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Abstract: Hydrogen fuel cells offer strong potential for decarbonizing aviation, yet their
megawatt-scale integration is limited by thermal management system (TMS) challenges.
In low-temperature Proton Exchange Membrane Fuel Cell (PEMFC) systems, the heat
exchanger (HEX) is the key TMS component influencing thermal efficiency, mass, and relia-
bility. While prior work has focused on thermo-hydraulic optimization, structural behavior
under flight conditions remains insufficiently addressed. This study introduces a coupled
CFD-FEA methodology for a nacelle-integrated, megawatt-class plate—fin HEX. The model
captures the effects of non-uniform thermal loads, constrained thermal expansion, and
dynamic excitation. Local flow-induced vibrations are assessed through pre-stressed modal
analysis, and global dynamic behavior is predicted using a homogenized approach. Results
show that thermally induced stresses dominate over pressure loads, and introduction of
coolant-fin geometries with suitable expansion tolerances mitigate stress and vibration
risks. The approach provides design guidance for structurally robust, vibration-tolerant,
and aero-thermally efficient HEXs for next-generation PEMFC-powered aircraft.

Keywords: Hydrogen electric aviation, Offset-strip plate-fin, Compact heat exchanger,
Thermal management system, Structural analysis, Modal analysis

1. Introduction

Hydrogen-powered Proton Exchange Membrane Fuel Cells (PEMFCs) are considered
a key technology for enabling climate-neutral regional aviation by 2050 [1,2]. However,
scaling low-temperature PEMFC propulsion systems to the megawatt class imposes de-
manding thermal-management systems (TMS) requirements due to low stack operating
temperatures and large heat rejection rates. Within the TMS, the heat exchanger (HEX) is
the primary component governing thermal efficiency, system mass, integration volume,
and reliability [3] as illustrated in Fig. 1a. Among available designs, the plate-fin HEX with
offset strip fins offers superior aero-thermal performance, compactness, and reliability for
electric aviation [4,5].

While substantial research has focused on HEX designs and thermo-hydraulic opti-
mization [6], the structural assessment of aviation grade plate—fin HEXs under realistic
flight conditions remains insufficiently explored. Existing studies typically consider sim-
plified thermal fields, uniform temperatures, welded-fin configurations, or free expansion
assumptions [7-9]. Consequently, the coupled influence of (i) non-uniform CFD-derived
temperature and pressure fields, (ii) constrained thermal expansion due to nacelle inte-
gration, and (iii) dynamic excitations from airflow and rotating machinery has not been
systematically quantified. This study addresses these gaps by performing a comprehensive
structural and modal assessment of a nacelle-integrated, 1 MW offset-strip plate—fin HEX
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for a PEMFC-powered ATR-42 aircraft (Fig. 1b). A coupled CFD-FEA methodology is
used to map non-uniform thermal and pressure loads onto the structural domain, evaluate
thermo-elastic stresses, and assess the impact of mechanical constraints associated with
nacelle integration. Local flow-induced vibrations (FIV) are analyzed using pre-stressed
modal analysis, while global vibration behavior is captured using a homogenized material
model. The objective is to maintain elastic behavior with a safety factor > 1.5 and ensure
natural frequencies remain well separated from aerodynamic and mechanical excitations.
The findings provide design guidelines for structurally robust, vibration-tolerant HEXs
suitable for future megawatt-class hydrogen-electric propulsion systems.
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Figure 1. TMS layout (a) and HEX integrated in nacelle [3] (b).

2. Design Methodology
2.1. Reliability and Failure of HEX for Aviation

For the PEMFC-powered ATR-42 regional aircraft (70 passengers, 1200 km range, Mach
0.5 at 7315 m), the TMS must dissipate nearly 1 MW of heat during take-off and about
0.68 MW in cruise. The TMS layout, shown in Fig. 1a, directly governs the HEX design
requirements. A ducted cross-flow HEX is integrated within the nacelle, employing Kays &
London offset-strip fins (1/8-15.61) [10] on the air-side and 2 mm-high rectangular coolant
channels as the baseline configuration (Fig. 2). The coolant circuit operates as a closed
loop, whereas the air-side is exposed to variable temperature and pressure conditions rep-
resentative of flight operation. HEX sizing was conducted using a unit-cell CFD approach
combined with the core mass—velocity method [5]. Conjugate heat-transfer simulations
provided detailed temperature and pressure fields for both take-off and cruise conditions
(see Fig. A.2.1 and Fig. A.2.2), which were subsequently mapped to the structural model.
Aluminium 3003-H18 was selected as the material owing to its low density and yield
strength of 145 MPa (Table A.1.1) [11]. Among potential degradation mechanisms such as
corrosion, fouling, leakage, and foreign-object damage, fatigue is identified as the primary
failure mode [12]. It is driven by cyclic thermal and pressure loading, constrained thermal
expansion, and vibrations induced by propeller and fan pulsations.

