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ABSTRACT:

Designing reusable liquid rocket engines requires early-
stage methods that consistently link engine-cycle
modelling with structural durability assessment. Engine-
cycle simulations provide essential performance
insight, yet their direct implications for the fatigue life
of critical components across the full operational
envelope remain insufficiently quantified.
Consequently, methods are needed that are efficient
to apply while maintaining the accuracy required
to resolve the mechanisms that drive failure.

This study presents an integrated modelling framework
that couples gas-generator-cycle analysis with thermo-
mechanical fatigue assessment of a regeneratively
cooled combustion chamber in the ~1 MN thrust class.
The cycle is modelled in EcosimPro-ESPSS to obtain
transient boundary conditions, which are subsequently
applied in an ANSYS-based finite-element model and
further evaluated using a previously developed post-
processing damage-evolution fatigue  method.
This combined approach enables time-efficient
and precise evaluation by incorporating temperature-
dependent material data and a cycle-driven damage
formulation to estimate fatigue evolution throughout
arepresentative operating sequence. The results
demonstrate how transient thermo-mechanical loading
governs damage accumulation and provide a basis for
assessing reusability margins and potential operational-
envelope adaptations at early design stages.

1. INTRODUCTION

Regeneratively cooled  combustion  chambers
in reusable liquid rocket engines are subjected
to extreme thermal and mechanical loading, with heat
fluxes approaching 100 MW/m? and gas temperatures
above 3600 K. Despite regenerative cooling,
the resulting thermal and pressure gradients induce
cyclic plastic deformation in the inner liner, leading
to progressive fatigue damage and ultimately limiting
component lifetime, particularly in the throat region [1—
5. Fig. 1 |llustrates a representative engine

configuration,  highlighting the throat region
as the primary failure location, where cyclic plastic
strain promotes structural degradation, including
localised bending (dog-house effect) and eventual
ligament rupture. In the throat region, the structural
response is governed by the interaction between
engine operating conditons and local thermo-
mechanical loading [6—10], which determines damage
accumulaton and the  achievable lifetime
of the combustion chamber [5-8,11,12]. Evaluation of
these effects during engine operation is typically based
on engine cycle simulations and component-level
structural analyses performed independently, limiting
consistent lifeime assessment under transient
conditions. The lack of direct integration between
system-level engine cycle models and detailed thermo-
structural analyses remains a key limitation [13-22].
To overcome this gap, a framework is developed that
integrates fatigue life evaluation into transient engine-
cycle simulations through post-processing, enabling
consistent propagation of operating conditions into
structural damage prediction while reducing
computational effort.
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Figure 1 Reusable liquid rocket engine configuration with
a regeneratively cooled combustion chamber, highlighting
the throat region and failure location
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2. METHODOLOGY

To enable integrated component- and system-level
analyses, a high-fidelity liquid rocket engine (LRE)
model was developed in the EcosimPro
environment. The selected configuration
corresponds to a high-thrust Vulcain 2-class gas
generator (GG) cycle engine, with key parameters
derived from literature. The model is coupled with
a previously developed and validated fatigue life
framework, as presented in [6-8]. It employs finite
element analysis (FEA) and post-processing
techniques for critical damage evaluation and life
prediction in the combustion chamber liner.
The employed methodology is illustrated in Fig. 2.

The transient engine cycle captures ignition, start-
up, steady-state operation, and shutdown,
representing the dominant thermo-mechanical load
variations governing fatigue of regeneratively

cooled combustion-chamber walls [23-26].
The resulting thermodynamic and flow variables,
including wall heat flux, heat-transfer coefficient,
coolant pressure, and bulk coolant temperature,
are transferred via a MATLAB interface and applied
as boundary conditions to the combustion chamber
finite element model in ANSYS. For the subsequent
thermal—structural analysis, the steady-state phase
is extended to 540 s, consistent with the nominal
combustion duration, to approximate realistic high-
temperature  exposure and resulting wall
temperature and stress evolution [27,28].
This enables automated coupling between engine
cycle simulation and structural analysis, ensuring
consistent transfer of transient loads without
empirical scaling. The resulting thermo-mechanical
histories are post-processed to determine damage
accumulation and the critical life of the combustion
chamber wall.
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2.1.System- Level Simulation EcosimPro
ESPSS

The gas-generator (GG) cycle model follows
the architecture of a Vulcain-2-class LOX/LH,
engine operating at sea-level conditions,
as illustrated in Fig. 3. Liquid oxygen (LOX)
and liquid hydrogen (LH,) are supplied from
the feed tanks (LOX_supply, LH2_supply) through
the oxidiser and fuel inlet valves (VAO, VAH).
Each propellant is pressurised by a dedicated
turbopump (Pump_O for LOX, Pump_H for LH,)
mechanically driven by its corresponding turbine
(Turb_O, Turb_H). The turbines are driven by hot
gas generated in the fuel-rich gas generator
(Gas_generator), which provides the mechanical
energy required to drive the pumps.

