mechanical vibration, surface vibration,
electrostatic fields, acoustic cavitation,

and fluid pulsation.

Compound

The simultaneous application of two or more active and/or

passive techniques to produce an enhancement effect

Twisted tapes combined with nanofluids;

microchannels paired with  vortex

Techniques

greater than the sum of their individual parts.

generators.

The adoption of passive techniques in industry continues
to be the most popular because it is reliable, does not
require parasitic power, and is cost-effective (Manolescu
et al. [13]). Surgeons of surface geometries, including the
incorporation of longitudinal vortex generators in
microchannel heat sinks, have been shown to be very
promising in disturbing thermal boundary layers and
facilitating fluid mixing without causing prohibitive
pressure penalties (Al Muallim et al. [1] ). Moreover,

2. Fundamentals of Compact Heat Exchangers

current innovations in the additive manufacturing (3D
printing) have transformed the production of CHEs. This
technology can enable engineers to circumvent the
constraints of traditional machining and engages in the
production of geometries (internal and external) that are
highly complex and mathematically optimized with a high
level of heat transfers (triply periodic minimal surfaces);
this is made possible by additive manufacturing (Kruzel
etal. [12]).
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Compact heat exchangers (CHEs) are designed and
optimized on the basis of the basic principles of
thermodynamics and fluid mechanics. The initial aim of
any application of heat exchanger is to ensure that the total
heat transfer coefficient, which is represented as U, is as
high as possible with a concurrently low fluid pressure
drop, denoted as 2. The total heat transfer is determined
by the thermal biological resistance of both the convective
boundary layers on the hot and cold fluid sides and the
conductive electronic resistance of the solid barrier
partitioning the two fluids . CHEs have very small
hydraulic diameters, and thus are intrinsically thinner in
their thermal boundary layers, hence can ring with a much
greater convective heat transfer coefficient than macro-
scale devices.

The fluid mechanics of these confined micro-scale or
small channels is however a different challenge. When
fluid is forced through a small opening, the dominating
forces are the viscous ones and laminar flow regimes are
frequently observed unless some disruptive geometries
are added. This friction of the flow, or resistance to the
fluid, creates a pressure drop causing pressure to be
pumped over. Thus, to assess basic performance of a
CHE, it is necessary to simultaneously analyze the
thermal and hydraulic properties of it.

In order to analyze and scale these thermo-hydraulic
effects in a systematic manner, researchers have to fall
back on a group of non dimensional numbers. Such
parameters can be used to compare various fluids, flow

rate, and geometrical configurations under a coherent
mathematical context (Samutpraphut and Chuwattanakul

[18]).
2.1 Governing Dimensionless Parameters

The fluid dynamics within the heat exchanger are
primarily characterized by the Reynolds number (Re),
which defines the ratio of inertial forces to viscous forces
within the fluid:

R=(pVD_h)/n

Where p is the fluid density, V is the mean fluid velocity,
Dh is the hydraulic diameter of the channel, and $\muS$ is
the dynamic viscosity. A higher Reynolds number
typically indicates turbulent flow, which inherently
improves fluid mixing and heat transfer but at the cost of
elevated frictional resistance.

The convective heat transfer performance is quantified by
the Nusselt number ($Nu$), representing the ratio of
convective to conductive heat transfer normal to the
boundary:

Nu=(hD_h)/k

Where h is the convective heat transfer coefficient and k
is the thermal conductivity of the fluid. The relationship
between the momentum and thermal diffusivities of the
specific working fluid is captured by the Prandtl number
(Pr), which heavily influences the thickness of the thermal
boundary layer relative to the velocity boundary layer.

Table 2: Key Dimensionless Parameters in Heat Exchanger Analysis

Parameter Symbol

Physical Significance

Primary Application in CHEs

Reynolds Number Re

Ratio of inertial to viscous forces.

Determines flow regime (laminar vs. turbulent)

and dictates frictional losses.

