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Abstract
The paper in hand thematises a fatigue life analysis methodology for liquid rocket engines, with maiden fo-
cus on the combustion chamber. The method of analysis combines the engine cycle modelling tool Ecosim-
Pro/ESPSS with 2-d Finite Element analysis methods developed by DLR’s Institute of Space Propulsion.
From the starting point of a generic LOx/LH2 engine three objectives are pursued, changing the power
cycle, the propellant combination to LOx/LCH4 and lowering the chamber pressure. The results of the
trade-off study focusing on the fatigue life expectancy are presented in detail.

1. Introduction

The (partial) reusability of launch systems provides a possibility of significantly reducing the costs associated with
rocket launches. Currently technically feasible concepts of reusability focus on reusable booster stages. With the
Falcon 9 launch vehicles, SpaceX demonstrated its ability to successfully return the first stages of orbital launchers.
Furthermore, SpaceX conducted a re-flight of a recovered first stage in March 2017 and once again landed the booster.
In order to bring down the costs, it is absolutely necessary to reduce the required refurbishment to a minimum. This
is particularly true of the engines which are responsible for a large fraction of the total stage cost.4 To make things
worse the propulsion system belongs to the most critical subsystems of a launch system.7 This is driven by the extreme
operational load conditions to which the system is exposed during operation. It follows that cost-effective reusability
of booster engines is a key technology for (partial) reusability of launch systems.

Therefore, a detailed understanding of the failure mechanisms and the influence of essential design choices like the
cycle variant as well as the propellant combination on the fatigue life expectancy of liquid rocket engines is desirable.
Design parameters like the chamber pressure also have significant implications for the fatigue life.
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1.1 Methodology

This section describes the methods used for the following investigation. The baseline for each life expectancy calcu-
lation is a careful analysis of the engine cycle. Engine cycle analysis is invaluable, enables a rough estimation of the
engine’s specific impulse and allows the definition of the interfaces between the engine and the launch vehicle in terms
of high level parameters. In addition the chosen cycle has a decisive influence on the fatigue life. To show this, 2-d
finite element analysis methods are utilized, which use the previously generated cycle analysis results as input values.
The fatigue life expectancy of the engine can be estimated by determining the fatigue life expectancy of the individual
components. Components exposed to high loads are for example the turbomachinery and the combustion chambers.11

Calculation methods which focus on the expected fatigue life of the main combustion chamber are already several years
in development at DLR’s Institute of Space Propulsion and have been continuously improved.9

Recall that the combustion chamber of a cryogenic rocket engine is exposed to serious thermal and mechanical loads
during operation.8 The thermal loads consist basically of two contributions. First, there is a large temperature differ-
ence between the hot gas side and the coolant side of the chamber wall, which tries to bend the internal shell. Second,
there is an even larger temperature difference between the inner liner and the stiff external outer jacket. The resulting
thermal stresses are usually beyond the elastic limit of the copper alloy used for the inner liner. The mechanical loads
are due to the pressure differences between the interior of the chamber and the cooling channels at a certain axial posi-
tion. The pressure in the cooling channels is among other things dependent on the required exit pressure at the outlet
of the regenerative cooling and thus also the cycle choice plays a decisive role.

Figure 1: Process Cycle

1.2 Cycle Analysis with EcosimPro/ESPSS

The cycle analysis is carried out with the simulation tool EcosimPro, developed by EA Internacional. It is designed
to model complex physical processes and 0-d and 1-d mathematical models. Both continuous and discrete systems
can be modelled. The software contains an object-orientated programming language and a user-friendly graphical
user interface. The graphical user interface enables to combine different components, which are arranged in several
libraries. Of particular interest are the European Space Propulsion System Simulation (ESPSS) libraries, which are
commissioned by the European Space Agency (ESA). These EcosimPro libraries are suited for the simulation of liquid
rocket engines and have been constantly upgraded in recent years. In order to improve the quality of the results, it
is nevertheless indispensable to add more detailed calculation methods for certain components. Fortunately, this can
be easily done thanks to the open software architecture. For example, the original heat transfer calculation present
in the ESPSS library is modified in such a way that the expected efficiency of the cooling ribs is better reproduced.
EcosimPro/ESPSS allows to analyse steady and transient conditions, e.g. start-up and shutdown of an engine. For the
preliminary trade-off study steady state simulations are sufficient.
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1.3 Thermal & Structural Analysis with ANSYS