2.2. Structural Analysis Setup

Structural analysis was performed on a representative air-side unit cell of the HEX
to capture the thermo-elastic response under combined pressure and thermal loading.
The selected region as shown in Fig. 2 corresponds to the zone of maximum air—coolant
temperature difference. A Cartesian system was defined with X along the coolant flow, Y
along the stack height, and Z along the air-flow direction. To eliminate rigid body motion,
a 3-2-1 constraint was applied to three non-collinear vertices [13]. A mesh-convergence
study confirmed accuracy (Fig. A.3.1), and the final mesh of 139k elements (Table A.3.1)
satisfied all quality criteria. Periodic boundaries were imposed on bisected fin surfaces to
ensure geometric continuity between adjacent cells. Displacement constraints were applied

36

37

38

39

40

41

42

43

44
45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72



Version November 26, 2025 submitted to Journal Not Specified 3of11

to represent duct-induced restrictions for free and rigid constraints. For free-expansion,
periodic conditions were extended to all lateral faces to prevent strain discontinuities.

Structural integrity was assessed using the von Mises stress criterion.
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Figure 2. HEX geometry showing coolant channels (red) and air channels (blue) in cross-flow, along

with the applied boundary conditions for the baseline unit-cell configuration.

2.3. Modal Analysis Setup

The ducted HEX is subjected to various dynamic excitations arising from aerodynamic
and mechanical sources. Among these, two dominant types are analyzed in this study: (i)
flow-induced vibrations (FIV) generated by airflow through the fin passages [14], and (ii)

HEX-stack vibrations driven by pulsating air flow originating from rotating machinery.

During take-off, high inlet velocities promote early flow separation as the fins behave
as bluff bodies, producing alternating vortex shedding and an unsteady pressure field
that induces oscillating lift forces. These fluctuating aerodynamic loads excite local fin
vibrations characteristic of FIV [15]. The vortex-shedding frequency fs is estimated using
the Strouhal number St (typically 0.2-0.4 for bluff bodies):

fo=St g M
where u is the characteristic flow velocity, and D, the hydraulic diameter. A pre-stressed
modal analysis is then performed to determine the natural frequencies under operational
stress conditions and assess resonance risks with vortex-shedding frequency. The influence
of thermal-expansion tolerances on the natural frequencies is also evaluated to ensure
adequate frequency separation.

In addition to local fin excitation, global dynamic loading arises from pulsating airflow
produced by the propeller and TMS fan, operating at 1800 RPM (30 Hz) and 6000 RPM (100
Hz), respectively. To capture this behavior efficiently, the geometrically complex HEX is
homogenized into a contiguous solid (Fig. 3), with equivalent properties obtained from a
representative volume element (RVE) of the unit-cell geometry [12]. The unit cell in this
study comprises a periodic arrangement of fins and separating plates that introduces three
mutually orthogonal symmetry planes. These symmetry planes eliminate all shear-normal
and shear—shear coupling terms in the compliance tensor, leaving only the direct normal
and direct shear components. A material with this symmetry class is orthotropic and is
fully described by three Young’s moduli E;, three shear moduli G;; , and three Poisson’s
ratios v;;. The effective properties were obtained using ANSYS Material Designer, which
applies six finite-element load cases to compute the homogenized stiffness and compliance
tensors. The resulting equivalent elastic constants, together with the effective density pe,
and coefficient of thermal expansion «, are summarized in Table B.2.1. These values were

73

74

75

76

77

80

81

82

83

84

85

86

87

88

89

920

91

92

93

94

95

926

97

98

929

100

102

103



Version November 26, 2025 submitted to Journal Not Specified 40f11

validated against a 5x5 explicit unit-cell model, showing deviations below 5% (Table B.2.2), 10s
and are subsequently used in the global modal analysis of the HEX.

Full Scale Unit Scale Micro Scale Macro Scale
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Decomposition
to a periodic
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Figure 3. Homogenization procedure.

