4
%’ dacerospace
M aerosp

Article

Turbopump Parametric Modelling and Reliability Assessment
for Reusable Rocket Engine Applications

Mateusz T. Gulczynski 2%, Robson H. S. Hahn 7, Jan C. Deeken 2 and Michael Oschwald 12

Citation: Gulczynski, M.T.; Hahn,
R.H.S.; Deeken, J.C.; Oschwald, M.
Turbopump Parametric Modelling
and Reliability Assessment for
Reusable Rocket Engine Applications.
Aerospace 2024, 11, 808. https://
doi.org/10.3390/aerospace11100808

Academic Editor: Kyun Ho Lee

Received: 28 August 2024
Revised: 25 September 2024
Accepted: 29 September 2024
Published: 2 October 2024

Copyright: © 2024 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Institute of Space Propulsion, German Aerospace Center (DLR), 74239 Lampoldshausen, Germany
2 Faculty of Mechanical Engineering, RWTH Aachen University, 52062 Aachen, Germany
* Correspondence: mateusz.gulczynski@dlr.de

Abstract: The development of modern reusable launchers, such as the Themis project with its
LOX/LCH4 Prometheus engine, CALLISTO—a reusable VTVL-launcher first-stage demonstrator
with a LOX/LH2 RSR2 engine, and SpaceX’s Falcon 9 with its Merlin 1D engine, underscores the
need for advanced control algorithms to ensure reliable engine operation. The multi-restart capabil-
ity of these engines imposes additional requirements for throttling, necessitating an extended con-
troller-validity domain to safely achieve low thrust levels across various operating regimes. This
capability also increases the risk of component failure, especially as engine parameters evolve with
mission profiles. To address this, our study evaluates the dynamic reliability of reusable rocket en-
gines (RREs) and their subcomponents under different failure modes using multi-physics system-
level modelling and simulation, with a particular focus on turbopump components. Transient con-
dition modelling and performance analysis, conducted using EcosimPro-ESPSS software (version
6.4.34), revealed that turbopump components maintain high reliability under nominal conditions,
with turbine blades demonstrating significant fatigue life even under varying thermal and mechan-
ical loads. Additionally, the proposed predictive model estimates the remaining useful life of critical
components, offering valuable insights for improving the longevity and reliability of turbopumps
in reusable rocket engines. This study employs deterministic, thermally dependent structural sim-
ulations, with key control objectives including end-state tracking of combustion chamber pressure
and mixture ratios and the verification of operational constraints, exemplified by the LUMEN de-
monstrator engine and the LE-5B-2 engine class.

Keywords: EcosimPro European Space Propulsion System Simulation (ESPSS); engine cycle modelling;
liquid upper stage demonstrator engine (LUMEN); fatigue life analysis; reusable rocket engine
(RRE); turbopump; turbine blades

1. Introduction

Reusable rocket engines (RREs) are attracting significant interest in the aerospace
community due to their military and civilian benefits, as well as their potential for cost
savings. Unlike traditional engines designed for specific missions, a well-configured RRE
can meet various operational needs with a significantly reduced development effort [1-
4]. However, to fully leverage the advantages of reusable liquid rocket engines (LREs),
the dependability of the propulsion system across different services becomes a critical
factor. This demands additional scrutiny of the most crucial LRE components. Among
these, turbopumps play a pivotal role in achieving high specific impulse and thrust-to-
weight ratio [5]. As one of the most critical components in LREs, assessing the loading
conditions and resulting stresses on turbopump blades is essential for determining engine
reusability, particularly concerning high cycle fatigue (HCF) and low cycle fatigue (LCF)
margins.
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To underscore the importance of turbopump reliability in liquid rocket engines and
its impact on reusability potential, the LE-5B-2 engine (Mitsubishi Heavy Industries (MHI),
Tokyo, Japan) serves as a pertinent example. This engine, employed in the second stage
of the H-IIA/B rocket ((MHI), Tokyo, Japan), faced significant challenges when its firing
duration was extended from 2336 to 3160 s in the LE-5B-3 variant. The prolonged opera-
tion, combined with multiple mission-duty cycles, resulted in the formation of cracks in
the turbine blades and disc-shaft of the fuel turbopump, predominantly attributed to HCF
[6]. The engine design featured a partial admission turbine with circumferential blockages
intended to optimise blade height and minimise leakage losses; however, this configura-
tion inadvertently destabilised flow and amplified pressure fluctuations, thereby increas-
ing the susceptibility to HCF [6]. Although design revisions in the LE-5B-3 engine (MHI),
Tokyo, Japan), including the implementation of a full admission turbine blade, aimed to
mitigate these issues, a comprehensive assessment of turbopump stresses across all oper-
ational phases remains essential [7]. Such evaluations are critical, particularly given the
demanding conditions of extreme thermo-mechanical strains, rapid start-up sequences,
and elevated rotational speeds, which must be integrated into parametric analyses to ac-
curately predict component lifespan and ensure the reusability of the engine [5,8-12].

