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Abstract

Long-endurance hypersonic vehicles face the dual challenge of withstanding extreme
aerodynamic heating while meeting onboard power requirements. Integrating thermoelec-
tric generators within thermal protection systems offers a solution by converting thermal
loads into electrical power. However, accurate prediction requires resolving coupled multi-
physics, where three-dimensional simulations are computationally prohibitive and existing
one-dimensional models lack accuracy. This study develops a quasi-two-dimensional
distributed thermal network incorporating shape-factor corrections for rapid, high-fidelity
prediction. Multi-objective optimization is performed to balance specific power, thermal
expansion mismatch, and thermal margin. Analysis reveals fundamental trade-offs: a
maximum-power design achieves 28.1 W /kg but only a 0.8% thermal margin, whereas
a balanced design delivers 24.5 W /kg with a 5.1% thermal margin and significantly re-
duced thermal stress. Despite geometric variations, peak conversion efficiency converges
to approximately 13%. This indicates that efficiency is primarily governed by material
properties, while geometric optimization effectively tunes temperature and thermal strain
distributions, providing guidelines for reliable system development.

Keywords: thermal protection system; thermoelectric generator; thermal equivalent circuit;
hypersonic vehicle

1. Introduction

Long-duration hypersonic vehicles constitute strategic aerospace assets, enabling
sustained high-speed atmospheric flight and assured space access [1,2]. Yet, their devel-
opment confronts dual challenges. Severe aerodynamic heating generates surface temper-
atures that can reach extreme levels, potentially exceeding 1800 K at leading edges [3,4],
imposing significant thermal loads that jeopardize structural integrity throughout ex-
tended missions [5]. Simultaneously, operational complexity demands enhanced onboard
energy autonomy for systems such as fuel supply, radar, and flight control [6,7] while
stringent mass constraints preclude traditional power solutions such as auxiliary power
units (APUs) or ram air turbines (RATs), which are often unsuitable for the hypersonic
regime [8,9]. Thermoelectric conversion technology offers a promising approach to ad-
dress these challenges [10]. Based on the Seebeck effect—whereby temperature gradients
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induce electrical potentials—thermoelectric generators (TEGs) enable direct thermal-to-
electrical energy conversion with exceptional reliability stemming from their solid-state,
maintenance-free architecture without moving parts [8,11,12]. Integrating TEGs within
thermal protection systems (TPS) yields multifunctional TEG-TPS structures that transform
potentially damaging thermal loads into valuable electrical power [5,13]. Given hypersonic
vehicles” enormous temperature gradients [14], segmented or multistage TEG architectures
employing multiple materials optimized for specific temperature ranges are essential for
achieving higher efficiency [14,15]. Studies by Cheng et al. [14-17] consistently demonstrate
that multistage TEGs achieve significantly higher conversion efficiency than single-stage
designs across wide temperature domains, confirming segmented structures as a key tech-
nological pathway for cascade utilization of large temperature differences. Gong et al. [5]
also proposed a novel thermoelectric-material-based TPS structure and evaluated its per-
formance for hypersonic vehicles. These works highlight the potential of TEGs for onboard
power generation and thermal management.

Optimizing segmented TEG-TPS designs necessitates navigating extraordinary com-
putational complexity arising from tightly coupled multiphysics phenomena involving
thermal, electrical, and mechanical fields [13]. Accurate performance prediction demands
simultaneous resolution of aerodynamic heating, three-dimensional heat conduction, ther-
moelectric conversion governed by Seebeck—Peltier-Thomson effects, and thermomechani-
cal stress fields. Three-dimensional finite element methods (FEM) represent the analytical
benchmark [18], capturing geometric intricacies, temperature-dependent properties, and
interfacial phenomena including thermal contact resistance (TCR) and electrical contact
resistance (ECR) [19,20]. The importance of interface effects is underscored by findings such
as those of Gou et al. [20] and Gao et al. [19], who showed that ECR alone can significantly
diminish power output. Shittu et al. [21] and Zhang et al. [22] also emphasized the necessity
of considering ECR during TEG design and optimization. Previous steady-state analyses,
such as Gou et al.’s investigation of physical dimensions, temperature ranges, and interfa-
cial thermal contacts in multistage TEGs [20], revealed critical design sensitivities. However,
this fidelity exacts severe computational penalties; single transient multiphysics simula-
tions mirroring a flight envelope routinely require extensive processing time, potentially
days [13-18,23], creating significant barriers to comprehensive structural optimization.

