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Abstract: Hydrogen fuel cell systems are a viable option for electrified aero engines due to
their efficiency and environmental benefits. However, integrating these systems presents
challenges, notably in terms of overall system weight and thermal management. Heat
exchangers are crucial for the effective thermal management system of electric propulsion
systems in commercial electrified aviation. This paper provides a comprehensive review
of various heat exchanger types and evaluates their potential applications within these
systems. Selection criteria are established based on the specific requirements for air and
hydrogen heat exchangers in electrified aircraft. The study highlights the differences in
weighting criteria for these two types of heat exchangers and applies a weighted point
rating system to assess their performance. Results indicate that extended surface, mi-
crochannel, and printed circuit heat exchangers exhibit significant promise for aviation
applications. The paper also identifies key design challenges and research needs, particu-
larly in enhancing net heat dissipation, increasing compactness, improving reliability, and
ensuring effective integration with aircraft systems.

Keywords: heat exchanger; thermal management system; electrified aero engines

1. Introduction

Strategic initiatives such as Flightpath 2050 [1] aim to significantly reduce emissions in
the aviation sector by 2050. Fuel cells are emerging as a viable solution for electrically driven
propulsion systems due to their high efficiency and low emissions. Among fuel cell types,
Low Temperature Polymer Electrolyte Membrane Fuel Cells (LTPEMFC) and Solid Oxide
Fuel Cells (SOFC) stand out for megawatt level high-duty applications. However, their
integration poses challenges, particularly in system weight and thermal management [2].
An effective thermal management system (TMS) is crucial for several reasons: it ensures
the preheating of air and hydrogen fuel, cools the compressed cathode air, and efficiently
rejects waste heat from the fuel cell system and electronic components. This is essential
for maintaining efficient and optimal aircraft operation [3]. This requires a comprehensive
system incorporating components like compressors, air ducts, and heat exchangers (HEXSs).
Conventional HEXs would be impractical due to the extensive surface area required for
these high-duty applications. Therefore, HEXs must be designed to balance performance,
cost, and weight, given their significant impact on aircraft efficiency.

While review literature is abundant on HEXs used in solar receivers, high-temperature
applications, and nuclear reactors [4-6], there is a notable gap in the literature regard-
ing HEXSs specifically for electric aviation. This paper addresses this gap by providing
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an overview of the most relevant HEX types and evaluating them to identify the most
promising options for commercial electrified aircraft propulsion.

The paper first introduces the most common HEX types and outlines the evaluation
methodology used. Evaluation criteria are then derived from the specific requirements of
the aviation sector. Based on these criteria, the HEX types are assessed using a weighted
point rating (WPR) system to determine their suitability for aircraft propulsion and to
identify associated design challenges. This work aims to provide a foundation for further
research and development in the field of TMS for electrified aviation.

2. Methodology

In electric aviation, selecting the appropriate HEX types based on thermal requirements
is critical, particularly for fuel cell system applications. This study investigates both
conventional and advanced HEX designs, evaluating their suitability for these demanding
environments. Established designs like plate and extended surface HEXs are widely used
for their proven effectiveness and manufacturability. Extended surface HEXs, including
plate-fin and tube-fin configurations, are widely used for their versatility. Plate-fin HEXs are
preferred for their compactness, while tube-fin designs excel in high-pressure applications.
Microchannel heat exchangers (MCHESs), characterized by various channel geometries
(e.g., square, rectangular, circular, hexagonal, and trapezoidal), offer exceptionally high
surface area-to-volume ratios, thereby enhancing heat-transfer efficiency. Triply Periodic
Minimal Surface (TPMS) designs, with intricate structures like diamond, gyroid, and
primitive configurations, show improvement in heat transfer via complex internal fluid
pathways. Similarly, printed circuit heat exchangers (PCHESs), fabricated through chemical
etching processes, feature zigzag and aerofoil-shaped channels, offering high thermal
performance and compactness. The various HEX types discussed are illustrated in Figure 1.
Their operational principles are well-documented in the literature [7-9].

(a) Plate Fin

(d) Microchannel (e) Gyroids (f) Printed Circuit

Figure 1. Overview of different HEX types considered for evaluation in aviation.

Many commonly used HEX types, such as tubular HEXs (e.g., shell and tube, double-
pipe), are widely used in the commercial sectors but have not been thoroughly evaluated for
electric aviation. Plate HEXSs, offering higher compactness and lower cost per heat-transfer
area, are often preferred for high megawatt applications. Double-pipe HEXs are suitable for
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small heat-transfer areas (up to 50 m?) and are bulkier, making them less ideal for electric
aviation [8]. Regenerators used in heat recovery applications are also under-explored in
aviation. Despite their compactness and cost advantages, issues like bypass leakage and
their suitability for low-pressure, gas—gas applications limit their use [7].