Research on the combination of model-based design (MBD) with parametric optimi-
sation for critical liquid rocket engine (LRE) components remains unexplored in the cur-
rent literature. Most studies focus exclusively on either engine cycle modelling or critical
component life assessment, with few integrating both. In Ref. [13], the authors present a
methodology for LRE cycle modelling combined with fatigue life studies of the combus-
tion chamber, focusing on loads acting on the chamber during engine operation. Ref. [14]
evaluates the Vulcain engine using the EcosimPro library, which includes rocket compo-
nents and auxiliary functions for calculating the physical properties of substances in-
volved in propulsion. The study achieved an error of less than 5% in the model-reality
comparison. More recently, Ref. [15] developed a system-level simulation (SLS) model for
a reusable LRE with an expander-bleed cycle, comparing static-firing tests with tur-
bopump overhaul inspections. The results showed significant differences in model pa-
rameters and alignment with test data during startup and cutoff phases. These studies
collectively highlight the limited but growing effort to combine engine cycle modelling
with component life assessment, which is essential for reliable performance evaluation
and advancing reusable LRE technologies.

This study builds on our previous work, Refs. [5,16], extending the analysis of tur-
bopump reliability and parametric modelling for reusable rocket engines.

This paper is arranged in the following manner:

Section 2 provides an overview of the LUMEN demonstrator and LE-5B-2 engine ar-
chitectures, set within the context of parametric studies and the development of a gener-
alised turbopump model in the EcosimPro software suite.

Section 3 introduces our “Turbine_Blade_Fatigue” module developed for the Eco-
simPro environment, detailing the input variables and methodology used to calculate the
main stresses and predict the number of cycles to failure, incorporating the modified
Goodman-Haigh material failure theory.

Section 4 outlines the transient analysis results for the LUMEN turbopump and the
LE-5B-2 class reference engine, focusing on stress analysis and fatigue life estimation un-
der varying operational conditions. A comparison of critical design points using the
Goodman-Haigh diagram shows that, despite higher mean stresses, low stress ampli-
tudes lead to high fatigue life in both engines.

Section 5 briefs the main results of this paper, including the effective use of a transient
model for estimating turbine blade fatigue life, and highlights the planned future work,
such as further model validation, enhancements in analysis, and evaluation of additional
factors like multiaxial fatigue, creep, and corrosion.
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2. Engine Design and Operations

To validate the presented model, two engines are utilised: the LE-5B-2 class engine,
employed as a reference model derived from literature data with estimated hypothetical
values, and the Liquid Upper stage deMonstrator ENgine (LUMEN), a breadboard engine
in the 25 kN thrust class. The LUMEN engine operates on a mixture of liquid oxygen (LOX)
and liquefied natural gas (LNG), with the LNG consisting primarily of 87-89% methane
(CH4) and smaller amounts of ethane (C2H6), propane (C3H8), and butane (C4H10). Both
the LE-5B2 reference engine and the LUMEN fuel- and oxidiser turbopumps (FTP and
OTP) utilise a partial admission turbine blade design. In contrast, the LE-5B-3 employs a
full admission turbine blade to mitigate HCF during extended engine operation beyond
2336 s [6]. The engine architecture specifications for both the LUMEN demonstrator and
the LE-5B-2 are detailed in Table 1.

Table 1. Comparative specifications of LUMEN demonstrator and LE-5B-2 class engine architec-
tures [6,17].

Parameter LUMEN LE-5B-2 Unit
Operational cycle expander bleed expander bleed -
Nominal thrust 25 137.2 kN
CC mixture ratio 34 5.0 -
CC pressure 6 3.58 MPa
Specific impulse, Isp - 447 s
Throttling range 58-133 60, 30, 3 %

Both the LUMEN and LE-5B engines are equipped with fuel and oxidiser tur-
bopumps with partial admission turbine blades. The turbine pressure ratio may be ele-
vated as the gas that drives the turbine is discharged. In the expander bleed (EB) cycle,
the energy required to drive the turbine gas is acquired through heat exchange surround-
ing the combustion chamber. As this cycle is classified as an open-cycle liquid rocket en-
gine, achieving high engine performance requires a low flow rate of the turbine-driven
gas. As a result, to generate a significant amount of work output, the turbine in an ex-
pander bleed cycle must have a high expansion ratio, exceeding that of closed-cycle liquid
rocket engines like staged combustion. Furthermore, with the aim of reducing turbine
weight while ensuring a significant shaft power output, it is customary to adopt a high-
pressure ratio impulse turbine [18].

With an extensive operational range from 35 bar to 80 bar and a nominal chamber
pressure of 60 bar, the LUMEN demonstrator provides a throttling capability between
58% and 133% of nominal thrust [19]. For the LE-5B-2 engine, tests conducted at 60%, 30%,
and as low as 3% for idle-mode operation, using only tank-head pressure and without
activating the turbine, demonstrate stable functionality over a wide range of conditions
[20]. The LE-5B-2 engine employs a regeneratively cooled copper-based system in the noz-
zle to enhance heat transfer. To mitigate risk in the LUMEN demonstrator (German Aer-
ospace Center (DLR), Lampoldshausen, Germany), two turbopumps are implemented for
greater operational flexibility instead of relying on a weight-optimised single-shaft
LOX/LNG turbopump. Compared to a flight model, this engine offers improved control-
lability by utilising six electric valves in place of orifices and traditional pneumatic valves,
which typically have slower response times. This enables the engine to maintain the de-
sired operating point, even with varying conditions or component changes. However, the
integration of the mixer and turbopumps, driven by heated fuel from regenerative cooling,
results in a high degree of coupling, which introduces further complexities for engine con-
trol. Figure 1 presents a schematic diagram of both engines.
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Figure 1. Engine schematics of (a) the LE-5B-2 engine, featuring a mixer design and a partial admis-
sion turbine blade cross-section, and (b) the LUMEN demonstrator, showing cross-sections of the
LOx and LNG turbopumps (adapted from Ref. [5,6]).