Ratio of convective to conductive

Acts as the primary indicator of heat transfer

wall.

Nusselt Number Nu
heat transfer. efficiency at the fluid-surface interface.
Ratio of momentum diffusivity to Characterizes the fluid's intrinsic thermal
Prandtl Number Pr
thermal diffusivity. properties (e.g., water vs. highly viscous oils).
Dimensionless shear stress at the Used to calculate the pressure drop ($\Delta P$)
Friction Factor f

and required pumping power.

2.2 The Thermo-Hydraulic Trade-off

When introducing any enhancement technique—such as
fins, dimples, or twisted tape inserts—the Nusselt number
inevitably increases due to enhanced fluid mixing, swirl
generation, or boundary layer disruption. However, these
physical modifications also act as flow obstructions,

thereby increasing the friction factor (f). The friction
factor is directly proportional to the pressure drop, making
it a critical parameter in the operational cost of the system
(An et al. 8 [2]).

To objectively evaluate whether an enhancement
technique provides a net benefit, researchers utilize the
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Thermal Performance Factor (TPF), also known as the
thermo-hydraulic performance index ($\eta$). This
criterion compares the heat transfer enhancement against
the friction penalty at a constant pumping power:

=N [Nu] 0)/(#f 0)N13)

In this equation, Nu and f represent the Nusselt number
and friction factor of the enhanced tube or channel,
respectively, while NuO and fO represent the baseline
values for a smooth, unenhanced channel. A TPF greater
than 1.0 signifies that the chosen enhancement technique
is thermodynamically advantageous and practically
viable, as the gain in heat transfer outweighs the additional
energy required to pump the fluid. This fundamental
mathematical balance serves as the benchmark for
evaluating all passive and active techniques discussed in
subsequent sections.

3. Literature Review

Optimization of compact heat exchangers has created a
rich literature in the last 10 years. Traditionally, studies
were mostly centered on traditional modifications of the
macro-scale geometry, including simple transverse fins,
simple flow baffles, and basic transverse baffles.
Nonetheless, with escalating industrial requirements of
miniaturization and efficiency, current research has
conclusively turned to micro-scale fluid dynamics, bio-
inspired geometries, additive manufacturing compound
enhancement methods and the revolutionary nature of
additive manufacturing (A Review on Heat Transfer
Enhancement” [9]). The review presents the summary of
the main results of the recent literature, outlining the
trends and existing gaps in the current research in thermal
management.

3.1 Advancements in Surface Modifications and
Inserts

The use of passive enhancement techniques, especially the
internal tube insert, is also among the most widely
documented fields of research because of its ability to be
retrofitted and its affordability (Manolescu et al. [13]).
The pioneer data on the flow disruption was provided by
Bhuiya et al. [3] who studied the impact of strong swirl
flow on the Nusselt number by examining the influence of
the double counter twisted tapes and showed that a high
Nusselt number is attained at the cost of increasing the
friction factor (Bhuiya et al. [3]).

Based on this, further research has aimed at optimization
of the geometry of such inserts to reduce the penalty in
pressure drops. Numerical and experimental tests of a
broad variety of twisted tape arrangements in a turbulent
flow were undertaken by Samutpraphut et al and
confirmed that a reduction in the twist ratio dramatically
increases the rate of heat transfer as fluid mixing speed
increases due to an increase in the velocity of the fluid
layer moving along the tube walls (Samutpraphut et al.,
"Performance Assessment" [19]). Nevertheless, as Ju et
al. observed in their analysis of thermal performance
factors, the effectiveness of physical inserts tends to reach
a thermodynamic limit in which the pumping energy
necessary to overcome the resulting generated friction
reverses the thermal gains (Ju et al, "Thermal
Performance Factor Analysis" [11]).