2.1. Application Area in the Context of Electric Aviation

This study examines two primary HEX applications in fuel cell-powered electric
aircraft propulsion: preheating hydrogen and air for fuel cells and removing excess heat
from fuel cells to ensure safe operation. Different fuel cells require distinct cooling and
heating characteristics due to their specific operating temperature ranges. For instance,
LTPEMECs, which operate between 333 K and 353 K, often use liquid coolants with superior
heat transfer and low pumping power requirements [10]. These coolants transfer absorbed
heat to an air heat sink before recirculation. In contrast, SOFCs operate at much higher
temperatures (923 K to 1273 K), making air, the most available heat sink in aircraft, essential
for their cooling [2].

The study underscores the importance of air HEXs in aviation, as air is the primary
cooling medium. However, their size and weight significantly impact the TMS efficiency
and overall aircraft weight. Effective design of air HEXSs is therefore crucial for optimal
TMS performance. Although HEX selection criteria remain consistent, the weighting
differs between air and hydrogen applications due to the difference in the thermophysical
properties. This paper highlights these differences in weighting criteria and presents the
HEX design challenges for aviation applications.

2.2. Criteria for Weighting

This study employs the WPR method, combined with a pairwise comparison approach,
to evaluate and rank HEX options for electric aviation [2,11,12]. This methodology is
particularly suitable during the preliminary design phase, as it provides a structured,
quantitative framework that facilitates comparison across multiple HEX designs, even
when complete qualitative data and direct performance comparisons are unavailable. This
is especially critical where certain HEX types are at lower Technology Readiness Levels
(TRsL) and lack comprehensive performance data under varying operational conditions.

The WPR method allows the evaluation to focus on essential performance crite-
ria—such as thermal efficiency, reliability, compactness, and weight—without requiring
extensive qualitative data for each HEX option. The pairwise comparison method further
refines this approach by assigning numerical weights to each criterion based on its relative
importance, as determined by a panel of aeronautical and mechanical engineers. In this
approach, each criterion is evaluated against others in pairs by an evaluation group. If one
criterion is more important than the other, it is assigned a value of 2. If both criteria are
equally important, they are given a value of 1. Conversely, if a criterion is less important, it
receives a value of 0. Once all criteria have been compared, each criterion i receives a total
score p;, which is the sum of the scores from the comparisons as shown in Table 1. The
relative weighting factor w; for each criterion is calculated by dividing its total score p; by
the sum of all scores P, w; = .

2.3. Selection Criteria

For HEXs in electric aviation, selection criteria are derived from aircraft propulsion
requirements [10,13-15], including thermal performance, compactness and lightweight
design, pumping power, design flexibility, reliability and life cycle cost, and manufacturing
considerations. These interdependent factors often require trade-offs.
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Table 1. Criteria weighting via pairwise comparison for air HEX.
Criterion T CW P DF RL DM Weight
Thermal Performance (T) - 2 2 2 1 2 0.300
Compactness and Weight (CW) 0 - 1 2 0 2 0.167
Pumping Power (P) 0 1 - 2 0 2 0.167
Design Flexibility (DF) 0 0 0 - 1 1 0.067
Reliability and Life Cycle Cost (RL) 1 2 2 1 - 2 0.267
Development and Manufacturing Cost (DM) 0 0 0 1 0 - 0.033

Cell values: row criterion is more important than column criterion (2), equally important (1), less important (0).

2.3.1. Thermal Performance

Thermal performance is crucial for HEXs in electric aviation, where they operate at
high megawatt range heat duty. These HEXs maintain optimal fuel cell performance by
precisely controlling the temperature of fuel and air. High-efficiency HEXs, with high
heat-transfer coefficients, handle large heat loads with minimal temperature differences,
which enhances energy efficiency. Efficient HEXs also play a vital role in cooling the hot
fluids exiting the fuel cells, preventing thermal degradation, and extending the operational
life of the fuel cells by preserving their structural integrity and improving system reliability.

2.3.2. Compactness and Weight

Compact HEXs optimize heat transfer while minimizing weight and size, with a
surface area density greater than 700 m?/m? or a hydraulic diameter D;, < 6 mm for gas
streams [7]. A compact HEX can integrate a larger heat-transfer surface inside the limited
small volume. This can also aid in the integration of other critical components. Using
compact HEX, aircraft level drag and fuel efficiency can be improved.