Fortunately, the periodic symmetry often inherent in TEG-TPS structures enables
significant computational simplification through unit-cell modeling [5,24]. For TEG-TPS
arrays, unit-cell analysis employing periodic boundary conditions dramatically reduces
three-dimensional problem complexity while preserving macroscopic behavior, a tech-
nique successfully demonstrated by Gong et al. [5] and Gao et al. [13]. This dimen-
sional reduction makes simplified calculation methods feasible for optimization work-
flows. Zero-dimensional thermoelectric models, such as those used in initial system-level
assessments [8], offer rapid performance estimation but face severe limitations in transient
analysis, as they assume uniform temperature distributions and cannot capture temporal
dynamics critical for hypersonic flight conditions [20]. To address these shortcomings, ther-
mal network modeling has evolved substantially from early lumped-parameter approaches
toward distributed-parameter formulations capable of resolving spatial gradients [25].
Lumped-parameter thermal networks (LPTNs) assume isothermal conditions within dis-
crete elements and remain valid only under low internal temperature gradients [26], a
condition often violated in thermally thick TEG-TPS components. Distributed-parameter
models overcome this limitation by discretizing components into multiple nodes. Notably,
Piggott [23] developed a refined one-dimensional transient SPICE model that accounts
for distributed Seebeck, Peltier, and Thomson effects along the thickness direction, achiev-
ing high accuracy for thermoelectric conversion predictions compared to experimental
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data. However, TEG-TPS structures inherently exhibit three-dimensional thermal behavior
characterized by substantial lateral heat spreading through substrates, insulation, and
potential structural elements such as honeycomb cores [13]. This lateral diffusion creates
thermal short circuits that significantly diminish temperature differences across TEG legs,
fundamentally altering power-generation efficiency.

Current modeling frameworks face fundamental trade-offs: three-dimensional finite
element models accurately capture geometric complexity and coupled physics but demand
prohibitive computational resources, whereas efficient distributed one-dimensional thermo-
electric models comprehensively describe conversion processes but cannot predict crucial
lateral heat-transfer effects [20,23]. This computational intractability forces designers into
untenable compromises: either sacrificing design-space exploration by evaluating fewer
candidates or accepting reduced simulation fidelity to improve efficiency—both approaches
risk missing superior design solutions. Therefore, there is an urgent need for a distributed,
simplified computational method that incorporates lateral heat-flow corrections and can
accurately predict spatiotemporal temperature and electrical potential distributions in TEGs
under large transient temperature gradients typical of hypersonic flight. Such an approach
would combine the computational efficiency of thermal network methods with the physical
fidelity necessary for capturing three-dimensional heat-transfer effects, enabling rapid yet
accurate optimization of TEG-TPS designs.

In this work, inspired by previous research, a two-dimensional distributed thermal
network incorporating shape-factor-based lateral heat-transfer corrections [27] is devel-
oped for segmented TEG-TPS performance prediction. The model’s accuracy is validated
against three-dimensional finite element simulations under transient aerodynamic heating
representative of hypersonic flight envelopes. Moreover, multi-objective optimization
using the NSGA-II algorithm is performed to explore three-stage leg-length configurations,
simultaneously optimizing power density, thermal expansion mismatch, and thermal mar-
gin. Analysis of the spatiotemporal temperature and electric potential distributions in the
Pareto-optimal designs shows that the balanced configuration delivers a substantial reduc-
tion in thermal strain and a marked improvement in thermal margin, with only a modest
6.8% penalty relative to the maximum-power configuration, thereby providing a validated
pathway for developing a reliable, multifunctional TEG-TPS for hypersonic vehicles.

2. Thermal Network Construction Methods

2.1. Segmented Thermoelectric-TPS Design
2.1.1. Geometry-Based Configuration

The core analysis object of this study is a Unit Cell of a three-segment TEG-TPS
integrated structure. As shown in Figure 1, the Unit Cell comprises stacked functional
layers in the through-thickness direction, including a silicon carbide (SiC) hot face sheet
at the top, a titanium alloy (Ti-alloy) load-bearing substrate at the bottom, and a core
thermoelectric module (TEM). The TEM comprises a pair of side-by-side p-type and n-type
segmented thermoelectric legs, with insulating fillers such as Saffil alumina fiber (Saffil
Al-fiber) placed between the legs and around their periphery to suppress lateral parasitic
heat leakage. Each leg is partitioned into three segments along its height, corresponding to
high- (HTE), intermediate- (MTE), and low-temperature (LTE) operating regimes. Metallic
interconnects (e.g., copper) provide electrical series interconnection and thermal continuity
between adjacent segments and between the thermoelectric legs and the electrodes.



Appl. Sci. 2025, 15, 12482 4 0f 20

Aerodynamic heat Qnm'o Radiation heat

N o

m C/SiC

Saffil
B Copper i
Bl TE-P Z;
Bl TE-N %
Bl Ti alloy 3

v e e e - — = — = -

Convection heat exchanger

‘urrent

Figure 1. Cross-sectional schematic of the the TEG-TPS structure showing heat transfer pathways
and thermoelectric conversion principle.