3. Results and Discussion
3.1. Structural Analysis

The HEX structure was first evaluated under free thermal expansion in all direc-
tions. As shown in Fig. 4a, the maximum fin stresses ranged between 3—4 MPa, primarily
governed by pressure loads. The thermal expansions for the baseline configuration are
summarized in Table 1. At take-off, the HEX rejects more total heat to warmer, denser air,
whereas at cruise the lower heat duty is offset by higher local heat fluxes to the colder am-
bient, resulting in similar temperature profiles across both operating points. These similar
profiles (Fig. A.2.1) lead to comparable thermal-expansion behavior; therefore, subsequent
analyses focus on the take-off case. For the duct-integrated HEX, the structural response
was then examined under thermal-expansion constraints. Z-axis constraints had negligible
effect, while X-Y restrictions significantly altered the stress field. Under X-axis constraint
(Fig. 4b), thermal stresses became dominant, raising local stresses close to the yield strength
and inducing localized plasticity. Such deformation degrades fatigue life, consistent with
the observations of Carter [8]. The elevated stress levels primarily result from the large
aspect ratio on the coolant side. To mitigate these effects, additional coolant-side fins were
incorporated, redistributing stresses more uniformly across the fins.
145.0
130.5
116.0

101.5
87.0

5 Stress (MPa) Stress (MPa)

(a) (b)

Figure 4. Stress distribution for free expansion (a) and constraint along X-axis (b).

3.1.1. Inclusion of coolant fins

Fig. 5a illustrates three coolant-fin configurations aligned with the air-side fin centers:
configuration (1): 0.5 mm thick; configuration (2): 0.25 mm thick, positioned over the air-side
fin spacing; and configuration (3): 0.102 mm fins, matching both the air-side fin thickness
and spacing. All configurations were analyzed under rigid constraints in Y direction,
with stress distributions evaluated along normalized paths on an intermediate air-side
fin (Fig. A.4.1a). The fins comparisons were done based on flow area reduction, contact
area increase and peak stress reduction compared to the baseline case of no coolant fins.
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Configurations 1 and 2 resulted in 13% and 14% flow-area reduction, respectively, while

configuration 3 minimized this to 5.6%. Compared to configuration 1 (38%), the contact

area increased by 93% for configuration 2 and by 101% for configuration 3. In terms of

mechanical response, configuration 3 achieved a 39% reduction in peak stress compared to

the baseline, whereas configurations 1 and 2 achieved 8% and 28% reductions, respectively.

Considering both thermo-fluid and structural metrics, configuration 3 is identified as

the best design out of the three presented configurations. The modified unit cell with

configuration 3 (Fig. 5b) was sized for a 1 MW duty while maintaining a constant air-side

length. Compared to the initial HEX stack (Table 1), the redesigned geometry exhibits a

greater stack height and reduced coolant-flow width due to enhanced heat transfer. The

narrower width mitigates X-axis thermal expansion and lowers plate stresses, while the

increased height supports modular integration and staggered coolant distribution across

multiple nacelles. Key performance indicators—gravimetric and volumetric power density,

power ratio (heat duty/pumping power), and frontal area—were used for comparison

[5]. As summarized in Table 1, the modified concept increases gravimetric power density

by 16.6 %, volumetric by 59.2 %, and reduces frontal area by 14.5 %, thereby lowering

aerodynamic drag. Although pressure drops on both sides increase slightly, the effect on

power ratio is minor. Overall, the redesigned HEX offers enhanced thermal performance,

lower structural stress, and improved integration than the baseline case.

0.5mm 0.25mm 0.102 mm

g Bah

| I |
| 1 |
1 1 1 1 1 |
! ! 1 1 1 [
| 1 1 1 1 [
! I 1 1 1 [
1 1 1 1 1 | Coolant fins
1 | 1 | 1 | according to
Y | — | I N I | Config. 3
! ! | | | |
l—Z &) @) ®
(a) (b)
Figure 5. Coolant fin configurations investigated (a) and modified unit cell case (b).
Performance parameter Baseline Case Modified Case (With coolant
(Without coolant fins) fins)
Gravimetric power density (kW /kg) 21.0
Volumetric power density (MW /m?) 9.58
HEX frontal area (m?) 1.055 0.902
Power ratio 12.4
Length on coolant side W (mm) 728.3 533.2
Expansion along coolant side (1) 1.191 (0.16%) 0.872 (0.16%)
Stack Height H (mm) 1449.25 1692.35
Expansion along height (mmm) 2.45 (0.17%) 2.83 (0.17%)
Length on air side L (mm) 113.42 113.42
Expansion along air side (mm) 0.19 (0.16%) 0.19 (0.16%)

Table 1. Comparison of HEX performance metrics between baseline and modified case.