3.2 Microchannels and Bio-Inspired Geometries

In order to overcome the drawbacks of the conventional
tube inserts, scholars have paid more and more attention
to microchannel heat sinks. This combination of localized
flow interruptors into these microscopic spaces has
demonstrated great potential. Gonul et al. examined the
pressure drop and heat transfer of microchannels fitted
with pin-fins and found out that staggered fin layouts are
more efficient at disrupting the boundary layer than inline
layouts (Gonul et al. 8). In the same manner, Al Muallim
et al. [1] examined the thermo-hydraulic characteristics of
microchannels with longitudinal vortex generators, and it
was found that proposed structures can produce second
counter-rotating vortices that are very efficient in
postponing boundary layer separation and increasing the
fluid mixing (Al Muallim et al. [1] ). Moreover, Celik
pointed out that, together with vortex generators, surface
protrusions on plate-fin surfaces create a synergetic
disruption of the thermal boundary layer, an optimal
combination of the heat transfer coefficient across the
surface (Celik [6]).

In the recent computational fluid dynamics (CFD)
modeling, bio-inspired designs have also been
incorporated into the discourse of CHE. The exploration
of microchannel network as leaf veins has shown that
replication of the fractal branching of natural vascular
systems can be used to reduce the penalty of pressure drop
significantly without negatively affecting the uniform
distribution of the fluid and high thermal performance of
the fluid in flow ( "Numerical Investigations" [17]).

3.3 Compound Techniques and Nanofluids

Having realized that single passive procedures have
inherent drawbacks, the modern literature has started to
investigate the concept of compound enhancement the
joint use of two or more different procedures (Mousavi
Ajarostaghi et al., "Compound and Hybrid" [16]). The
most noticeable one is the combination of complex
internal geometries and the use of advanced working
fluids. Ju et al. measured the performance of several semi-
twisted tape inserts that were used together with an A1203
nanofluid. Their results show that a suspension of highly
conductive nanoparticles in the base fluid and at the same
time, swirl flow induced using the tape inserts, leads to a
thermo-hydraulic performance index much greater than
could be attained by either process itself (Ju et al.,
"Evaluation of Multiple" [10]).

3.4 The Impact of Additive Manufacturing

One of the most recent and disruptive advances in the
research of CHE is, perhaps, the use of additive
manufacturing (3D printing). The theoretical optimization
of heat exchangers was limited in decades with the
constraints of conventional subtractive machining or
extrusion (Mousavi Ajarostaghi et al., "A Review of
Recent" [15]). According to Byiringiro et al. additive
manufacturing has been able to decouple geometric
complexity and manufacturing cost, meaning that
engineers can now produce unbroken, mathematically
optimized internal architectures such as triply periodic
minimal surfaces (TPMS) (Byiringiro et al. [4] ).
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Kruzel et al. [12] were able to prove that compact heat
exchanger 3D-print can be a viable option, also
mentioning that the contemporary fabrication techniques
permit the surface roughness of the channels to a high
degree, which can be manipulated to provide additional
micro-turbulence (Kruzel et al. [12] ). The aerospace

industry is the one industry that this breakthrough in
manufacturing can be most critical, as Careri et al [5].
stress that 3D-printed CHEs not only have a higher
thermal performance but also provide unprecedented
weight reduction and structural consolidation (Careri et al

[5].).

Table 3: Summary of Recent Investigations in CHE Enhancement

Author(s) & Year |Primary Technique Evaluated

Key Finding / Contribution

Bhuiya et al. [3]
Double Counter Twisted Tapes
(2014)

High swirl flow drastically increases Nu, though friction penalty is

severe.

Al Muallim et al.
Longitudinal Vortex Generators
(2020)

Secondary vortices significantly disrupt microchannel thermal

boundary layers.

Compound: Inserts + Al1203
Juetal. (2021)
Nanofluid

Combining physical inserts with high-conductivity fluids yields

superior thermal performance factors.

Celik (2021)

Protrusions on Plate-Fins

Synergistic surface modifications prevent boundary layer stagnation.

Careri et al [5].