2.3.3. Pumping Power

Minimizing pressure drop across HEXs is essential to reduce power-off take, TMS
mass and volume. On the gas side, a compressor is typically required to overcome pressure
losses, making pumping power a critical consideration, particularly for air systems. Due to
air’s low density, more energy is needed to circulate it, leading to increased strain on the
compressor, higher energy consumption, and greater maintenance requirements. Reducing
pumping power is therefore essential for enhancing energy efficiency and system durability.
The pumping power P is given by the following equation where 11, Ap, 17, p are mass flow
rate, pressure drop, compressor efficiency, and density of the fluid, respectively.
mAp

e

P = 1)

2.3.4. Design Flexibility

Design flexibility is crucial for HEX selection, as it must accommodate various fluid
types (single-phase liquids, gases, and two-phase flows) and flow configurations across
a wide range of temperatures and pressures, even in corrosive environments. Material
selection is key, ensuring durability, corrosion resistance, and thermal stability, as operating
temperatures are limited by material capabilities.

2.3.5. Reliability and Life Cycle Cost

HEX reliability is influenced by fouling, leakage, and material durability. Liquid-side
fouling, driven by higher particle concentrations, significantly increases thermal and hy-
draulic resistance, while air-side fouling is less critical but still requires effective filtration
to prevent plugging, especially in compact designs. Leakage, critical in hydrogen and
cryogenic systems, demands robust sealing, detection, mitigation, and precise manufactur-
ing for safety and integrity. Material selection is key to withstanding thermal, chemical,
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and mechanical stresses while minimizing vibration-induced wear. A well-designed HEX
reduces maintenance needs, improving efficiency and lowering life cycle costs.

2.3.6. Development and Manufacturing Cost

Development and Manufacturing Cost is dictated by the TRL and experience in
aviation. Lower TRL systems require extensive testing and development, increasing costs
and timelines. High-performance materials and specialized production methods can drive
costs but offer technological advancements. Balancing these factors optimizes cost while
aligning with industry trends toward sustainability.

3. Results and Discussion
3.1. Selection Criteria for Air HEX

When selecting air-side HEXs for aviation, key considerations arise due to air’s unique
thermophysical properties, such as low heat-transfer coefficient, density, and heat capacity,
as shown in Table 1. These properties necessitate a higher mass flow rate to meet large-
scale heat duties. At the aircraft level, thermal performance and reliability are paramount.
Thermal performance maintains optimal fuel cell temperatures, preventing degradation
and extending fuel cell life. Reliability, equally critical, ensures safety and system resilience
under demanding conditions [13,14], though it may slightly reduce TMS efficiency.

Compactness and pumping power are essential at the TMS level. Compact designs
save weight and space, while pumping power during takeoff supports preheating and
efficient waste heat removal. However, excessive pumping power decreases TMS efficiency,
while large HEX sizes add weight, so balancing these is vital for optimal performance and
energy efficiency. The non-corrosive nature of air allows for flexible material and flow
configuration, reducing degradation and fouling risks, and enabling higher-performance
optimization. Costs are secondary to safety and performance, as aviation standards priori-
tize reliability and compliance with stringent regulations, critical for mission success.

3.2. Selection Criteria for Hydrogen HEX

The weighting criteria for hydrogen HEXs in aviation differ from air HEX due to
hydrogen’s high thermal conductivity and specific heat, as shown in Table 2. At the aircraft
level, reliability is paramount, particularly leakage control, as hydrogen’s high diffusivity
and flammability pose significant risks. This includes ensuring robust performance under
high pressure and temperature and hydrogen embrittlement [13-15]. Design flexibility is
crucial, encompassing the selection of materials and fluid types compatible with hydrogen
to prevent ignition and maintain system integrity under varied conditions. Optimizing
thermal performance leverages hydrogen’s superior heat transfer, enhancing preheating
and dissipation. Lightweight, compact designs improve fuel efficiency, and, unlike air-side
HEXSs, pumping power is less critical due to hydrogen’s low mass flow and diffusivity.
Development and manufacturing costs are secondary to safety, which demands stringent
leak detection and explosion-proof features to meet regulatory standards [15].

Table 2. Criteria weighting via pairwise comparison for hydrogen HEX.