WorkingFui_red

Figure 3 Gas generator cycle engine model schematic
for a Vulcain-2-class configuration

Downstream of the oxidiser pump, the liquid-oxygen
flow divides into two branches: the main stream
passes through the oxidiser control valve (VCO)
and feed line (Col_LOX) to the combustion
chamber, while the secondary branch supplies
the gas generator via the oxidiser valve (VGO).
The liquid-hydrogen circuit follows an analogous
configuration, with one fraction directed to the gas
generator through the fuel valve (VGH)
and the remainder routed through the main fuel
control valve (VCH) into the feed line (Col_LH,).
The coolant flow circulates through
the regeneratively cooled combustion-chamber
channels (CR), where it absorbs heat from the hot-

gas-side wall, thereby maintaining the structural
integrity of the copper liner and preheating
the hydrogen to improve atomisation
and combustion stability within the chamber [23].
The simulation resolves the key thermodynamic
and fluid-dynamic interactions governing engine
operation, including the coupling between
propellant mass flow, mixture ratio, and chamber
pressure throughout the firing sequence.
From the time-resolved results, quantities relevant
for thermo-structural and fatigue evaluation
are extracted, such as the throat heat-transfer
coefficient, wall heat flux, coolant pressure, bulk
temperature, mass-flow rate and effective wetted
area. These data provide the transient thermal and
mechanical boundary conditions for the subsequent
finite-element thermo-structural analysis in ANSYS
and the post-processing method, representing
the regeneratively cooled combustion chamber.
Fig. 4 presents the time-resolved response
of the simulated engine, showing the evolution
of thrust, mixture ratio, specific impulse, mass-flow
rates, combustion-chamber pressure, and pump
outlet pressures throughout the firing sequence,
including ignition, start-up, steady-state operation,
and shutdown. The thrust increases from ignition
at 1.98 s, reaching 960 kN by 2.36 s, and remains
stable during the main burn with fluctuations below
0.3 %. Shutdown begins at 6.00 s, followed
by a rapid decay as the valves close and propellant
flow ceases. The steady-state thrust corresponds
to the nominal Vulcain 2 sea-level value of 960 kN
[27,29], indicating consistency with the reference
thrust level. The specific impulse follows the thrust
evolution and stabilises at approximately 345 s once
mass-flow equilibrium is reached. The higher value
compared with the reported =310 s for Vulcain 2
is attributed to simplified boundary conditions
and the limited representation of viscous and three-
dimensional flow effects in the nozzle and feed-line
modelling, which increase the effective expansion
efficiency at sea level. The mixture ratio stabilises
near 6.7 after start-up, consistent with values
reported for the reference engine [27,29].
Minor fluctuations observed before and after
the steady-state phase result from asymmetric
valve sequencing, in which oxidiser cut-off precedes
fuel isolation. This sequence ensures a brief fuel-
rich phase during shutdown, which is typical for gas-
generator-cycle engines to maintain thermal
protection of the critical engine components.
These short transients were deemed negligible
for the present analysis, as they occur outside
the dominant thermal loading interval
and are therefore not expected to significantly affect
the fatigue-life evaluation.
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Figure 4 Transient simulation results for a Vulcain-2-class gas generator cycle engine

The oxidiser and fuel mass-flow rates stabilise
at approximately 260 kg/s and 40 kg/s, respectively.
Following ignition, the combustion-chamber
pressure reaches 117 bar, corresponding
to the nominal operating regime of this engine
class. The attained pressure level determines
the turbopump power balance and governs
the thermal load imparted to the regeneratively
cooled chamber wall. The outlet pressures
of the oxidiser and fuel pumps attain approximately
185 bar and 215 bar, respectively, during steady-
state operation. These values are governed
by the required chamber pressure, propellant mass-
flow rates, and the assumed hydraulic losses

and turbopump operating conditions in the system-
level model. Reported data for the Vulcain 2 engine
indicate LOX and LH, pump outlet pressures
of approximately 154 bar and 182 bar, respectively
[29], while an independent source lists
arepresentative  turbopump  outlet pressure
of around 173 bar without specification of the fluid
side [30]. The simulated pressures are moderately
elevated compared to reference values
due to idealised boundary  conditions  and
the omission of minor hydraulic losses in the feed-
line modelling. The transient thermodynamic
and flow quantities define the boundary conditions
for the combustion chamber analysis.