Figure 1 provides a schematic comparison between the LUMEN FTP and LE-5B-2
engine systems. The LUMEN FTP increases the pressure of the LNG supplied from the
test bench interface. A portion of this pressurised LNG is subsequently routed to the Main
Combustion Chamber (MCC), controlled by the Fuel Control Valve (FCV). The remaining
cryogenic fuel is utilised to cool the combustion chamber walls in a counter-flow config-
uration. To ensure the necessary injection temperature for the supercritical gaseous fuel,
the heated fuel is partially mixed with fuel at a lower temperature, controlled by the Mixer
Control Valve (XCV), similar to the method used in the LE-5B-2 engine. The XCV is also
employed to control the pressure within the cooling channels, ensuring that the LNG re-
mains in a supercritical state. The excess heated fuel is used to cool the nozzle extension,
absorbing additional heat energy that is then utilised to drive both turbopumps. Similarly,
the LE-5B-2 engine uses liquid hydrogen (LH2) in an expander-bleed cycle to cool the
combustion chamber, with the heated hydrogen driving the turbopumps. This mirrors
LUMEN's use of excess heated LNG for cooling and power generation, ensuring efficient
performance under demanding conditions.

In both systems, turbine power is regulated through a series of control valves. In LU-
MEN, the Turbine Fuel Valve (TFV) manages the FTP, while the Turbine Oxidiser Valve
(TOV) controls the OTP. The LE-5B-2 features a similar arrangement of valves to control
turbine performance. Additionally, the LOX supplied from the test bench is fed directly
into the injector by the Oxidiser Turbo Pump (OTP), which is governed by the Oxidiser
Combustion Valve (OCV).

To ensure safe operation, the LUMEN system employs a Turbine Bypass Valve (TBV)
to release heated fuel and decelerate the turbopumps when necessary. Similarly, the LE-
5B-2 system includes a bypass mechanism to manage fuel release and maintain optimal
operating conditions. Furthermore, the Bypass Valve (BPV) in LUMEN regulates mass
flow in the cooling channels of the MCC, even when additional fuel mass is not employed
for injection or turbine operation. In both engines, the Main Fuel Valve (MFV) and Main
Oxidiser Valve (MOV) regulate the initiation and termination of combustion. Precise
valve control ensures safe ignition and combustion, facilitated by a torch igniter posi-
tioned at the injector head [5,17,19,21,22].
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Generalised Turbopump Model in EcosimPro ESPSS for Parametric Study

Most components of the liquid rocket engines operate under extremely harsh condi-
tions, making transient phase operations difficult to model. Start-up and shutdown
phases involve complex phenomena critical to engine design and performance evaluation,
such as reverse flow in pumps, combustion instabilities, two-phase flows, and tur-
bopumps operating outside their design parameters. To minimise the need for extensive
experimental testing and enhance engine reliability, simulations of the ignition and shut-
down transient periods are essential [23]. In response to these challenges, our study fo-
cused on designing a generalised turbopump model, including the Turbine Blade Fatigue
module that we developed. The schematic of the generalised turbopump with a Turbine
Blade Fatigue module is shown in Figure 2.
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Figure 2. Schematic of a generalised turbopump model, developed in the EcosimPro ESPSS envi-
ronment, incorporating a “Turbine Blade Fatigue” module for critical life assessment.

The configuration of the generalised turbopump comprises pipelines, valves, and or-
ifices, with turbine and pump components selected from the ESPSS turbomachinery li-
brary, integrated with the Turbine Blade Fatigue module. The piping system simulates
the network delivering gaseous nitrogen and LNG for the LUMEN engine and liquid hy-
drogen for the reference engine. Valve delays are adjusted using additional components
tailored to specific requirements. The operation of the turbopump is regulated by custom
parameters, performance maps, and dimensionless characteristic curves, aligned with the
validated engine specifications and EcosimPro ESPSS models. The generalised tur-
bopump model also accounts for various valve functions, including one that controls tur-
bopump power by adjusting the turbine’s mass flow and pressure ratio and another that
regulates the pump’s mass flow to manage the turbopump load. Control over pump pres-
sure and mass flow rate is essential for simulating transient conditions. The flow charac-
teristics describe how the flow coefficient varies with valve position. The Turbine Blade
Fatigue module supports multi-physics system-level simulations, providing rapid estima-
tions of turbine blade critical life and failure cycles under different operating conditions,
including transient modes. A detailed description of the developed module, along with
verification parameters, is presented in the following section.
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3. Turbine Blade Fatigue Module

This section details the development of the Turbine Blade Fatigue module, designed
for operation in EcosimPro. The blades and vanes of the turbopump are subjected to gas-
dynamic loads due to the pressure distribution across their aerofoil surfaces. As the rota-
tional speed increases, the blades also experience significant transverse loads along their
curvilinear paths, arising from gyroscopic moments and centrifugal transverse forces [24].