Criterion T CwW P DF RL DM Weight
Thermal Performance (T) - 2 2 1 0 2 0.233
Compactness and Weight (CW) 0 - 2 0 0 2 0.133
Pumping Power (P) 0 0 - 0 0 2 0.067
Design Flexibility (DF) 1 2 2 - 1 1 0.233
Reliability and Life Cycle Cost (RL) 2 2 2 1 - 2 0.300
Development and Manufacturing Cost (DM) 0 0 0 1 0 - 0.033

Cell values: row criterion is more important than column criterion (2), equally important (1), less important (0).
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3.3. Heat Exchanger Type Rating for Air and Hydrogen HEX

Each HEX type is assigned a numerical score, 11;; to reflect how well it meets a specific
criterion i [11,12]. Given that some HEX types have a low TRL for aviation applications,
only a quantitative comparison is feasible at this stage. Therefore, a narrow scale from 0 to
4 is used for evaluation. Table 3 results use a plus—minus system to compare HEX types
intuitively. The scoring system is as follows: A “very good” fulfillment is awarded 4 points,
denoted as (++). If the fulfillment is “good”, it is given 3 points, represented by (+). For
“average” fulfillment, 2 points are assigned, marked as (0). A “bad” fulfillment receives
1 point, indicated by (-). Lastly, “very bad” fulfillment is assigned 0 points, shown as (- -).

This approach allows for clear evaluation. However, without considering the relative
weighting w; of each criterion, it is difficult to determine the most suitable HEX type.
Therefore, the relative rating r; for each HEX type is calculated as the sum of all products
of the numerical scores m;; multiplied by the weighting factor w;, divided by the scale size:

k
=2

i=1

w; - ml-j

; @

In the assessment summarized in Table 3, extended surface HEXs achieved the highest
relative rating r; for air and hydrogen HEXSs, excelling in balanced performance across
all evaluation criteria. They outperformed MCHE and PCHE due to their high TRL and
proven reliability in aviation. MCHEs and TPMS showed superior thermal performance
and compactness but scored lower in reliability, development cost, and pumping power
due to lower TRLs, limited performance data, and manufacturing challenges. PCHEs, with
their diffusion-bonded structure, demonstrate high reliability under extreme temperatures
and pressures, and leakage-proof designs when used with fluids like CO,, helium, and
water. This capability highlights their potential for future aviation applications with air
and hydrogen where compact, efficient, leakage-proof HEX designs are vital. Plate HEXSs,
though more cost-effective and an improvement over traditional tubular designs, received
the lowest ratings due to their limited compactness, thermal efficiency, and hydraulic
performance making them less suitable for aviation applications.

Table 3. Evaluation of relevant HEX types for aviation.

Criteria

Extended Surface
[4,7,16-18]

TPMS [9,19]

MCHE [5,8,16,20,21]

Plate [4,5,7,8,21]

PCHE [4,6,22,23]

Superior heat transfer

Excellent thermal

Moderate

High thermal

Thermal Performance arlzggs};EZiZZ:;Sfdeie due to intricate path performance due to performance due to performance due to
to fins that enhances small hydraulic corrugated and fine grooves and
turbulence diameter tortuous channels bending channels
+ ++ ++ o +
. Very high Lower compactness
Compactness and High compactness up Very high compactness up to Moderate . than plate and tube
. 2,3 compactness up to 2, 3 compactness till .
Weight to 4500 m*/m 5, 3 7500 m*/m 5, 3 fin, up to
& 7500 m?/m 600 m? /m
achieved 2500 m? /m?
+ ++ ++ - o
Moderate pumping Complex internal High pumping
. . power due to small High losses due to High losses due to
. power, depending on  geometry results in o . .
Pumping Power fin density and verv high friction hydraulic diameter highly interrupted complex paths and
Y y s and enhanced and narrow passages flow disruptions
arrangement factors

viscous effects

+
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Table 3. Cont.

Extended Surface

Criteria (4.7 16-15] TPMS [9,19] MCHE [5,8,16,20,21] Plate [4,5,7,8,21] PCHE [4,6,22,23]
Specialized for Offers good flexibility
. . Innovative but specific applications, with various fluids Good for high
Highly versatile, can . o -
. . limited flexibility. less adaptable to and operating pressures and
handle various fluids, . R . i
temperatures, and Challenging to different fluids and conditions. Gasketed temperatures.
Design Flexibility ressures, manufacture, configurations. types are highly Slightly less flexible
press . restricted to specific Limited material adaptable, while in fluid and material
Compatible with . . .
- . materials and options due to brazed and welded choices (Carbon steel
different materials. s -
applications precision types are more robust not used)
requirements but less flexible
++ o o + +
Low fouling risk and Good resistance to s Extremely reliable,
- . fouling with Good reliability due o
minimal leakage at Prone to fouling, especially in
. . moderate leakage to mature technology. .
joints due to a robust traps particles, risk due to thin walls Gasketed desions high-pressure and
R . design with fins moderate leakage & temperature
Reliability and Life -2 . S and complex offer easy . .
providing structural ~ risk. Limited data on . . . environments, with
Cycle Cost manufacturing. maintenance, while
strength. Regular long-term . A low leakages and
- . . Robust design with ~ brazed/welded types . ST
inspection and performance in harsh reoular maintenance withstand harsher fouling. Diffusion
cleaning are required environments. & o bonding minimizes
is needed due to conditions ) -
to prevent blockages. thermal distortion.
blockages
+ o o + ++
. . Simulation, and
High TRL level’ No correlations for Air and hydrogen are High TRL level, experiment results
already used in . not the common -
air and hydrogen moderate are not available for