2.2. Combustion Chamber TMF Modelling

The numerical and post-processing combustion
chamber models are based on a representative
CuCrZr thermo-mechanical fatigue (TMF) panel
corresponding to the combustion chamber throat
region of a liquid rocket engine and were previously
validated against laboratory data [6-8].
Fig. 5, adapted from [6], illustrates the comparison
between the experimentally measured panel
deformation and the corresponding numerical
prediction, showing consistent strain localisation
and deformation patterns in the critical region.
The validation demonstrated strong agreement
between predicted critical life from finite element
analysis and experimental results, with deviations
below 1% for the tested conditions (~20 MW/m?
under representative thermo-mechanical loading).
In this study, the finite element formulation
and material properties are retained, while
the boundary conditions are replaced by engine-
cycle-derived thermo-hydraulic loading.

This enables critical damage evaluation and direct
coupling with system-level operating conditions
for reusability assessment.
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Figure 5 Cross section of the combustion chamber TMF
panel showing cooling channels, deformation, and total
mechanical strain at the critical location (adapted from [6])

Fig. 6 illustrates the finite element model of the TMF
panel, including mesh refinement in the critical
region and a representative temperature
distribution. The model employs SOLID185
elements, with boundary conditions applied
on the surface normal to the X-axis and the inlet
surface constrained in the transverse direction
of the cooling channels. Nodal coupling ensures
consistent temperature and displacement fields
inthe X- and Z-directions, while a selective
integration technique (B-bar method) is used
to alleviate incompressible locking and improve
correlation with laboratory results.
Mesh convergence was verified in the previous
study [6], confirming mesh-independent results
in the critical regions.

Figure 6 FEM of the TMF panel representing the combustion
chamber throat region, including the temperature distribution
(=885 K on the hot-gas side and =670 K on the coolant side)

Fatigue life of the combustion chamber wall
is evaluated using a damage accumulation framework
combining ductile and brittle contributions based on the
formulations of Bonora et al. and Dufailly—Lemaitre
[31,32]. The evaluation is performed in post-processing
using time-resolved variables extracted from finite
element simulations, without affecting the stiffness
matrix. The variables include equivalent stress,
hydrostatic stress, accumulated plastic strain, plastic
strain rate, and temperature, with dependencies
defined via interpolation between discrete levels.
The total damage is defined as the sum of ductile
and brittle components:

Diotar = Dauctite T Dorittie Eq.1

where the ductile damage component is evaluated
as a function of the accumulated strain:

Earn\\ ¢
ln ( Sth )
£
n (Sth)
and the brittle damage component is determined as:

U(zzq,iRv,i ° . E 3
Dyrittie = g ) Po At; q.

Dguctite = Der |1 —| 1— Eq.2

The material parameters and model constants used
in Egs. 2-3 are summarised in Tab. 1.

Table 1 Structural material parameters least-squares
fitted from CuCrZr uniaxial fatigue and tensile tests

Parameter Unit 300K 700K 900K

Critical damage at the Der - 0.50 0.38 0.61
tensile test

Theoretical failure strain & - 024 024 0.16
Damage threshold strain &p (Or &) - 0.002 0.002 0.0008
Damage exponent o - 0.4 0.46 0.14
Material fitting S MPa 49 17 3
parameters for

damage evaluation S = 1 1 1

Damage evolution is governed primarily by cyclic
thermo-mechanical loading and associated plastic
ratcheting, while material strength degradation
is represented using  experimentally  derived
temperature-dependent properties. A critical damage
threshold of D.r = 0.61, derived from CuCrZr tests,
defines the onset of crack initiation and void formation.



3. RESULTS

The fatigue life of the combustion chamber
is evaluated using transient boundary conditions
obtained from the EcosimPro engine simulation
and applied to the finite element model to determine
the resulting thermo-mechanical response
of the liner. Fig. 7 shows the corresponding time-
resolved boundary conditions. The hot-gas-side
heat flux reaches approximately 95 MW/m? during
steady-state operation, while the coolant pressure
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stabilises near 175 bar and the bulk coolant
temperature remains within 60-80 K. These values
are consistent with reported operating conditions for
the Vulcain 2 engine [18,34]. The heat-transfer
coefficient follows the transient coolant flow
conditions, attaining approximately 175 kW/mz-K.
The extracted boundary conditions define
the thermo-hydraulic loading for the subsequent
thermo-structural fatigue analysis.
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Figure 7 Transient boundary conditions in the throat region of a Vulcain-2-class combustion chamber