The basis for the 2-d Finite Element analysis is formed by the values of certain key parameters, in part generated by
the cycle analysis, as for example the pressure in the chamber and the cooling channels, the temperature on the hot and
cold gas side, as well as the cooling channel geometry at the nozzle throat cross section. The failure of the chamber
wall is assumed to occur in this cross section.The following analysis focuses on a half cooling channel + half rib model
of a chamber wall section at the nozzle throat. The combustion chamber wall is assumed to have a Copper alloy inner
liner and a galvanically deposited Nickel outer shell. Figure 2 (a) shows the boundary conditions used for the thermal
analysis. As approximation a linear temperature decrease to the temperature of the coolant is assumed.

(a) Boundary Conditions (b) Temperature Profile dur-
ing Operation

Figure 2: Thermal Analysis

(a) Boundary Conditions (b) Strain Profile during
Operation

(c) Strain Profile after Op-
eration

Figure 3: Structural Analysis
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The boundary conditions for the structural analysis are given by the loads due to the pressures which are present in
the main combustion chamber and cooling channels as well as symmetry conditions. Elasto-plasticity according to
the rate independent version of the Chaboche model with kinematic hardening and isotropic softening for T = 900 K
and additionally isotropic hardening for the first few cycles for the temperature levels of T = 300 K, T = 500 K and
T = 700 K is selected for the structural Finite Element analysis of the chamber wall cut-out.10 For efficiency reasons,
just the very first loading cycle of the engine (first pre cooling, first hot run, first post cooling and relaxation back to
ambient condition) is modelled by the Finite Element method.

1.4 Fatigue Life Prediction

For the assumed failure node of the Finite Element model, the minimum strain εmin, the maximum strain εmax and the
strain εend at the end of the loading cycle is extracted from the 2-d Finite Element analysis solution field and taken into
account by the following post processing procedure:
The cyclic strain difference 4ε = εmax − εmin is used as the main input value for the temperature dependent Coffin-
Manson model, resulting in the number of cycles-to-failure NLCF,Co f f Mans(4ε,T ) in the absence of any ratcheting
deformation. The Coffin-Manson usage factor uCo f f Mans(4ε,T ) is then defined as the reciprocal value of the number
of cycles-to-failure determined by the Coffin-Manson method:

uCo f f Mans(4ε,T ) =
1

NLCF,Co f f Mans(4ε,T )
. (1)

The temperature dependent ratcheting caused ductile failure usage factor uratch(εend, εult(T )) is defined by:

uratch(εend, εult(T )) =
max(0, εend)
εult(T )

, (2)

with εult(T ): The temperature dependent ultimate strain of the chamber wall material. Then, the two usage factors are
summed up to get the (temperature dependent) total usage factor utotal(T ):

utotal(T ) =
1

NLCF,Co f f Mans(4ε,T )
+

max(0, εend)
εult(T )

. (3)

Finally, the total number of cycles-to-failure NLCF,total (combining Low Cycle Fatigue according to Coffin-Manson with
the ratcheting caused ductile failure of the structure) is determined as the reciprocal value of the total usage factor:

NLCF,total(T ) =
1

1
NLCF,Co f f Mans(4ε,T ) +

max(0,εend)
εult(T )

. (4)

The implemented method allows to examine the direct impact of design decisions on the fatigue life expectancy of the
main combustion chamber. It would be desirable to have analogous methods for determining the fatigue life expectancy
of the turbomachinery (especially the turbines) at one’s disposal. For the turbines the load cases include among other
things rotational loads, thermal loads as well as mechanical loads due to the pressure differences along the blades.11