(2023)

Additive Manufacturing

(Aerospace)

3D printing enables complex internal geometries previously

impossible, reducing weight and boosting efficiency.

Staggered arrangements optimize the balance between pressure drop

Goniil et al. (2024) |  Pin-Fins in Microchannels

and heat transfer.

4. Passive Enhancement Techniques

The most common techniques that are applied in the
design of compact heat exchangers (CHEs) are passive
enhancement techniques. Compared to active techniques,
in which some source of external power is necessary to
drive the flow field, passive methods depend solely on
changing the internal geometry of the heat exchanger or
the thermophysical characteristics of the working fluid
(Mousavi Ajarostaghi et al., "A Review of Recent" [15]).
Passive methods provide a very dependable and
economical route to the ability to maximize the overall
coefficient of heat transfer by avoiding parasitic power
losses. The main mechanisms of operation of these
methods are destabilization of the thermal boundary layer,
expansion of the effective surface area, or the creation of
secondary fluid motions, swirl or transverse vortices.

4.1 Extended Surfaces and Micro-Fins

The simplest is the passive method that involves adding
additional surfaces, or fins, to the main heat transfer
surface. Micro-scale fins are used in CHEs, where there is

a strong limitation on space, to achieve an enormous area
density as well as in the 3D finpacks (fins of 2.5 nm).

In addition to the amplification of the overall area of
conductive surface, the particular pattern of the fins is
paramount to the control of fluid dynamics. Gonul et al.
has shown that incorporation of pin-fins in the
microchannels can considerably change the pressure drop
and heat transfer features of the system. Their
mathematical experiments found out that staggered pin-
fin designs are better than inline layouts as they constantly
discontinue the flowing of fluid, thus never letting the
thermal layer to form and enlarge completely (Gonul et al.
12). Although such a constant disruption is likely to
increase the level of friction factor, the subsequent
increase in the Nusselt number (Nu) is likely to lead to a
very desirable index of thermo-hydraulic performance.
Moreover, in plate heat exchangers, the corrugation
designs are continuous extended surfaces which create
intricate flow paths forcing the fluid into turbulent regime
despite extremely low Reynolds numbers (Re)
(Manolescu et al. [13]).
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4.2 Vortex Generators and Flow Disruptors

The vortex generators (VGs) are special surface
modifications to generate specific secondary flows, i.c.
vortices which move perpendicular with or at an angle to
the primary flow stream. These structures transport fluid
to and fro with considerable force in the hot wall area to
the cooler core area of the channel.

Longitudinal vortex generators especially have been
shown as very effective flow disrupters. Al Muallim et al.
evaluated thermal-hydraulic efficiency of a microchannel
heat sink with such structures occurrence and observed
that the resulting counter-rotating vortices allow the
intensive mixing of fluids at a significantly smaller
penalty in pressure drop than any other counter-flow
blockage (Al Muallim et al. [1]). Besides, VGs have
synergies when used with other surface anomalies. Celik
also examined the application of both vortex generators
and protrusions on plate-fin surfaces and found that vortex
generators destabilize the flow just before the VGs, which
makes the intensity of the generated vortices stronger and
has a better effect in generating heat transfer (Celik [6]).

4.3 Swirl Flow Devices: Twisted Tape Inserts

The tube inserts are very popular in the industrial use since
they can be retrofitted in the existing tubular heat
exchangers. The most widespread in the type are twisted
tapes, which form a continuous swirl flow exposing the
fluid to centrifugal forces.