2.1.2. Three-Segment Thermoelectric Material System

To maximize thermoelectric conversion performance across a wide temperature range
(300-1200 K), this study moves beyond the conventional single-material approach and,
based on a systematic review of performance data, selects and assigns the best-performing
p-type and n-type thermoelectric materials to the three operating temperature regimes. This
state-of-the-art segmented material set ensures a high thermoelectric figure of merit (ZT)
within each regime. The constituent materials and relevant physical properties—namely
the maximum service temperature (T};y;;) and the coefficient of thermal expansion (CTE),
are listed in Table 1. Selected TE materials and their thermoelectric properties are shown
in Figure 2.

Table 1. Selected TE materials and relevant physical properties.

Categories P-Type Tlimit CTE N-Type Tlimit CTE
. Mgs.17Mn.03Bi7 .49
-5 -5
LTE Bij 5Sbq.5Tes [28] <520 K 1.65 x 10 Sby.5Teo.01 [29] <740 K 2.23 x 10

' 6 (Sr0.080Bag.043Ybo.054 6
MTE Bﬂ0,30N10‘05C03.95Sb12 [30] <850 K 9.5 x 10 InO,OOS)C04Sb12 [31] <850 K 9.5 x 10

HTE SigoGeo [32] <1200 K 42 x 10°° SigoGeyp [33] <1200K 42 x10°°
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Figure 2. Temperature-dependent thermoelectric properties of segmented p-type and n-type materials.

2.2. High-Fidelity Thermal Network Modeling Method
2.2.1. Quasi-Two-Dimensional Thermoelectric Coupled Model

To accurately predict the performance of the thermoelectric generator under complex
thermal environments while balancing computational efficiency, this study proposes a
high-fidelity, quasi-two-dimensional thermoelectric coupling modeling approach. The
model couples the conventional one-dimensional (1D) through-thickness heat conduction
equation with an Equivalent Thermal Network (ETN) model that characterizes lateral heat
transfer (heat leakage). This reduction in the three-dimensional heat-transfer problem
enables fast, system-level performance prediction while preserving the fidelity of key
physical processes.

The macroscopic structure of the TEG comprises a periodic array of numerous p—n
thermocouples, exhibiting translational symmetry. Leveraging this property, the analysis
is reduced to a representative Unit Cell model. To ensure fidelity, Periodic Boundary
Conditions are applied to the opposing lateral faces, enforcing identical temperature
distributions on translationally symmetric surfaces. This constraint guarantees continuity
of the heat flux and temperature field, yielding the symmetric and spatially periodic
temperature field shown in Figure 3. This periodic thermal field is the central physical
premise of the present simplification strategy. It provides a rigorous justification for treating
lateral heat transfer within the Unit Cell as a quasi-two-dimensional problem, thereby
underpinning the subsequent simplification to an equivalent thermal resistance based on
the shape factor.
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Figure 3. Cross-sectional temperature distribution of the TEG-TPS structure at t = 400 s.

2.2.2. Lateral Heat Transfer: Hybrid Equivalent Thermal-Resistance Network Model

Lateral thermal crosstalk (heat leakage) between the thermoelectric leg (TE leg) and
the insulating material (Saffil) degrades TEG conversion efficiency. To quantify this effect
while avoiding the high computational cost of 3D FEM simulations, we construct a lateral
equivalent thermal-resistance (ETR) network using a lumped-parameter approach. The
model’s theoretical basis is shape-factor (S) theory for steady-state heat conduction [25].
For complex geometries, such as the concentric square annuli representing the TE leg and
its surrounding insulation, the steady-state conductive thermal resistance Rth is accurately

predicted using a shape factor S obtained via conformal mapping and calibrated against
FEM results.

B 8
e (i E (D) "
Rih= o @

where x denotes the ratio of the outer to inner side lengths of the concentric square annulus,
A denotes the thermal conductivity of the conducting medium and L is the longitudinal
(axial) length of the structure.

Although the boundary conditions in this study (aerodynamic heat flux) are transient,
applying the steady-state shape factor is justified under a quasi-steady assumption for
three reasons: (1) the low thermal conductivity of Saffil introduces thermal inertia relative
to through-thickness heat transport; (2) material properties vary slowly within a single time
step; and (3) the network model targets cross-sectional average temperatures rather than
instantaneous local gradients, for which the steady-state shape factor provides a robust
descriptor of the overall thermal impedance.
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The model’s innovation is a Hybrid Equivalent Resistance (HER) approach grounded
in component-level physical properties. Based on the thermal network topology in Figure 4,
we define four key lateral lumped-parameter nodes: T, (p-leg average), Ts¢, (Saffil avg.
encasing the p-leg), T, (n-leg average), and Tsg,, (Saffil avg. encasing the n-leg). The lateral
heat-leak pathway is decomposed into two parts: Heterogeneous thermal resistance (from
each TE leg to its wrapping insulation) and Homogeneous thermal resistance (within and
between the insulation layers).