The difficulty is that the estimation should only include the implications which are present in the generic case and not
focus on some detailed design. Such a correlation is at the moment out of scope. Nevertheless simple implications are
obvious, e.g. in terms of the life expectancy higher turbine inlet temperatures are not favourable.
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2. Investigated Cycle Variants

This section describes the considered engine cycle variants. The focus of this study are liquid rocket engines suit-
able for the first stage application of orbital launchers. Therefore, the chosen cycles for the analysis of fatigue life
expectancies are on the one hand two open cycles; the gas generator and the expander bleed,2 and on the other hand
two closed cycles; the fuel rich staged combustion and the full flow staged combustion.5 All of the above mentioned
engine cycles have a realistic potential to be chosen for a new engine development or are already state of the art for
launcher propulsion systems. In addition to the comparison of the cycles, the analysis has been carried out with two
cryogenic propellant combinations, LOx/LH2 and LOx/LCH4. LOx/LH2 is the currently favoured propellant combina-
tion in Europe and is used in a wide range of rocket engines. However, methane as fuel is under investigation at many
space agencies and in the industry all over the world and could have significant benefits compared to hydrogen.6

The baseline for this study is a LOx/LH2 engine with a chamber pressure of 100 bar, generating a vacuum thrust of
1000 kN and employing a gas generator cycle. This generic engine is not linked to any existing development project.
From this starting point three objectives are pursued, changing the power cycle, the propellant combination and low-
ering the chamber pressure. All engines are designed to achieve a vacuum thrust of 1 MN and the nozzle expands to a
ambient pressure of pe = 0.4 bar.

The most important parameters of each cycle are displayed in the tables below.

Table 1: Main Parameters

Parameter LOx/LH2 LOx/LCH4

Combustion Chamber Mixture Ratio [-] 6 3.4
Main Combustion Chamber Pressure [bar] 100 100
Vacuum Thrust Level [kN] 1000 1000
Turbomachinery Efficiency [-] 0.7 0.7

Table 2: Open Cycle - Parameters

Parameter Gas Generator Expander Bleed
LOx/LH2 LOx/LCH4

Gas Generator Mixture Ratio [-] 0.97 0.375 -
Turbine Pressure Ratio [-] 20 20 20
Turbine Inlet Temperature [K] 991.82 994.10 251.89

Table 3: Closed Cycles - Parameters

Parameter Fuel Rich Staged Combustion Full Flow Staged Combustion
LOx/LH2

Oxidizer Rich Preburner Mixture Ratio [-] - 171
Fuel Rich Preburner Mixure Ratio [-] 0.645 0.495
Turbine Pressure Ratio [-] 1.217 1.217
LOx-Turbine Inlet Temperature [K] 770.49 592.38
LH2-Turbine Inlet Temperature [K] 770.49 625.05
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(a) Schematic of Gas Generator Cycle (b) Schematic of Expander Bleed Cycle

Figure 4: Schematics of Open Cycles

(a) Schematic of Fuel Rich Staged Combustion Cycle (b) Schematic of Full Flow Staged Combustion

Figure 5: Schematics of Closed Cycles
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3. Design Logic

3.1 Design Logic of Combustion Chamber and Nozzle

The design logic of the combustion chambers and the nozzles of the different cycles is based on the targeted perfor-
mance characteristics of the rocket engines, which are the thrust level, the pressure and the mixture ratio in the main
combustion chamber. Besides, additional parameters are fixed to enable the comparison of the engines; the contraction
ratio, the characteristic length, the design contour of the main combustion chamber and the nozzle and the ambient
pressure.