This rotational movement does not only amplify the
effective flow length but also causes the denser and cooler
fluid to flow towards the walls of the heated tube, and the
boundary layer is thinned. Bhuiya et al. evaluated the
efficiency of tubes installed with counter twisted tapes in
pairs, and found out that the interacting and opposing
swirls cause enormous shear forces in the fluid, which
results in significant enhancement of heat transfer as
compared to a simple tube (Bhuiya et al. [3] ). Researchers
adjust the twist ratio (y /w) as the 180 twist pitch /tape

width to maximize the thermal gain to pumping power
ratio. Samutpraphut and Chuwattanakul both affirmed in
numerical and experimental research that a smaller twist
ratio (smaller value) exponentially boosts the turbulence
and rate of heat transfer but requires close attention to the
associated  friction penalty (Samutpraphut and
Chuwattanakul [18]). In order to alleviate this extreme
pressure drop, alternative designs have been developed
including semi-twisted tapes or tapes with dissimilar
turbulator layout in order to generate a localized flow of
turbulence instead of a continuous rotation friction within
the length of the pipes (An et al.[2] ; Ju et al., "Evaluation
of Multiple" [10]).

4.4 Advanced Working Fluids: Nanofluids

Whereas geometrical changes modify the flow field, the
working fluid, which is changed, solves the inherent
thermal constraints of traditional coolants, such as water,
ethylene glycol, or engine oil. Nanofluids Colloidal
suspensions of nanoparticles (i.e., 1-100 nm) of metallic
or non-metallic particles suspended in a base fluid are a
frontier in passive enhancement ( "A Review on Heat
Transfer Enhancement” [9]).

Since solid metals and metal oxides have thermal
conductivities which are orders of magnitude greater than
that of typical fluids, their uniform suspension causes a
massive increase in the effective thermal conductivity of
the mixture. Nevertheless, the enhancement of the
potential of nanofluids is often addressed by the
compound enhancement. The synergy investigated by Ju
et al. employed the use of an AI203 (aluminum oxide)
nanofluid together with a variety of semi-twisted tape
inserts. It was found that the swirl flow generated by the
tapes did not only optimize the macroscopic mixing in the
fluid but also allowed the nanoparticles to stay dispersed
and not agglomerated and settle at the tube wall, which
maximized conductive heat transfer at the tube wall (Ju et
al., "Evaluation of Multiple" [10]).

Table 4: Comparative Analysis of Passive Enhancement Mechanisms

Primary Enhancement
Passive Technique
Mechanism

Major Advantage

Major Disadvantage

Micro-Fins / Pin- |Surface area increase; continuous

Fins boundary layer disruption.

High area density;

structurally robust.

Difficult to clean; highly susceptible

to fouling.

Generation of secondary flows

to-wall fluid exchange.

Excellent thermal mixing
Vortex Generators | (longitudinal vortices) for core- | with a relatively moderate

pressure drop.

Complex to manufacture at the
micro-scale using traditional

subtractive methods.

Twisted Tape Induction of swirl flow and

Inserts centrifugal forces.

Highly cost-effective; easy to

retrofit into existing tubular

Induces a massive friction penalty,

requiring significant pumping power.
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systems.

Direct increase of the fluid's
Nanofluids
intrinsic thermal conductivity.

Enhances heat transfer

without physical flow

High cost; potential for nanoparticle
agglomeration, sedimentation, and

obstruction. erosion of internal channels.

5. Active Enhancement Techniques

Active enhancement methods are differentiated with
passive methods on the basis that they need an external
energy source to activate the fluid flow or surface-fluid
interface. Although mechanical and electrical complexity
is added with such methods, they provide a significant
level of control over the heat transfer rate, which can be
adjusted in real time depending on changing thermal
loads. Their high power consumption, which is considered
to be parasitic, is the primary reason why they are only
used in specialized applications in high-precision micro-
electronics and aerospace cooling where passive only
methods are not efficient enough (Mousavi Ajarostaghi et
al., "Compound and Hybrid" [16]).