Y =9 : ) o0 . )t
| x Vo Rinp g Tsp Rihg Tspn Rihy g Tn” (b)

[ e By 2

6
mm

Figure 4. Dimensionality reduction from three-dimensional physical structure to quasi-2D thermal
network model: (a) Cross-section of TEG-TPS structure showing the discretized node distribution
on TE and Saffil surfaces; (b) Quasi-2D thermal network representation with distributed nodes con-
nected by thermal resistances; (c¢) Three-dimensional physical structure and the equivalent electrical
circuit element.

Heterogeneous thermal resistance (Rthre.sp): This resistance quantifies the lateral
heat-flow impedance from the TE-leg average node (T,/T}) to the surrounding Saffil av-
erage node (Tsz,/Tsg,). Within the HER framework, this path is modeled as two thermal
resistances in series: 1

RthTE-Sf = Rthrg + ERtth 3)

Rthrp represents the equivalent resistance of the annulus between the TE average-
temperature interface and the Saffil contact interface, whereas Rthg,g represents the resis-
tance of one half of the Saffil annulus (via virtual partitioning), as shown in Figure 4.

Geometric Equivalence Method: Based on the simulation results in Figure 3, the TE-leg
cross-sections exhibit a nearly uniform temperature distribution, validating the use of a
single average-temperature node. Although the profile is approximately quadratic, we
adopt a geometric equivalence approach, modeling the region from this average node
to the outer boundary as an equivalent concentric square annulus. By straightforward
integration of the heat-conduction field over this virtual annulus, the equivalent geometric
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ratio is found to be x = /2, from which the corresponding lateral thermal-resistance

expression (4) follows:
1

/\TE . S(ﬁ) . d]/

where dy is the longitudinal length of the element.
Thermal-Resistance Midpoint Method: For the passive Saffil Al-fiber sheath, this

method is adopted. Its total lateral thermal resistance is apportioned equally to the inner

Rthtp = 4)

and outer sides, yielding the resistance from its inner boundary to the average-temperature
node Tsp/Tsy:
1

Asagir - S(2) - dy

Homogeneous thermal resistance (Rthsy sy):

Ri’hsf = 5)

This resistance characterizes lateral heat-leakage crosstalk between the p- and n-leg
insulation (Saffil) through the intermediate medium. We simplify this pathway as the sum
of resistances from the Saffil average nodes (Tsgp, Tsz,) to a virtual boundary, equivalently
obtained by superposing the remaining half-resistance of each Saffil annulus. A common
temperature node at this virtual boundary couples the lateral heat flow, completing the
cross-sectional thermal model.

1 1
Rtth—Sf = ERtth(P) + ERtth(n) (6)

2.2.3. Longitudinal Thermoelectric Coupling Model

The model is discretized longitudinally into multiple control volumes, each repre-
sented by the distributed thermal network proposed in [19], as shown in Figure 4. The
properties of each element used in the computations are temperature dependent and are
evaluated at a reference temperature defined as the average of the equivalent temperature
nodes at its two ends. The transient energy conservation equation for each control volume
is categorized as either a TE or a Non-TE element based on its physical properties:

e  TEelement: For control volumes within the thermoelectric materials (p- and n-type legs),
the governing equation includes heat capacity, conduction, Joule heating, the Thomson
effect, and lateral heat leakage:

oT o0 (. dT > oT
Pcpg = ay(Aay) +p3] _T]@ _q;ateml(y) 7)
where p is the density, C, is the specific heat capacity, A is the thermal conductivity,
pe is the electrical resistivity, T is the Thomson coefficient, | is the current density, and
9 lateral(y) denotes the lateral heat-loss source term supplied by the lateral thermal

network model in Section 2.2.2.

e  Non-thermoelectric element: For non-thermoelectric materials (e.g., SiC layer, tita-
nium alloy, Saffil Insulator), the equation reduces to the standard heat diffusion form,
containing only heat capacity, conduction, and lateral heat leakage. Although the SiC
and titanium alloy layers are homogeneous, retaining the parallel four-column nodal
topology (Figure 4) reduces temperature error at the thermoelectric (TE) interfaces.

oT 0 oT
Pcpg = @ (Aay> - q;uterul (]/) (8)

The overall electrical performance of the TEG is determined by the Seebeck effect and
the total internal electrical resistance.
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e  Open-circuit voltage (V,): obtained by summing the Seebeck electromotive forces
generated by the P/N legs across all segments, as shown in Equation (9):

Nseg

Th/i d
Voe = 1; /Tc,i (‘Xp,i(T) - ‘Xﬂ,i(T)) T ®)

e Total internal resistance (R;;,): the series sum of the bulk resistances of all material
segments together with the Electrical Contact Resistances (ECRs) of all interfaces, as
shown in Equation (10):

ngg i Nintf . .
- pe/le(T(Z)) Pen,i(T(2)) ECRp; = ECRy,;
Rin = ; /L 1-( 4, +E dz+ Y. 4, 4, (10)

j=1
e  Output power (Pj,,4): when an external load resistance Ry, is connected, the circuit
current I and the output power Py,,; are given, respectively, by Equations (11) and (12):