With the help of NASA’s Chemical Equilibrium with Applications (CEA) and the fixed performance values the thrust
coefficient cF , the characteristic velocity c∗ and the area expansion ratio ε are calculated. As a consequence, by using
the following equations the throat section of the engines is calculated, which is the baseline for the chamber and nozzle
design:

F = ṁ Isp = ṁ cF c∗, (5)

c∗ =
A∗ pC

ṁ
, (6)

where ṁ denotes the chamber mass flow rate, Isp the specific impulse, A* the critical section area and pc the pressure
in the main combustion chamber.
The design of the contour of the main combustion chamber and the nozzle is based on the values published by Huzel3

and created with CAD. The combustion chamber is assumed to be a cylindrical chamber including a bottleneck section
until the throat. Additionally, the characteristic length of the main combustion chamber for all cycles is determined to
L*H2 = 700 mm for hydrogen and L*CH4 = 800 mm for methane. The volume of the cylindrical and the bottleneck part
are dimensioned to fit the defined characteristic length. An expander bleed cycle does not have a gas generator and
preburner respectively; the turbomachinery is driven by a fraction of the propellant that picked up heat energy in the
cooling channels of the regenerative cooling. To increase this heating the length of the chamber is typically increased
compared to the chamber length of a gas generater cycle with the same chamber pressure. In order to guarantee a real-
istic expander bleed simulation, the chamber length of the expander bleed cycle was set to be four times the diameter
of the chamber.

The nozzles are based on a parabolic approximation of a bell nozzle based on a 15◦ conical nozzle and are designed
according to Figure 6.

Figure 6: Parabolic Approximation of Bell Nozzle Contour
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The most important geometric parameters are displayed in Table 4.

Table 4: Geometric Parameters

Parameter Gas Generator Expander Bleed Closed Cycles
LOx/LH2 LOx/LCH4

Throat Diameter [mm] 264.1 263.2 264.1 264.1
Contraction Ratio [-] 2.3 2.3 2.3 2.3
Expansion Ratio [-] 25.04 27.89 25.04 25.04
Chamber Length [mm] 376 418 1602.1 376

3.2 Design Logic of Regenerative Cooling

Assuming a fixed propellant combination and chamber pressure, the cooling channel geometry is the same for the
considered gas generator, fuel rich staged combustion and full flow staged combustion cycles and the exact dimensions
can be extracted from Table 5. Only the geometry of the expander bleed cycle cooling channels differs from these
values, due to the fact that the coolant mass flow rate is reduced to increase the specific heat up and thereby the
efficiency of the engine. Table 6 shows the cooling channel geometry for the LOx/LH2 expander bleed cycle. The
different height of the cooling channels guarantees that the the maximum temperature of the combustion chamber wall
equals 900 K at the nozzle throat for each case. Furthermore, the regenerative cooling always starts at an area expansion
ratio of ε = 15 and streams in counter-flow direction until the chamber inlet.

Table 5: Cooling Channel Geometry - LOx/LH2

Parameter Unit Value
Number of Cooling Channels - 276
Cooling Channel Width mm 2
Cooling Channel Height mm 23.8
Inner Wall Thickness mm 1

Table 6: Cooling Channel Geometry - LOx/LH2 - Expander Bleed

Parameter Unit Value
Number of Cooling Channels - 276
Cooling Channel Width mm 2
Cooling Channel Height mm 20.35
Inner Wall Thickness mm 1
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4. Results

Within this section the achieved results of the study are discussed and the values of importance are displayed in the
tables below.

Table 7: Performance Levels

Engine Cycles Isp [s] Expected Numbers of Cycles [-] Turbine Inlet Temperature [K]
Turbine 1 Turbine 2

LOx/LH2

Gas Generator 418.68 66 991.82 -
Expander Bleed 403.36 54 251.89 -
Fuel Rich Staged Combustion 425.03 49 770.49 770.49
Full Flow Staged Combustion 425.02 50 592.38 625.05

LOx/LCH4

Gas Generator 330.75 71 994.13 -

Table 8: Cooling Channel Pressures

Engine Cycle Cooling Channel Pressure [bar]

LOx/LH2

Gas Generator 121.32
Expander Bleed 154,33
Fuel Rich Staged Combustion 166.83
Full Flow Staged Combustion 165.37