Fig. 8 compares the wall-temperature profiles
obtained from the EcosimPro engine simulation
(left) and the ANSYS finite element analysis (right),
with temperatures stabilising near 880 K on the hot-
gas side and approximately 670 K on the coolant
side during steady operation. The ANSYS
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temperature distribution, obtained using boundary
conditions derived from the EcosimPro simulation,
reproduces a similar through-wall gradient.
The predicted wall temperatures correspond
to reported operating conditions for the Vulcain 2
engine [34].
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Figure 8 Combustion chamber wall temperature comparison in the throat region for a Vulcain-2-class engine:
EcosimPro (left) and ANSYS (right)



The equivalent plastic strain field reveals
pronounced plastic strain localisation near the inner
radius on the hot-gas side, as illustrated in Fig. 9.
This localisation identifies the region of highest
inelastic deformation, where the critical damage
threshold is first reached.
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Figure 9 Equivalent plastic strain distribution in the
combustion chamber liner throat region at a
representative cycle near failure
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Damage evolution in the analysed combustion
chamber throat region is presented in Fig. 10.
Ductile damage dominates the damage evolution,
whereas britle damage remains negligible
throughout the loading history. The critical damage
threshold (De= 0.61), previously derived from
CuCrZr mechanical testing, is reached after 44 load
cycles, marking the onset of localised material
degradation. The stress—strain hysteresis loops
exhibit an initial cyclic hardening phase followed
by stabilised cyclic plasticity. This stabilisation
is accompanied by progressive plastic strain
accumulation and the steady growth of ductile
damage, reflecting void nucleation and growth-
driven fatigue degradation in CuCrZr under high-
temperature cyclic loading. Failure occurs after 44
load cycles under the evaluated operating
conditions.
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Figure 10 Damage evolution and stress—strain hysteresis in the combustion chamber liner throat region
of a gas generator cycle engine



4. CONCLUSIONS

This study presents an integrated framework
for evaluating the fatigue life of regeneratively
cooled combustion chambers by linking transient
engine-cycle simulations with thermo-structural
finite element analysis and damage post-
processing. By directly coupling engine-cycle-
derived boundary conditions with fatigue evaluation,
the methodology enables a cycle-consistent
assessment of thermo-mechanical loading under
representative operating conditions. The proposed
approach supports efficient evaluation of reusability
within system-level engine-cycle analysis at early
design stages.

The predicted boundary conditions align with
reported data for a Vulcain 2-class engine,
demonstrating  coupling  between  chamber
pressure, propellant mass flow rate, and heat
transfer throughout transient operation.
This alignment confirms that the resulting thermo-
mechanical response is driven by physically
consistent engine conditions. The results indicate
ductile-dominated fatigue behaviour, with the critical
damage threshold reached after 44 load cycles
under the evaluated conditions. When mapped
to representative mission profiles, this corresponds
to approximately 3—4 load cycles per mission,
resulting in an estimated reusability of about
10 missions.

The analysis demonstrates how fatigue life
is governed by engine-cycle-derived thermo-
hydraulic boundary conditions, where imposed heat
flux and coolant-side heat transfer control wall
temperature gradients and drive the localisation
of plastic strain in the throat region. This identifies
the governing mechanism of damage accumulation
and establishes a direct, quantitative link between
engine-cycle operation and structural durability,
demonstrating that the transient thermo-hydraulic
conditions during the operating cycle determine
the resulting fatigue life.

The framework employs a reduced-order engine-
cycle representation and a quasi-2D structural
model, enabling direct propagation of transient
operating conditions into fatigue life prediction and
allowing comparative evaluation of design choices
at the system level. Computational efficiency
is primarily achieved through post-processing
damage evaluation, which avoids iterative coupling
with the structural solution and eliminates the need
for repeated finite element re-analysis, enabling
rapid fatigue life assessment across varying
operating conditions.

Future work will extend the framework to additional
engine cycle configurations and improved thermal
boundary condition representations to further refine
fatigue life predictions.

Nomenclature

Duiitte  brittle damage component
Der critical damage threshold
Dauctle  ductile damage component
Dwtar  total damage

E Young’s modulus

Fsi sea-level thrust

hth heat transfer coefficient at throat
lsp.si sea-level specific impulse

m mass flow rate

MR mixture ratio

p pressure

Pec combustion chamber pressure

Pcoolth  coolant pressure at throat
Pp.f fuel pump outlet pressure
Pp.ox oxidiser pump outlet pressure

q heat flux

Ry, stress triaxiality at increment i

S material fitting parameter

] material parameter for damage evaluation
twall wall thickness

Te combustion chamber temperature

Teoolth  coolant temperature at throat

Tgg gas generator temperature

Tweod cold-side wall temperature
Twhot hot-side wall temperature
Eelastic elastic strain

&f failure strain

€plastic  plastic strain

Eth damage threshold strain

€(i+1) strain at increment i+1

Oeq,i equivalent stress at increment i
Ox normal stress in x-direction

Ati time increment

a damage exponent
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