VO C

[= ¢
Rin + Rypaq

(11)

Pioad = I*Rioad (12)

2.2.4. Baseline Model Validation

To assess the accuracy and efficiency of the quasi-2D thermal network framework,
we reproduced the numerical benchmark of Gong et al. [5]. That study examined a
single-stage thermoelectric generator-thermal protection system (TEG-TPS) assembly
and provided the full geometry, material properties, and transient aerodynamic heat-
flux boundary conditions. To ensure rigorous comparability and reproducibility, the
simulation setup was matched to the reference: the entire domain was initialized at
a uniform temperature Tjn; = 300 K, and the bottom surface of the n-type leg was set
as the electrical ground (U =0V). The transient aerodynamic heat flux profile shown
in Figure 5 serves as the top thermal load, while the cold side employs a convective
boundary condition (fconw). Figure 6 compares our predictions with the reported results
in Reference [5]. Over the entire transient, the key metrics—open-circuit voltage and
hot-/cold-side temperatures—agree within 2% relative error, while the runtime is on the
order of seconds. These results demonstrate that the proposed framework delivers both
high accuracy and high computational efficiency.

2.2.5. Integration of Interfacial Contact Effects

Having validated the core framework, we extended the model to capture the interfacial
contact phenomena that become important in the multi-stage, segmented architecture con-
sidered here. Between dissimilar materials, thermal contact resistance (TCR) and electrical
contact resistance (ECR) are introduced as lumped series resistances at each interface in the
thermal and electrical subnetworks, respectively. For an interface with effective contact area
Aeff, the inserted resistances are Rthcontact = TCR/Acontact and Releontact = ECR/Acontact. When
temperature-dependent contact data are available, the contact resistances are evaluated at
the interface-average temperature consistent with the property evaluation strategy used
for bulk elements. Joule heat generated at electrical contacts is apportioned locally to the
adjacent control volumes to ensure energy conservation.
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Figure 6. Comparison of thermal network predictions with finite-element simulations from

Gong et al. [5].

The prescribed TCR and ECR values are taken from experimental measurements and
theoretical analyses in the References [34-37], as summarized in Table 2.

Table 2. Thermal contact resistance (TCR) and electrical contact resistance (ECR) at interfaces.

Interface TCR (K-m2/W) ECR (Q)-m?2)
HTE-Electrode 2 x10°° 5% 1079

HTE-MTE 3x 1075 2 x 1079

MTE-LTE 4%x10°° 1% 10~
LTE-Electrode 1x10°° 5 x 10710
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3. Structural Design Optimization

To achieve the optimal design of the hypersonic thermoelectric structure, this study
establishes an NSGA-II based optimization-simulation framework that implements a
complete workflow comprising thermal network construction, transient simulation, and
iterative optimization. The simulation boundary conditions used during optimization are
identical to those in Reference [5]. In particular, the cold side employs a convective heat
transfer coefficient Hconp = 100 W/(m?-K), which was identified therein as the minimum
value that still prevents the airframe wall from overheating.

3.1. Problem Formulation

The optimization seeks Pareto-optimal designs within a geometry-defined search
space that satisfy multiple objectives under physical constraints. The workflow (Figure 7)
uses a pre-screening-post-validation dual-constraint strategy to ensure both computational
efficiency and physical fidelity: pre-screening enforces hard geometric constraints (Cgeon)
before running simulations, and post-validation checks any physics-based constraints (Cgjy,)
after transient solutions are obtained.

NSGA-II Optimization
hl,. > hu,; > hu,- E) hl n h\ln 3 I’Ilrv

t

Geometric
Constraints?
(C._.<0)

geom

Not
Satisfied

Assign Penalty 1

Temperate
Constraints?
T = 1)

Satisfied

TEG simulation

Not
Satisfied

Assign Penalty 2

Not
Satisfied

Satisfied

Store Results

l Satisfied

Extract Pareto Front

}

End

Figure 7. Flowchart of the automated multi-objective optimization platform.

3.2. Design Variables and Constraints
3.2.1. Design Variables

The design variable vector X comprises the segment heights of the p- and n-type
thermoelectric legs:
X = [th/ hMp/ th/ th/ th/ th]
where th, hMp, th are the heights of the low-, mid-, and high-temperature segments of
the p-type leg, and hy,, by, hyy, are the corresponding segment heights of the n-type leg.
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3.2.2. Constraints

The optimization is subject to the following strict geometric constraints (Cgeom), €n-
forced during pre-screening to ensure manufacturability and a physically realizable stack:

o  Total stack height: the thermoelectric structural height Hrry,, must lie between 15 mm
and 25 mm.

e P/N leg height consistency: to maintain a level structure, the total heights of the
p- and n-type legs must be equal, i.e., Hp = Hy.