LOx/LCH4

Gas Generator 138.34

The results in Table 7 show, that for our assumptions the combustion chamber of the gas generator cycle has the highest
number of cycles-to-failure, more precisely an expected number of 66 cycles. It is followed by the expander bleed cycle
with 54 expected cycles-to-failure. The staged combustion cycles possess an even lower number of expected cycles-
to-failure, namely 49 cycles and 50 cycles respectively. The cause for this result is the different pressure present in the
cooling channels at the throat. In case of the expander bleed cycle the higher cooling channel pressure is necessary
due to the increased chamber length and the decreased coolant mass flow rate. The pressure in the cooling channels is
also higher for the staged combustion cycles. In this case, the reason is the higher exit pressure required at the outlet,
because the fuel enters the high pressure preburners after leaving the cooling. Thus the mechanical loads are increased
compared to the gas generator cycle.

It is important to emphasize that the mechanical loads due to the pressure differences are usually secondary and that
the primary influence on the fatigue life of the combustion chamber is given by the thermal loads. Due to the boundary
condition of 900 K as the maximum chamber wall temperature, the thermal loads at the throat of the combustion cham-
ber are almost similar for each cycle variant, see Table 9. This circumstance is easy to understand. The thermal loads
depend on the heat flux, the material selection and the cooling channel geometry. In this trade-off study the material
selection is assumed to be fixed. The cooling channel height is slightly reduced for the expander bleed cycle to achieve
the same cooling efficiency for a reduced cooling mass flow rate. Apart from that, the cooling channel geometry is also
assumed to be fixed. A small difference is caused by the slightly different coolant temperatures which lead to a heat
flux change.

Clearly, the cycle selection has a great influence on the turbomachinery. Table 7 shows that the turbine inlet temper-
ature of the expander bleed cycle is quite low, which should lead to a high life expectancy of the turbine, but greatly
reduces the performance of the engine. To increase the specific heat pick up of the coolant further and thereby improve
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Table 9: Temperature Levels

Engine Cycle Wall Temperature [K] Coolant Temperature [K]
Hot Gas Side Cold Gas Side

LOx/LH2

Gas Generator 899.80 732.59 83.05
Expander Bleed 899.32 733.06 96.09
Fuel Rich Staged Combustion 896.24 729.32 89.76
Full Flow Staged Combustion 896.22 729.31 89.55

LOx/LCH4

Gas Generator 899.31 749.17 194.10

the performance one could use a split cooling. As distinguished from the full counter-flow cooling the cooling jacket
is then divided into an upper and lower part for the second cooling variant. The coolant inlet is downstream of the
throat in both cases but for the second variant the inlet is near the throat. After cooling the entire subsonic part of the
thrust chamber in counter-flow direction the coolant or rather a portion of it is used to cool the upper divergent part of
the nozzle (in co-flow direction), where the cooling does not need to be as efficient. In this way one can significantly
increase the temperature of the coolant at the inlet of the turbine.1 The same trade-off between life expectancy and
performance applies to the gas generator cycle. By increasing the gas generator temperature one improves the perfor-
mance of the cycle, but the thermal loads on the turbine grow as well and thus the expected fatigue life is reduced.
The staged combustion cycles feature the highest specific impulses and for the assumed chamber pressure the required
turbine inlet temperatures are quite moderate. Because all the fuel and all the oxidizer are going through the turbine(s),
the turbine(s) can run at an even lower temperature in the full flow staged combustion cycle.

It is frequently claimed that the propellant combination LOx/LCH4 is better than LOx/LH2 in terms of the expected
fatigue life of the combustion chamber.6 Our results confirm this statement. Table 7 shows that for our assumptions
switching the propellant combination from LOx/LH2 to LOx/LCH4 causes an increase of the number of cycles-to-
failure from 66 to 71. The main reason for this is given by the different temperatures of the propellants when used as
coolant. In contrast to hydrogen, which in our cycle analysis has a temperature of 83 K inside the cooling channels at
the nozzle throat section, methane has a temperature of 194 K. This circumstance leads to significantly reduced thermal
loads. But one has to accept a higher pressure drop compared to hydrogen to maintain the same maximum wall tem-
perature when using methane in the regenerative cooling. Thus the mechanical loads due to the pressure differences
are increased. Nevertheless the positive effect of the reduced thermal loads outweighs the impact of the higher pressure
inside the cooling channels concerning the life expectancy of the combustion chamber.