Turbine blade loads can be broadly classified into static and dynamic types, which
include fluid flow exerted on the blade profile, mass loads induced by centrifugal forces,
and loads generated by the elastic vibrations of the blades and rotor. These loads during
operation result in three principal stresses:

¢  Tensile stresses due to the rotating blade mass;

¢  Bending stresses induced by the medium acting on the blade profile, combined with
centrifugal stresses of the rotating blade mass and the blade’s transverse vibrations;

e  Tangential stresses resulting from torsional moments induced by the flowing me-
dium acting on the blade profile, along with torsional moments from the mass forces
acting on the blade and the torsional vibrations of the blade’s active section [25].

The analytical framework for calculating the primary loads—rotational forces, gas
pressure, and mechanical loads [4,5,10,21,25-29] —is outlined in Appendix A. The essen-
tial formulas for the fatigue module are provided in the following subsections and are
applicable to load calculations for any partial admission turbine blade. Table 2 summa-
rises the key geometric parameters for the LUMEN turbopump, along with hypothetical
values for the LE-5B-2 FTP turbopump, as illustrated in Figures A1l and A2. Using the
refined methodology from Ref. [5], along with the parameters in Table 2 and the equations
from Appendix A, the Turbine Blade Fatigue Module was developed to estimate the fa-
tigue life of the LUMEN and LE-5B-2 turbopumps.

Table 2. Input parameters for LUMEN OTP, FTP, and hypothetical LE-5B-2 class engine parameters
(marked “*”) derived from literature.

Nomenclature Parameter LUMEN LE-5B-2 * Unit
Mass of the blade m 0.0017 0.0013 kg
Blade centroid radius Rinean 0.0635 0.07875 m
L Nstat(OTP) 3 - -
Blade driving jets number T 5 m )
Fillet radius (transition be-
tween disc and blade) e 0.005 0.005 m
. heotp) 0.0093 - m
Blade height
adehelg hiee) 0.0097 0.0091 m
Blades number TNblades 65 97 -
1. o
Blade camber angle input g; ?z 61 75 .
. . torp 0.00370 - m
Blade maximum thickness ferp 0.00406 0.00499 m
Chord lengthoorrerrr) c 0.009 0.0075 m
Axial VeIOCitYStator exhaust C1a (OTP|FTP) 246.9 [ 257.7 617.6 m/S
Axial velocityrotor exhaust Caa (oTP|FTP) 201.91174.1 598.9 m/s
Tangential velocitystator exhaust Ciu (oTP|FTP) 875.61901.2 1886.8 m/s
Tangential velocityrotor exhaust Cou (otpIFTP) 406.91159 843.1 m/s
Mass flow rate m 1.046 0.491 kg/s
Borp 0.229 - -
Admission d
fission degree Orrr 0.356 0.441 ;
Density of the material Yinconel 718 8190 8190 kg/m?
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3.1. Stress Calculation Framework for Partial Admission Turbines
Within the Turbine Blade Fatigue module, the centrifugal stresses at the given radius
of the blade are estimated as highlighted in Equation (1):

2 rl 2 2 2
yw yw?m(R{ — R})
Z =A—iLA(R° Fdx = M

where “m(R? — R?) = @” represents a cross-section of the blade aerofoil through which
the flowing medium passes.

For the considered partial admission turbine, the gas bending stress is reduced to
zero in the non-admission parts of the turbine, where the stress amplitude o,,, obtained
by this 0D method is half of the maximum gas bending stress:

agb,max,OD
Oa,0p = a2 @)

The mean stress o,,op obtained by this 0D method is the sum of the centrifugal stress

and the stress amplitude:

Omop = Ocop T Ogop 3)

The main geometric parameters along with operating the conditions applied to the
calculations are presented in the following sections [30,31].

3.2. Fatigue Life Calculations

To evaluate fatigue life at a given stress ratio (alternating and mean stresses) consid-
ering material properties (ultimate and endurance strengths), the modified Goodman-
Haigh diagram is used, described by the following equation:

Oq Om 1

R 4)

Oy oyrs FS

f
where ¢, —alternating stress; o,, —mean stress; FS—safety factor; oy F endurance limit;

oyrs—ultimate tensile strength [32,33].
Furthermore, the following assumptions are made (i.a.w. the Ref. [34]), where the
Inconel 718 was studied):

e in the Goodman equation, the stress amplitude (o,,) is normalised by the stress am-
plitude at the endurance limit (gy,) and for fully reversed conditions, R = -1 to in-

crease accuracy, o, = 0;
e ata constant load, the mean stress is normalised by the failure stress (R =1, o, = 0);
e  the combination of the Basquin type and the Goodman equation is applied, where:

o = ANF' (5)

where “A’=7160 MPa”, “B’ =-0.1872", and “C’=1154 MPa” are the fitting parameters as
compiled to be fitted in accordance with HCF tests carried out in the specified gas. A
modified Goodman equation is then used to determine the number of cycles until failure
“N;” (as proposed in Ref. [34]):