Cgeom,l = Hretota =25 <0
Cgeom,Z =15— HTEtotal <0 (13)
Cgeom,S = |HP - HN| = |(th + hMp +th) - (th + han +th)| =0

Thermophysical constraints (Cg;y,,) are evaluated after each transient simulation to
ensure safe, reliable operation:

e  Material temperature upper bound: for every material node k and any time ¢, the
instantaneous temperature must satisfy T < Tiimi k-

Csim,1 (t) = maxierg (T () — Tiimirk) < 0 (14)

e Cabin-side temperature upper bound: To protect onboard electronic equipment, the
temperature at the inner (cabin-side) surface of the structure must not exceed 440 K.

Csim,2<t> = maX(Tins(t) —440 K) <0 (15)

3.3. Objective Functions

This study focuses on three mutually competing core performance metrics:
f1: Specific power

e  Objective: maximize the average ideal power per unit mass, a key indicator of the
system’s power-to-mass ratio.

fi = Lident
Mynit N 5
Pideul = ! o VOC(t)
Nsteps t=1 4Rin(t)

(16)

where P;4,,; denotes full-cycle average ideal output power.
f2: Maximum thermal expansion mismatch

e  Objective: minimize the peak absolute difference, over the entire operating period,
between the total thermal expansion lengths of the p-type and n-type legs.

fz = max\ALp(t) - ALN(t)‘ (17)

Specifically, ALp¢) and ALy are the total axial thermal elongations of the p-leg and
n-leg at time f, computed as:

AL(H) = Y, ag- (Te(t) — Trep) - Ay (18)
keP/N-elems

where a; denotes the coefficient of thermal expansion (CTE) of material segment k;
Ty denotes the instantaneous temperature of discretized element k at time #; T),r = 300 K
is the reference temperature; and Ay is the axial length increment associated with thermal
network element k.
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fa=

f3: Normalized thermal margin

e  Objective: f3 is a composite thermal reliability metric. It first applies a large positive
penalty term—the overtemperature integral—to strictly preclude any overtempera-
ture anywhere in the system. Only when no overtemperature occurs over the entire
spatiotemporal domain does the objective switch to a negative reward whose magni-
tude equals the minimum relative thermal safety margin sustained across space and
time. Minimizing f3 thereby eliminates overtemperature risk and, conditional on safe
operation, maximizes the robustness of the thermal design.

Nsteps
Y ¥ max(0,Tx(t) — Timirk) - Dyx - At if I(k, t) s.t. Ti(t) > Thimirk
t=1 keelemsT T.(t (19)
— | ming x MD if V(k, t), Te(t) < Thimitk
limit k

where Tj;,i1 ¢ is the specified maximum allowable temperature for the material used in
element k; At is the time-step size.

4. Results and Discussion
4.1. Comparison of Optimization Results

The resulting set of non-dominated solutions, shown in Figure 8a, constitutes the
Pareto front in the three-objective space. As illustrated, the specific power (f1) for these
optimized designs predominantly spans from 20 to 28 W /kg. While these values are lower
than those of typical aerospace batteries (200-300 W /kg), the TEG-TPS offers the distinct
advantage of functioning as a multifunctional load-bearing component rather than parasitic
mass. Consequently, it is positioned as a critical auxiliary power source for distributed
on-board electronics—such as wireless health-monitoring sensors—eliminating the need
for heavy cabling and redundant energy storage.
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Figure 8. Multi-objective optimization results for segmented thermoelectric generator designs:
(a) Pareto frontier visualization showing the trade-off between specific power (W /kg), maximum
thermal expansion mismatch (um) and normalized thermal margin (%); (b) Optimal segment length
distributions for representative designs from each optimization strategy.

Within this design space, Figure 8a clearly reveals strong conflicts and trade-offs
among the three core objectives. The most notable conflict is between specific power f;
and thermal margin f3: designs targeting high power density generally exhibit lower
thermal margin. This occurs because high-power-density designs tend to favor lightweight
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configurations with smaller total height (and mass), which concomitantly reduce the sys-
tem’s total thermal resistance, making the system more prone to approach the material
temperature limit. To deepen understanding of this trade-off and extract design guide-
lines, we strategically selected three representative designs on the Pareto front for detailed
analysis, as shown in Table 3: P (Max specific power), which maximizes specific power;
R (Reliability-prioritized), which maximizes thermal margin while maintaining low ther-
mal expansion mismatch (low f,); and B (Balanced), the balanced design located at the
knee point of the Pareto front, offering the best compromise among the three objectives.
Figure 8b presents the geometric configurations of the p- and n-type (P/N) legs for these
three representative designs.