3.1.2. Inclusion of expansion tolerance

Thermal expansion tolerances are essential to mitigate structural stresses in the HEX.

As indicated in Table 1, provisions are required along the X and Y axes, while expansion

along the Z axis remains negligible. Displacement conditions were applied in X with

magnitude of 0.5-0.872 mm (free expansion) and Y with 0.5-2.83 mm (free expansion).

Air-side fins exhibited the highest stress sensitivity, whereas coolant fins and separating

150
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plate experience lower stresses (see A.4.2). Figure 6 shows the air-side stress distributions
for different tolerance configurations. Constraining thermal expansion along the X and Y
axes leads to substantially higher stresses, approaching the material yield limit, whereas
free-expansion conditions keep stresses below 10 MPa. The response is more sensitive to
Y-axis restriction due to the higher aspect ratio of fin height relative to pitch in the 1/8-15.61
fin geometry. For safety considerations, configurations with tolerances of 0.5 and 1 mm for
X and Y displacement were excluded, as they yield factors of safety below 1.5.

(BJIN) SS9S SISIN-UCA

Figure 6. Air-side von Mises peak stress distribution for different thermal-expansion tolerances.

3.2. Modal Analysis

The last fin in the air-flow direction of the modified unit cell (Fig. 7a) was selected for
the pre-stressed modal analysis, as outlet velocities on the air-side are higher than at the inlet
due to heat transfer from the coolant. The mesh, boundary conditions, and CFD-derived
pressure and temperature fields at take-off conditions were applied consistently with the
unit-cell CFD model. Symmetry and displacement boundary conditions in X and Y axes
were imposed to represent thermal-expansion tolerances. The resulting natural frequencies
are shown in Fig. 7b, with bending and torsional modes identified (see Fig. B.1.1). Increasing
the Y-axis tolerance reduces compressive thermal stresses in the fin, which increases the
effective stiffness through stress-stiffening in the pre-stressed eigenvalue problem and
therefore raises the natural frequencies. The vortex-shedding frequency at a take-off air
velocity of 20 m /s was estimated as 2800 Hz using eq. 1. For the configuration with free
expansion of X and Y = 1.5 mm, the natural frequency of 3960 Hz lies close to the shedding
frequency and within a safety factor of 1.5, indicating a potential resonance risk. All
other configurations remain well separated from the shedding frequency and are therefore
considered structurally safe.

The boundary conditions for the global vibration analysis of the HEX stack are shown
in Fig. 8a. A linear temperature gradient (373-358 K) and displacement boundary conditions
were applied, while the frontal edges were fixed in the Z-direction to suppress rigid-body
motion. The resulting global mode shape and natural frequency are presented in Fig. 8b.
For the analyzed configuration, the first natural frequency is 887.4 Hz, with approximately
80% of the structural mass participating in the mode. Similar frequencies (887-888 Hz)
were obtained for all remaining X and Y axis tolerance cases, indicating that the expansion
tolerance has minimal influence on the global dynamic response. The dominant global
frequency is substantially higher than the excitation frequencies of the propeller and TMS
fan, ensuring adequate separation from resonance under all examined conditions. A
summary of the structural assessment across all tolerance configurations is provided in
Table 2. Four configurations exceed acceptable stress limits and are marked in red, while one
configuration (blue) indicates a potential resonance risk associated with FIV. The remaining
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UNIT SCALE

seven configurations meet both the elastic stress limits and the required separation from
excitation frequencies, fulfilling the structural criteria defined for this study. These findings
provide a solid basis for selecting suitable mounting and fixation strategies for the HEX
under combined thermal and dynamic loading.

=== Bending, Free Expansion

=== Torsion, Free Expansion

—— Bending, 0.5 mm X-axis tolerance
—— Torsion, .5 mm X-axis tolerance

Vertical
displacement

Natural Frequency (x 10% Hz)

- Symmetry
———————— Horizontal T T T T T T
displacement 050 100 150 200 250 2.83
Y-axis tolerance (mm)
(a) (b)

Figure 7. Last fin for flow-induced vibration analysis (a) and modal frequencies at different displacement boundary conditions (b).