The endurance limit is assessed with a Goodman—Haigh diagram.
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3.3. Material Properties

The LUMEN turbine blades are made of Inconel 718, and it is similarly assumed that
the reference engine’s turbine blades are also fabricated using Inconel 718. As discussed
in several studies, e.g., Ref. [34-36], the mechanical properties of Inconel 718 vary based
on the heat treatment applied. For instance, solution treatment and ageing (ST + A) lead
to cyclic softening, whereas direct ageing (DA) results in cyclic hardening at elevated tem-
peratures. In the ST + A condition, Inconel 718 exhibits initial hardening, followed by fa-
tigue softening under ambient temperatures, which has also been observed in other heat-
treated variants of the alloy with extended aging [36]. Moreover, the mechanical behav-
iour of nickel-based superalloys, such as Inconel 718, is highly influenced by their chemi-
cal composition and microstructure, including factors such as grain size, y'/y” phase size
and distribution, carbide and boride content, and grain boundary characteristics. Inconel
718 is characterised by a face-centred cubic (FCC) y matrix, which contains the various
strengthening phases. The primary strengthening mechanism in this alloy is the metasta-
ble y” phase, which may transform into the stable 6 phase (NisNb) after prolonged expo-
sure to temperatures above 650 °C, resulting in degraded material properties [37].

In this research, the reference engine’s turbine blade material properties were ap-
proximated from literature data. The properties of Inconel 718 in GH2 and Argon, up to
the endurance limit of around 250 MPa at 2 x 10¢ cycles (at a mean stress of 500 MPa), were
taken from Ref. [34], including values such as fatigue strength, true stress at fracture, and
tensile strength. Additionally, the yield strength (YS = 1150 MPa) was derived from Refs.
[38,39]. Based on this data, the Goodman-Haigh diagram (Figure 3) was developed.
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Figure 3. Mechanical properties of Inconel 718 with (a) a Goodman-Haigh diagram for Inconel 718
illustrating 2 x 10° cycles to failure, and (b) top—mean stress vs. number of cycles to failure at a
fixed stress amplitude of 218 MPa; bottom —stress amplitude vs. number of cycles to failure at a
fixed mean stress of 500 MPa (adapted from Ref. [34]).
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The stress concentration factor, based on the ratio of the fillet radius to blade thick-
ness, was applied as shown in Figure 4 to account for the transition area between the blade
and the disc.
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Figure 4. Stress—concentration factor as a function of the fillet radius and the blade thickness
(adapted from Ref. [10,27,40]).

For comparison purposes, the LE-5B-2’s firing duration requirement of 2336 s was set
as a boundary condition in the analyses. Based on this firing duration and the rotational
speed of the turbopump, the turbine blade’s expected lifespan was estimated at 2 million
cycles before failure for both the reference engine and the LUMEN FTP, and 1 million
cycles for the LUMEN OTP. To accommodate variations in operating conditions during
start-up and shut-down transients, we developed a model in EcosimPro, and the results
are detailed in the following section.
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4. Results and Discussion

This section presents the results of the transient and critical design point analyses.

4.1. Transient Analysis Results

Based on the operating conditions of the LUMEN turbopump, the primary parame-
ters of the developed generalised turbopump model, which incorporates the ‘Tur-
bine_Blade_Fatigue’ module, were validated by referring to data from Figures 5-7. The
validation range includes representative conditions observed during tests at the LUMEN
test bench. The mean stress and stress amplitude were estimated based on input parame-
ters and the given operational conditions. The model enables quick predictions of ex-
pected stresses and the fatigue life of the turbopump blades. Throughout LUMEN opera-
tion, various load points were tested under different conditions over approximately 100 s,
with peak loads occurring between 100 and 200 s. These conditions are reflected in the
plotted design point on the Goodman-Haigh diagram.

Figure 5 presents an example of the transient analysis results based on the opera-
tional envelope of the LUMEN FTP turbopump, incorporating temperature and rotational
speed.

5000

0 50

4000

3000

00

00

ROTATONAL SPEED (rad/s)

150 200 0 50 150 200

100 100
TIME ) TIME )

(a) (b)

Figure 5. Example of the transient analysis results based on the LUMEN FTP turbopump opera-
tional envelope with (a) temperature and (b) rotational speed in rad/s.

In the LUMEN turbopump, friction losses generally result in a reduction of total tem-
perature post-expansion; however, the drop in total outlet temperature remains insignifi-
cant across all operational conditions. As a result, the structural temperatures of the stator
and rotor remain largely consistent. The operating sequence initiates with cooling of the
pump and chilling of the downstream pipeline, followed by turbopump startup until the
target operational speed is achieved. Once nominal speed is reached, the turbopump
maintains steady operation until shutdown. The primary variations in blade film coeffi-
cient and temperature occur during this nominal phase. During the approximately 300-s
chill-down phase, the turbine blade’s enthalpy remains relatively stable, as the chill-down
process predominantly affects the pump and shaft components. Following chill-down, the
shaft region reaches a minimum temperature of 280 K, ensuring the BLISK (blade inte-
grated disc) is not exposed to cryogenic temperatures, thereby preserving the turbine’s
structural integrity prior to full operation.