Development and
Manufacturing Cost

aviation, moderate
manufacturing cost
based on fin design

present, very high
cost due to additive

media used, high
manufacturing costs
(laser

manufacturing cost
per heat-transfer

air, hydrogen. Very
high manufacturing

. manufacturing . . surface area cost due to diffusion
and material used micro-machining) .
bonding
++ -- - + --
Relative Rating for
Air HEX 0.775 0.633 0.683 0.508 0.667
Relative Rating for
Hydrogen HEX 0.816 0.633 0.658 0.591 0.733

However, the analysis is subject to uncertainties arising from limited qualitative data
for certain HEX types due to their lower TRLs, the absence of established thermal and
hydraulic correlations, and the unique requirements of aviation applications. Additionally,
the subjective nature of weight assignments in the pairwise comparison method adds
another layer of uncertainty. Nevertheless, these results provide valuable insights into the
relative strengths and weaknesses of various HEX designs, offering a robust foundation for
selecting and refining HEX technologies tailored to the demands of electric aviation.

3.4. Potential and Challenges for HEXs in Aviation

Advancing HEXs for electrified aircraft propulsion requires optimizing the heat-
transfer coefficient relative to pumping power per unit area, known as net dissipation while
achieving higher compactness, reduced weight, enhanced safety, and extended lifespans.

Extended surface HEXs shown in Figure 1a,b have the highest TRL and are widely
used in aviation [7,8] due to their flexible geometry, minimal leakage, and high versatility,
allowing customization for various fluids and pressure and temperature conditions. Fin de-
signs, including plain, offset, louver, and wavy types, optimize the thermal performance-to-
pumping power ratio [7,8,16]. The research aims to enhance net dissipation and reliability
under higher operating conditions [17].

MCHE:s in Figure 1d excel in high-pressure and high-temperature environments [20,21]
but face challenges with flow maldistribution and high-pressure drops. Improved manifold
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designs have the potential to reduce pressure losses, but comprehensive air-side thermal—-
hydraulic correlations remain underdeveloped [5,16].

TPMS, particularly Gyroids in Figure 1e, offer up to 7.5 times higher heat transfer than
plate HEXs due to their complex flow paths [9]. Research primarily focuses on low Reynolds
number flows, with limited studies on turbulent conditions. For air HEXs, high friction
factors increase pumping power requirements. Additive manufacturing methods, such as
selective laser melting, pose leakage risks and safety concerns for hydrogen applications,
with TPMS reliability under extreme conditions remaining underexplored [19].

PCHEs in Figure 1f are notable for their heat-transfer effectiveness and performance
in extreme environments. They offer flexibility in flow configurations but suffer from
high-pressure drops and moderate compactness [22]. Airfoil channels provide excellent
pressure-drop performance but are costly and less pressure-resistant. Current research
focuses on improving TRLs through experimental validations [22,23].

Plate HEXs in Figure 1c are cost-effective and reliable for liquid and hydrogen ap-
plications due to their high TRL. However, they encounter challenges in air applications
due to high-pressure drops. Gasketed designs are suitable for moderate conditions, while
brazed and welded types offer greater durability at the cost of easier maintenance. Ongoing
research focuses on improving thermal performance and reducing pressure drops using
advanced surface treatments and innovative designs such as chevron patterns [4,7,8].

4. Conclusions

This study evaluates various HEX types for commercial electric aviation, addressing
the distinct requirements of air and hydrogen HEXs. For air HEXSs, critical considerations in-
clude thermal performance, reliability, compactness, and low pumping power. Conversely,
hydrogen HEXs emphasize stringent leakage control, material compatibility, and reliability,
due to its unique thermophysical properties and the challenges of megawatt-scale thermal
management. A weighted point rating system identifies extended surface, microchannel,
and printed circuit HEXs as promising solutions for air and hydrogen applications. Over-
all, this study highlights significant opportunities and research gaps, providing valuable
insights for advancing thermal management solutions in electric propulsion systems.
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