It is well known that the use of LOx/LH2 offers the highest specific impulse. This is also reflected in the results in table
7, where we adjusted the mixture ratio of the gas generator to get around 1000 K at the inlet of the turbine in both cases.

Please note that the results do not imply that for fixed thrust and chamber pressure the propellant combination LOx/LCH4
always leads to an increased number of cycles-to-failure. This is only true, when one chooses the same maximum wall
temperature at the hot gas side. However one could reduce the maximum temperature at the hot gas side of the com-
bustion chamber wall by modifying the regenerative cooling, e.g. by changing the height of the cooling channels, to
get an extended life expectancy. A reduced maximum wall temperature typically implies a higher pressure drop in the
cooling channels which results in a lower performance of the engine. In other words, the results show that requiring a
certain minimum number of expected cycles-to failure can force a necessary reduction of the performance of a liquid
rocket engine and that this reduction depends on the propellant choice.

Finally, the implications of choosing a different nominal chamber pressure are taken into account, displayed in the
Tables 10,11 and 12. For chamber pressures of 90 bar and 80 bar, the numbers of cycles-to-failure are 67 and 69 re-
spectively. These results show, that in terms of life expectancy lower chamber pressures are favourable. Lowering the
chamber pressure leads to reduced heat fluxes as well as lower mechanical loads due to smaller pressure differences
between the interior of the chamber and the cooling channels.
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Table 10: Performance Levels by Variable Pressures

Main Chamber Pressure [bar] Isp [s] Expected Numbers of Cycles [-] Turbine Inlet Temperature [K]
80 415.46 69 996.52
90 417.27 67 998.59
100 418.68 66 991.82

Table 11: Temperature Levels by Variable Pressures

Main Chamber Pressure [bar] Wall Temperature [K] Coolant Temperature [K]
Hot Gas Side Cold Gas Side

80 900.07 781.37 75.24
90 899.14 756.20 79.29
100 900.20 743.59 77.19

Table 12: Cooling Channel Pressure by Variable Pressures

Main Chamber Pressure [bar] Cooling Channel Pressure [bar]
80 93.45
90 107.05
100 119.42

5. Summary and Outlook

The comparison of different cycle variants at fixed chamber pressure and thrust level revealed interesting results. First,
not taking into account a possible change of the maximum temperature of the main combustion chamber wall, the study
showed that the gas generator cycle led to the highest expected number of cycle-to-failure for the combustion chamber.
A possible reduction of the maximum wall temperature offers an inherent trade-off between the expected fatigue life
on one side and the possible performance of the liquid rocket engine on the other side. Further studies are planned to
systematically analyse this trade-off for different initial situations. Furthermore, the methods will allow the design of
liquid rocket engines with a fixed fatigue life expectancy, e.g. 100 cycles for sensible reusable launch vehicle concepts.
In addition to that future optimizations of engines should take the fatigue life expectancy of certain components into
account.

As discussed in detail in the previous section the propellant combination LOx/LCH4 yields certain advantages in rela-
tion to the fatigue life expectancy of a combustion chamber. Finally, the results also showed that the operating regime
has a significant influence on the loads which act on the critical subcomponents. Choosing a medium performance
version of a potential high performance architecture could be ideal with regard to reusable launch systems.

Main open points include advanced methods for the estimation of the fatigue life of cycle specific, but otherwise
generic, turbomachinery. Regarding life expectancy enhancement of combustion chambers as well as turbomachinery,
the implications of using additional film cooling should also be the focus of future studies.
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