The primary stresses on the blades, including bending and centrifugal stresses, were
calculated using the methodology outlined in a previous section. Figure 6 provides an
example result from the transient analysis of the LUMEN FTP, utilising the Turbine Blade
Fatigue module, with the highest loading conditions observed between 100 and 200 s.
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Based on the calculated bending and centrifugal stresses, along with parameters such
as rotational speed and mass flow, the amplitude and mean stresses were estimated, as
illustrated in Figure 7. For both the LUMEN FTP and the reference engine, the highest
mean stress and stress amplitude occur at the nominal operating conditions. The proposed
fatigue model assists in evaluating the critical design points and combined fatigue loading.

100 — Bending stress per blade

— Centrifugal stress per blade

80

60

40

STRESS (MPa)

-20 1 ' ' ' ' 1
0 50 100 150 200
TIME ()

Figure 6. Transient results for the LUMEN FTP, illustrating bending and centrifugal stresses at the
leading and trailing edges of the blades within the operational envelope.

120 - — Mean stress
— Stress amplitude

100 -

80 -

60 -

10

STRESS MPa)

20

-20 ‘ ‘ \ ‘ |
0 50 100 150 200
TIME )

Figure 7. Transient fatigue results for the LUMEN FTP: mean and amplitude stresses within the
specified operational envelope.
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4.2. Results of Critical Design Point Analysis

Figure 8 illustrates the Goodman-Haigh diagram showing fatigue life results for the
LUMEN OTP, FTP, and the reference engine FTP at the design point stress ratio (alternat-
ing and mean stresses). As noted earlier, the S-N curve used to determine the evaluated
loading conditions and the impact of mean stress on fatigue life, as depicted in the Good-
man-Haigh diagram, was sourced from the literature [34].

T T [ N I
Stréss, aﬂplltudé, Ty ﬁ

OTP, R

LUMEN (1e6):'1

= FTP yven Rioes™1
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P Goodman-line
,r’( SFore Lumen e -
100 -
A S e T
& e __/—‘e‘

| | | | | | czzqsk-r " FTP LE-6B-2 Clas Engine | | | o ;
Y$(2e6)
PR R R R G S A S O T P N RS NN \,53{ AN

UT:

Mean Stress, [

Figure 8. Goodman-Haigh diagram for Inconel 718 showing 2 x 10° cycles for the LUMEN FTP and
OTP, along with the LE-5B-2 class engine FTP, at the specified design condition point.

As highlighted in the Goodman-Haigh diagram, the LUMEN and the reference en-
gine FTP exhibit similar stress levels under nominal operating conditions. Despite the
higher mean stress, the stress amplitude remains relatively low —around 23 MPa. Further-
more, the fatigue life is found to be significantly higher than the 2 million cycles estimated
as the reference engine’s minimum life for a firing duration of 2336 s.

The calculated stresses for a given design point are presented in Table 3. The esti-
mated factor of safety (SF) for LUMEN OTP and FTP is: SFrumen ote = 7.9, SFrumenFre = 5.2.
The safety factor of a reference engine is SFrer engine rre = 8.5. Due to the low stress amplitude,
the HCF life of the LUMEN and reference engine turbine blades, as predicted by Equation
(6), is as high as 17 trillion cycles before failure for both OTP and FTP. The allowable stress
amplitude and mean stress will decrease if the number of operating cycles increases, as
would be expected in a reusable unit application. In accordance with Ref. [34], and as
shown in Figure 3, for Inconel 718 at 1 x 107 cycles, the allowable mean stress and stress
amplitude are 200 MPa and 170 MPa, respectively.
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Table 3. Worst-case design point of the LUMEN and reference engine TP.

LUMEN LE-5B-2 Class Reference

Nomenclature Parameter OTP | FTP Engine FTP Unit
Cyclic stress Ocyclic 44146 22 MPa
Stress amplitude o, 22123 11 MPa
Mean stress Om 521132 121 MPa

In the case of the LE-5B-2 class engine, the allowable stress estimates are considered
less conservative due to potential factors such as thermal shock during transient start-up
and shutdown phases [41], or the risk of hydrogen embrittlement (HE) when the alloy is
exposed to hydrogen gas or hydrogen-containing compounds like hydrogen sulphide
(H2S), hydrogen chloride (HCI), or hydrogen bromide (HBr). Such exposure can reduce
the metal’s fracture toughness or ductility due to atomic hydrogen infiltration [42]. The
embrittlement effect is particularly pronounced in the aged alloy condition, where y” and
¥’ precipitates are present, compared to the solution-annealed condition [37].

Figure 9 illustrates the typical impact of hydrogen embrittlement (HEE) on the low
cycle fatigue (LCF) and high cycle fatigue (HCF) properties of the Inconel 718 superalloy.
These tests were conducted at room temperature under a hydrogen pressure of 5 ksi (34.5
MPa). It is important to note that the HCF range in this figure is defined as when the
cumulative fatigue life (CTF) exceeds 1 million cycles.