Table 3. Comparison of the objective performance for the three representative designs.

Design f1 (Wikg) f2 (um) f3 (%)
P (Max specific power) 28.1 125 0.8
R (Reliability-prioritized) 22.7 11.3 8.9
B (Balanced) 24.5 3.6 5.1

4.2. Thermoelectric Characteristic Analysis

To elucidate the physical origins of performance differences arising from different opti-
mization strategies, the field distributions of Designs P (Max specific power), R (Reliability-
prioritized), and B (Balanced) were subjected to comparative analysis.

4.2.1. Temperature Characteristics

Figure 9a presents the time histories of the top- and bottom-surface temperatures of
the three optimized designs under transient external heat flux. The top-surface temperature
curves of the three structures are nearly identical, with minimal differences, indicating that
optimization primarily affects internal heat partitioning rather than the surface temperature
response. In contrast, the bottom-surface temperature shows a pronounced disparity:
Design R, which has the largest thermal margin and overall thickness, exhibits the lowest
cold-side temperature, approximately 10 K lower on average than the other two designs
over the entire simulation period. This confirms that increasing total thermal resistance
enhances the structure’s thermal insulation and thermal reliability.
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Figure 9. Transient thermal and mechanical responses comparison for typical designs: (a) Top and
bottom surface temperature history; (b) Thermal expansion mismatch history between p-/n-legs.



Appl. Sci. 2025, 15, 12482 15 of 20

Figure 9b compares the temporal evolution of the thermal expansion mismatch be-
tween the p-/n-type legs for the three designs. This metric is directly linked to the me-
chanical reliability of the structure. Design B demonstrates markedly superior behavior: its
thermal expansion mismatch is nearly one order of magnitude lower than that of the other
two designs (P and R) and remains nearly constant in the latter half of the simulation (after
approximately 600 s), indicating high mechanical stability.

Figure 10 further probes the interior by analyzing the time histories of the average
temperatures of each segment for the p- and n-type legs, shown for the p-leg in Figure 10a
and for the n-leg in (Figure 10b). In the high-temperature segment (HTE), the average
temperature curves of the three designs for both legs are very close, indicating that the
optimization affects the hot side primarily through the overall thermal resistance. The
key differences emerge in the mid-/low-temperature segments (M/LTE): for the p-leg,
Design B resembles the power-prioritized Design P in profile and maintains a higher
overall temperature level; whereas for the n-leg (Figure 10b), Design B aligns more with
the reliability-prioritized Design R, with the average temperatures of its M/LTE markedly
lower than those of Design P.
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Figure 10. Average temperature history of each segment for (a) p-leg and (b) n-leg in typical
Designs (P, R, B).

Figure 11 reveals a critical thermal inertia phenomenon. The upper interfaces—namely,
the hot-side electrode interface (IFH) and the HTE-MTE interface (IF1)—exhibit peak
temperatures near the first heat flux peak (approximately 500 s). In contrast, the lower
interfaces—the MTE-LTE interface (IF2) and the cold-side electrode interface (IFC)—exhibit
peak temperatures delayed near the second heat flux peak (approximately 800-1000 s).
This clearly indicates significant heat accumulation in the lower portion of the structure;
even as the heat flux decreases in the later period, temperatures in the middle and lower
regions change little and even rise slightly. Regarding differences between the P- and n-legs,
temperatures at the IFH, IF1, and IFC interfaces exhibit minimal variation between the
MTE-LTE interface (IF2) temperature in the n-leg (Figure 11b) is markedly higher than that
at the IF2 interface in the p-leg (Figure 11a).

4.2.2. Electrical Characteristic

Figure 12 corroborates a consistent conclusion: across all designs, the MTE contributes
the largest share of the voltage output (~60%), primarily because it spans the widest
temperature range (500-850 K), enabling full exploitation of the material’s high-ZT window.
For the n-leg (Figure 12a), where the electric potential increases in the same direction as
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the temperature gradient, Design P performs best in the LTE; its advantage diminishes
in the MTE; and it is ultimately overtaken by Designs R and B in the HTE. For the p-leg
(Figure 12b), where the electric potential increases opposite to the temperature gradient, the
trend differs: Design R performs best at high temperatures, but as heat is conducted toward
the cold side, its potential growth rate gradually slows, and its total potential is eventually
surpassed by the balanced Design B. Among the three schemes, Design B achieves the
highest combined voltage of the two legs.
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Figure 12. Electric potential history at each interface for (a) p-leg and (b) n-leg in typical
Designs (P, R, B).