Vertical (Y)
displacement

Natural frequency = 887 Hz
Effective mass ratio = 0.8

Horizontal (X)
T=373K ~— displacement

T=358K

2=0 ¥ (@ (b)

Figure 8. Global vibration analysis of the HEX stack: Boundary conditions (a) and first global mode
shape with corresponding natural frequency (b)

Y-tolerance (mm) 0.5 1 1.5 2 2.5 Free
X-tolerance (mm)
0.5 X X v v v v
Free X X X v v v

Table 2. Structural robustness of various tolerances : x = Undesirable due to stress, x = Undesirable
due to flow-induced vibration, v' = Robust configurations.

4. Conclusion and Outlook

A preliminary structural and modal analysis of a megawatt-class offset-strip plate—fin
HEX was conducted for nacelle-integrated PEMFC propulsion. The coupled CFD-FEA
analysis demonstrated that thermally induced stresses—primarily arising from constrained
thermal expansion—dominate over pressure loads. Incorporating coolant-side fins and
introducing thermal expansion tolerances effectively mitigated stress while improving
weight efficiency, compactness, and thermo-mechanical robustness. The FIV analysis
demonstrated that appropriate expansion tolerances maintain adequate separation between
the vortex-shedding and natural frequencies, preventing resonance under operational
air velocities. A homogenized modal approach accurately captures the global vibration
behavior of the HEX stack, enabling efficient evaluation of system-level dynamics without
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resolving individual fins. Overall, the findings provide clear structural design guidance
for plate-fin HEXs operating under combined thermal, aerodynamic, and mechanical
constraints in future megawatt-class PEMFC propulsion systems. Future work will focus
on shape optimization for further stress reduction, integration of a multidisciplinary HEX
design framework, and experimental validation of the structural and dynamic behavior.
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Appendix A. Structural Analysis 257
Appendix A.1. Material Properties 258

Material Strength Magnitude

Young’s Modulus (E) 69 GPa

Poisson’s ratio (v) 0.33

Ultimate Tensile Strength (o) 180 MPa

Yield Strength (o) 145 MPa

Density (p) 2730 kg /m3

Thermal Expansion Coefficient («) 232 x107°1/K

Thermal Conductivity (k) 160 W/mK

Table A.1.1. Thermal and mechanical properties of Aluminium 3003 H-18 at 373 K [11].

Appendix A.2. Temperature and Pressure Boundary conditions 250
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Figure A.2.1. Temperature distribution of the unit cell under take-off (a) and cruise (b) conditions.
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Figure A.2.2. Pressure boundary conditions applied to the unit cell under take-off (a) and cruise (b)
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Appendix A.3. Finite Element Mesh and Convergence Study 260

Table A.3.1. Mesh quality metrics.

Metric Mean Std. Dew. Remarks

Skewness 0.062 0.123 Range: 0 (ideal) - 1 (failed mesh)
Aspect Ratio 2.601 1.89 Within 1(ideal) - 5 as best practice
Jacobian Ratio  0.973 0.053 Within 1(ideal) - 5 as best practice
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Figure A.3.1. Meshing: Hexahedral mesh of the unit cell (a) and mesh independence study (b).

Appendix A.4. Rigid Constraints
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Figure A.4.1. Constraint along vertical Y direction: Paths of stress measurement (a) and comparison of stress distribution in the last
air-side fin between the baseline and modified HEX configurations (b).
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Figure A.4.2. Peak stress distribution for various tolerances: coolant fins (a) and separating plates (b).

Figure B.1.1. Mode shapes obtained for flow-induced vibration.

Bending

Torsion

Material Constant

Value Material Constant Value
E1 8.81 GPa V12 0.0942
E; 4.08 GPa Vo3 0.030
E; 8.29 GPa 113 0.314
G2 1.65 MPa aq 2.32 x107°1/K
Go3 85.99 MPa ay 2.32 x10°°1/K
Gi3 2.99 GPa a3 2.32 x107°1/K
Peq 454.33 kg /m>

Table B.2.1. Thermo-elastic properties of the homogenized unit cell. Material axes 1-2-3 correspond
to the X, Y and Z directions, respectively.

Load Case Major Original Homogenized Error (%)
Deformation (mm) (mm)
Direction
Tension along X axis X 325 x 107> 325 x 107> 0.09
Tension along Y axis Y 6.01 x 1074 6.12 x 1074 1.78
Tension along Z axis Z 1.77 x 1073 1.76 x 1073 0.49
Shear along XY plane X 1.54 1.56 1.53
Shear along YZ plane z 2.77 x 1072 2.99 x 1072 8.34
Shear along XZ plane z 1.06 x 10~* 1.09 x 104 3.18

Table B.2.2. Comparison between the deformations of the homogenized model and the 5x5 explicit

unit-cell model.
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