1200 I
Helium (34.5 MPa)
== «== Hydrogen (34.5 MPa)

1100
© 1000 mai
[
= ™N
- ~ o
= ~
S 900 -
£ S <4 M
< =~ -~
17 ® -
(7] - ——
[F] - -
Q _— e
ey
n

800

700

1000 10,000 100,000 1,000,000 10,000,000

Cycles to Failure

Figure 9. Effects of hydrogen pressure (34.5 MPa) at room temperature on the HCF of Inconel 718.
(source: [42]).
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5. Summary and Conclusions

In this work, a transient model was developed using the EcosimPro parametric tool
and applied to both the LUMEN demonstrator and the LE-5B-2 class engine, with hypo-
thetical parameters sourced from the literature for the latter. The model integrates the
Turbine Blade Fatigue Module, which we specifically designed to estimate the fatigue life
of turbopump blades and to interface with the EcosimPro software. The results indicate
that the high cycle fatigue life of the LUMEN and reference engine blades is exceptionally
long, owing to the low stress amplitude. Within certain limitations, the model serves as a
reliable tool for predicting turbine blade fatigue life under user-defined conditions, con-
tributing to the optimisation of blade design and operational safety.

In future work, further validation of the model will require conducting experiments
to investigate material properties under low cycle and high cycle fatigue conditions, con-
sidering the influence of temperature, manufacturing processes, and exposure to various
fuels—particularly since many LUMEN demonstrator tests have been conducted with
nonreactive nitrogen. Additionally, enhancements to the transient analysis and damped
vibration modelling of turbine blades in the non-admission sections of the turbine are
planned. Extended fatigue life analysis will also be pursued, incorporating a damage ac-
cumulation method as referenced in studies [43,44] to improve the accuracy of LCF mod-
els. Finally, the impact on blade life due to factors such as multiaxial fatigue —combining
HCF and LCF—creep, and corrosion will be further evaluated using developed models
across different engine applications.
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Nomenclature
Nomenclature Description Unit Nomenclature Description Unit
a,b distances between given axes ~ m N number of cycles until failure -
A cross-sectional area of the blade m? Tistat number driving jets number -
AL B, C fitting para@eters for cycl:e num—' MPa P, P, bending force acting on rotor N
ber calculation, MPa for A" and C blade
selected theoretical centre of grav-
CB ity & R stress ratio, or radius -
CG calculated blade’s centre of gravity m Rinean Blade centroid radius m
c chord length m Tfillet fillet radius, disc-blade transition —m
d1, d2, geometrical parameters to calcu-
trapezoid, brrapezoia,  late the blade contour and mo- cross-section area of the turbine
. . . . . Sx . . . . m?
YcG, Yapezoid,  ments of inertia, as highlighted in blade in the inertia calculations
htmpezvid, Resemicircte Figure A2
Cia axial velocity —stator exhaust m/s t maximum blade thickness m
Caq axial velocity —rotor exhaust ~ m/s x selected distance m
Ciy tangential velocity —stator exhaust m/s Xchord half of the chord length %2 “c” m
Coy tangential velocity —rotor exhaust m/s Pir, Bor blade camber angle input deg.
centrifugal force acting on rotor L
F & & N G admission degree deg.
blade
FS safety factor - p fluid density on the blade kg/m3
g acceleration due to gravity =~ m/s? O, alternating stress MPa
h blade height m oc centrifugal stress MPa
Ly Iy, S .
I ; area moments of inertia m* Ogb gas bending stress MPa
xo0, Lyo
Iy specific impulse sec Om mean stress MPa
l blade length m ONg endurance limit MPa
m blade mass kg Oyrs ultimate tensile strength MPa
m mass flow rate kg/s Y Inconel 718 density kg/m3
Moo M cross-section of the blade aerofoil
Mx Y Myg’ bending moments Nm Lo through which the flowing me-  m?
e dium passes
Tblades blades number - ) angular velocity rad/s

Appendix A

This appendix presents a comprehensive set of equations for the calculation of tensile
loads and bending stresses on turbine blades, induced by centrifugal forces and fluid pres-
sure. The equations address various stress components, including centrifugal forces
across blade sections, bending moments, and stresses within the outer layers of the blade.
Additionally, geometric parameters and velocity triangles are utilised to calculate mo-
ments of inertia and gas-induced bending stresses. The methods outlined are integral to
the Turbine Blade Fatigue Module developed in this work, providing accurate estimates
of fatigue life under diverse operating conditions [5,16].

Appendix A.1. Tensile Loads on Blades Induced by Centrifugal Forces

“u

For a rotor that spins with an angular velocity “w”, a differential centrifugal force
exerted on a blade segment of length dR is determined as per Equation (A1):

!
F, = ywzf A(Ry + x)dx (A1)
xi
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The maximum stress caused by the centrifugal force is calculated for the cross-sec-
tion at the blade root, at “Ro”, using the following equation:

!
Fy = waJ- A(Rg + x)dx (A2)
0

As a result, the centrifugal stresses at a specific blade radius are determined as out-
lined in Equation (A3):
: yo? n(RE = RY)

l
f A(RO + x)dx = TT (A3)

40
4;

Op =

where “n(R? — R?) = ®” represents the cross-sectional area of the blade aerofoil through
which the flowing medium passes. Using Equation (A3), the admissible stresses “k"” act-
ing on the blade material are estimated. Depending on the blade material, operating con-
ditions (e.g., flowing medium, temperature), and the admissible stress factor, the elastic
deformation of the blade is then calculated:

yw? (R

Al =
2gE Ro

yw? R, R:
(R} —rP)dr; = 6g—ER13 (2 - 3R—‘1’+R—‘1; (A4)

Finally, the tensile loads on the blade, induced by the centrifugal forces from the
rotating blade mass, are calculated using a tabular approach [25].