5.1 Mechanical and Surface Vibration

Vibrations induced on the heat transfer surface or on the
fluid itself is a potent approach to breaking laminar sub-
layer that restricts heat exchange. Micro-fluctuations are
generated at the boundary by surface vibration and the
stabilization of a thick thermal boundary layer is
prevented. In a similar manner, fluid vibration, commonly
by acoustic cavitation or pulsations produces high
pressure waves that increase mixing. According to
Manolescu et al. [13], plate heat exchanger The use of
external pulsations can induce fluid to reach a state of so-
called synthetic turbulence that provides higher Nusselt
numbers than the steady-state flows at the same Reynolds
number (Manolescu et al. [13]).

5.2 Electrostatic and Magnetic Fields

Electrohydrodynamic (EHD) enhancement is the use of
high-voltage electrostatic field on a dielectric fluid. The
field has a body force on the fluid that causes the fluid to
experience secondary flows (ionic winds) which force the
fluid toward the heat transfer surface. The method works
well especially in small settings, where physical inserts
may lead to clogging or too much pressure drops. In
addition, by using magnetic nanofluids (ferrofluids) an
external magnetic field can be applied to place the high-
conductivity particles at the "hot spots" of the heat

Table S: Summary of Performance Metrics

exchanger to offer localized, on demand cooling (Ju et al.,
"Evaluation of Multiple" [10]).

6. Performance Evaluation Criteria (PEC)

The increase in the heat transfer does not alone decide the
ultimate viability of the any enhancement technique,
either passive or active, but the efficiency of the increase.
In the field of engineering, any change that is made on a
small heat exchanger has a penalty cost of more friction
and pressure drop. Thus, there are set criteria that the
research community uses to assess whether a design is
indeed better.

6.1 The Thermo-Hydraulic Performance Index

The most critical metric is the Thermo-Hydraulic
Performance Index (1), often referred to as the constant
pumping power criterion. This index evaluates the gain in
the Nusselt number against the increase in the friction
factor:

n=MNw [Nu] _0)/(£F 0)"(13)

Where NuO and fO are the values for a smooth,
unenhanced channel. A value of n > 1 indicates that the
enhancement technique provides more thermal benefit
than the mechanical energy it consumes. Ju et al.
emphasize that many advanced geometries, such as semi-
twisted tapes, are designed specifically to maximize this
ratio by targeting only the most critical areas of the flow
for disruption (Ju et al., "Thermal Performance Factor
Analysis" [11]).

6.2 Optimization of Operating Parameters

In addition to the TPF, a researcher should take into
account the operational constraints of the system. Micieta
et al. propose that the principle of optimization needs to
take into consideration unique temperature fields and flow
regimes in the field. The technique that works incredibly
well under turbulent flow (Re) can be inefficient or even
counterproductive in the laminar microchannel flows
(Micieta et al. [14]). As a result, the Performance
Evaluation Criteria should be customized to fit the
application, i.e. in high-efficiency industrial boilers where
compressed environments are used (Ghorbani [7] ).

Metric Formula / Basis

Engineering Significance

Nusselt Ratio Nu/Nu,

Quantifies the pure thermal gain of the enhancement.
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Friction Factor Ratio f/fo

Quantifies the pressure drop penalty and pumping cost.

Thermal Performance Factor ($\eta$)

(Nu/Nug)/(f/f )3 $

Determines the net benefit at a fixed pumping power.

Area Density ($\beta$)

Surface Area / Volume

Measures the "compactness" of the heat exchanger.

7. The Transformative Role of Additive

Manufacturing (AM)

The design of compact heat exchangers (CHEs) was
decades limited by the limitations of the conventional
production methods, including extrusion, brazing, and
CNC machining. These procedures made internal
geometries limited to simple forms straight tubes,
standard fins, and basic corrugations. Additive
Manufacturing (AM), or 3D printing, has successfully
decoupled geometrical complexity and manufacturing
cost, introducing a design-for-performance instead of a
design-for-manufacture paradigm (Mousavi Ajarostaghi
et al.. "A Review of Recent" [15]).