When evaluating thermoelectric efficiency, a common practice is to reference the ratio
of ideal power to input heat under open-circuit conditions (Q;,,-OC). However, once a load
is connected and current flows (I > 0), the Peltier effect induces pronounced heat absorption
at the hot-side junction; concurrently, Joule heating arises within the material, and under
large temperature differences the Thomson effect becomes non-negligible. These coupled
thermoelectric effects feed back to reshape the internal temperature gradient, thereby
dynamically altering the conductive heat flux entering the hot side according to Fourier’s
law. Consequently, the actual total heat input under load, Q;,-load, differs significantly from
Qin-OC. To quantify this impact, we choose a load resistance R),,; comparable to the average
internal resistance of the three configurations (~0.08 (2) to emulate near-maximum-power
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operation. Figure 13a shows, for both the loaded and open-circuit cases, the time evolution
of the total hot-side heat input to the p-and n-legs (Q;,) and their difference (Quip)-
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Figure 13. TE conversion calculation: (a) Hot-end input heat flow comparison; (b) TE conversion
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efficiencyfor typical Designs (P, R, B).

Finally, using the real load power Pjy(t) = I (£)?Rpps and the actual input heat
flow (Load), Q;,(t), shown in Figure 13a, we computed the instantaneous, real conver-
sion efficiency #(t) = Pyu4(f)/ Qin(t). The results show that, despite pronounced differences
among the three designs in geometry, specific power (f1), and reliability metrics (f5, f3),
their actual max conversion efficiencies are very similar, all around 13% (Figure 13b). This
convergence indicates that the efficiency upper bound is largely dictated by the material
system, whereas geometric optimization primarily tunes macroscopic attributes such as
output power and temperature margins.

5. Conclusions

In this study, a multi-objective robust design methodology for a segmented
thermoelectric—thermal protection structure (TEG-TPS) harvesting aerodynamic heat from
hypersonic vehicles has been presented. A high-fidelity, computationally efficient quasi-2D
thermal network model was developed, integrating a novel hybrid equivalent resistance
network to capture complex lateral heat transfer. The accuracy of this core model was
rigorously validated against published results from a benchmark case. An automated multi-
objective optimization platform (based on NSGA-II) was then established to investigate the
effects of geometric design variables on system performance. The optimization systemati-
cally navigated the trade-offs between conflicting objectives, namely specific power (f1),
maximum thermal expansion mismatch (f,), and normalized thermal margin (f3). The
performance of optimized designs under actual transient flight conditions was evaluated
and compared against a baseline design. The results lead to the following conclusions:

1.  The proposed quasi-2D thermal network model, which incorporates the hybrid equiv-
alent resistance method and accounts for full transient thermoelectric effects (Seebeck,
Peltier, Thomson, Joule), was verified to achieve high accuracy (relative error < 2%)
against published 3D FEM results. This model reduced calculation time to on the
order of seconds, making complex transient multi-objective optimization feasible.
However, it is important to note that this efficiency relies on assumptions of periodic
symmetry and uniform cross-sections. While valid for the unit-cell analysis performed
here, these assumptions may limit direct applicability for asymmetric configurations

or edge effects in finite arrays without recalibration.
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2. The multi-objective optimization revealed a severe conflict between specific power (f1)
and normalized thermal margin (f3). Designs pursuing maximum power inherently
favor a smaller total thickness, which reduces thermal resistance, raises cold-side
temperatures, and drastically diminishes the thermal margin, leading to high risks of
material failure by overheating.

3.  The effectiveness of the multi-objective optimization framework is demonstrated
by the identified Balanced design (Design B). As shown by the quantitative results,
compared to the Power-Priority design (Design P), Design B achieves a 61% reduction
in thermal expansion mismatch (f,) and raises the minimum thermal margin (f3) from
0.8%to 5% throughout the entire flight envelope, while sacrificing only 6.8% of the
maximum achievable specific power (f1).

4.  Despite distinct geometric configurations among the optimized designs (P, R, B),
the peak conversion efficiency consistently converges to approximately 13%. This
indicates that, under the constraint of uniform cross-sectional legs, the efficiency
ceiling is primarily governed by the ZT values of the material system. However,
this value does not represent the absolute physical limit. Future research exploring
variable cross-section architectures (e.g., hourglass or tapered legs) could potentially
surpass this 13% threshold by more effectively matching the local thermal impedance
to the material’s optimal temperature range.

5. Translating optimized designs into flight-ready hardware entails substantial manu-
facturing and operational challenges. In particular, assembling multi-segment ther-
moelectric generator (TEG) structures demands precise control of interfacial quality,
as thermal and electrical contact resistances can significantly degrade conversion
efficiency. Moreover, the hypersonic flight environment—characterized by repeated
thermal cycling, high-amplitude vibration, and shock loading—subjects the struc-
ture to risks of material fatigue and interfacial delamination over extended missions.
Scaling to large-scale production introduces additional difficulties in maintaining
consistent material properties and geometric tolerances. Therefore, future work must
bridge the gap between theory and application through rigorous experimental val-
idation under relevant flight conditions and the development of robust, high-yield
manufacturing processes to ensure system reliability.
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