Appendix A.2. Bending Moments Induced by Fluid Pressure and Centrifugal Loads

The fluid medium passing through the blades generates dynamic force and force in-
duced by the pressure difference between the front and rear parts of the blade. The force
components, labelled as “Px” and “Py”, and highlighted in Figure A1, are determined from
Equation (A5) with a second flow rate parameter of the working medium “m” and admis-
sion degree “©”. For short blades, it is common practice to approximate the load intensity
at the mean blade radius. Additionally, in the case of an active turbine where p1 = p2, the
expression can be further simplified.

2nr 2nr
P = e (p1 —p2) — ?PCm(CZa — C1q)
, (A5)
r
Py = _?pcla(‘:Zu — C1u)

The axial “c1s, c2” and tangential “c1, c2.” velocities at the stator- and rotor-exhaust
in the stator frame of rotation are calculated in accordance with a set of equations pre-
sented in Ref. [45]). The density of the working fluid acting on the blade “p” is calculated
based on the operating temperature and pressure ranges, along with the specific gas con-
stant. All these factors are critical in transient calculations. A change in axial and tangen-
tial velocities, mass flow, rotational speed, etc. influences the fatigue life of the turbine

blade. The bending moments are subsequently calculated with Equation (A6):

l 2
(= z)
M, = LO Py (z — zp)dz = PyT Ny
l (- 2)? (Ao
My = f Pz - )z = B

As in the case of tensile load calculations, the bending moments are calculated using
a tabular method, where the blade is sectioned along the height, similarly to what was
presented in Figure Al. To calculate the total bending moment about the x-axis in section
“1” induced by centrifugal loads, the following Equation (A7) is applied:
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( Y L (®
I beending = szf A(le - le)dR

i (A7)

y L, (M
Ybending = Ew .L A(x - xl)RdR
1Zm
dF
x o+do

) I

- A
w
CG Xogis
\Axial direc§on

o
Xchord axs

chord ¢

AX

Figure A1. Schematic representation of a generic turbine blade, illustrating the blade geometry with
parameters including “Ro” —root radius, “Ri1” —tip radius, and “Rmen” —blade centroid radius.

Appendix A.3. Bending Stresses in the Blade’s Outermost Layers

To determine bending stresses in the blade’s outer layers, the centre of gravity and
moment of inertia for the blade profile are calculated. Geometrical parameters (Figure A1)
and velocity triangles (Figure A2) are used for turbine stress calculation. The blade profile
is approximated using geometrical figures, enabling quick stress estimation.

Vo
R -
—
—
X —

—] — A Inlet Velocity Outlet Velocity
N ) A v‘ 2 Diagram Diagram
Sl® - el

iy =7 )< Vg Ve
V2 u’;
Y Ay -
Ve .
b 5| eyffv =
LB

- — <
| ai
(a) (b)

Figure A2. Schematic cross-sections of the LUMEN impulse turbine blade profile, highlighting: (a)
blade geometry with central axis system and bending moments acting on the profile; (b) velocity
triangles at the inlet and outlet of the blade.
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As shown in Figure A2, the moments of inertia of the LUMEN’s impulse turbine
blade are calculated in accordance with Steiner’s parallel axis theorem:
I, = I, — Ad?
I, = I, — Ab® (A8)
Iy = Ly y, — Aab
where “A” is the blade’s cross-sectional area and ‘a” and ‘b’ are distances between the axes.
The centre of gravity for the LUMEN impulse turbine profile is calculated as follows:

di =Yce — YVtrapezoid

dy = Yce — Vsemicircle
(a+b)h nR?
SXITB = [( 2 (_dl) - T (_dz)
9 (A9)
(a+b)h wR?
area — T - T
Y Agrea

which leads to Equation (A10) for centre of gravity.

The turbine area moments of inertia about the central principal axes are calculated
by Equation (A11) for an impulse turbine type.

+3b)h® mR*
(1= e = [T
4 , _[ta+b)@®+b*)h (a+b)h , mR* mwR? 5 5 (A1)
L1y=1yo—Ab = 15 + (5 (dy + CBY?| =[5~ +——(d; + CB)?] — Ab

As impulse turbine blades are symmetric, the “x = 0” and “M,, = M,” and "M, =
—M,” therefore, the bending stress at any arbitrary point of the section is determined by:

M

Ogas bending = ?x:y (A12)

A change in the angular momentum of the gas in the tangential direction induces a

force that generates useful torque and an axial gas bending moment. This leads to tensile

stress on the leading and trailing edges, and compressive stress on the suction side of the

blade, with the highest stress typically occurring at the leading or trailing edge of the root

section [5,10,11,26,46]. The velocity triangle schematic, shown in Figure A2b, is employed
for calculating gas bending and centrifugal stresses.
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