7.1 Complex Geometries and TPMS Structures

The capability to generate Triply Periodic Minimal
Surfaces (TPMS) can be regarded as one of the most
important benefits of AM. They are curved surfaces
(including Gyroids or Schwarz-D structures) that are
defined mathematically and continuous and have high
surface-area-volume ratios and encourage the creation of
self-induced turbulence without the requirement of
physical inserts. Kruzel and colleagues provided the study
of the 3D-printed compact heat exchangers and have
mentioned that TPMS architecture offers a smooth flow
path, reducing the stagnation regions as typical of
traditionally brazed plate-fin exchangers (Kruzel et al.

[12]).

Figure 2: TPMS and Lattice Structures in Additive Manufacturing

3D Printed Gyroid TPMS
{Metallic Finish, High
Complexity)

Gyroid Lattice

The continuous curvature of these
Triply Periodic Minimal Surfaces
(TPMS) prevents fluid stagnation
points and promotes turbulent flow,
enhancing heat transfer efficiency in
heat exchangers.

3D Printed Schwarz-P TPMS
(Metallic Finish, High
Complexity)

Schwarz-P Lattice

The continuous curvature of these
Triply Periodic Minimal Surfaces
(TPMS) prevents fluid stagnation
points and promotes turbulent flow,
enhancing heat transfer efficiency in
heat exchangers.

30 Printed Diamond TPMS
(Metallic Finish, High
Complexity)

Diamond Lattice

The continuous curvature of these
Triply Periodic Minimal Surfaces
(TPMS) prevents fluid stagnation
points and promotes turbulent flow,
enhancing heat transfer efficiency in
heat exchangers.

7.2 Surface Roughness as a Functional Feature

Surface roughness is commonly considered a flaw to be
avoided in the traditional manufacturing. But in the AM
scenario, the controlled surface roughness could be
adopted as passive (enhancement) technique. Laser
Powder Bed Fusion (L-PBF) layer-by-layer deposition
process produces an intrinsically micro-textured surface.
This roughness, as Byiringiro et al. [4] note, serves as a
cascade of micro-turbulators which disturb the viscous
sub-layer of the fluid flow further enhancing the value of
the Nusselt number without making any further geometric
adjustments (Byiringiro et al. [4] ).

7.3 Weight Reduction and Consolidation in Aerospace

In the aerospace industry, AM is not only useful in thermal
efficiency, but also in structural integration. Aircraft

engine or satellite thermal management CHEs are
frequently printed as a monolithic piece, which is no
longer required to have joints, gaskets, and welds. This
does not only help in minimizing the chances of leakage
in case of high-pressure conditions, but also helps in the
drastic reduction of weight. Careri et al [5]. note that AM-
enabled heat exchangers can be optimized in topology, so
that only the material needed is placed where needed
thermally or structurally, making a total mass reduction of
up to half what a conventional unit would be (Careri et al

[5D.

Table 6: Comparison of Traditional vs. Additive
Manufacturing for CHEs

Feature |Traditional Additive
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(Brazing/Machining)| Manufacturing  (L-
PBF/DED)
Restricted to linear|Nearly unlimited; can
Geometric
and simple radial[produce TPMS and
Freedom
shapes. fractal designs.
High waste
Material High efficiency (near-
(subtractive); heavy
Utilization net shape); lightweight.
assemblies.
Multi-part; requires|Monolithic; single-part
Assembly
welding or brazing. |construction.
Economical for
Economical for mass
Scaling complex, low-volume,
production.
or bespoke parts.
Boundary layers|Continuous disruption
Fluid
develop over long,|via complex internal
Dynamics
straight fins. topology.

7.4 Economic and Material Considerations

Although AM is the most liberating practice in design, it
is not without problems. AM is currently restricted to the
high-value industries due to the high cost of metal
powders (including Aluminum, Titanium, or Inconel
alloys) and the low build rates of high-precision printers.
Nevertheless, the ratio between the mass of the raw
material and the mass of the finished component, the so-
called buy-to-fly, keeps on improving as the technology
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