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Abstract

A coupled thermal and structural 3d quasi
stationary Finite Element analysis of a typical
rocket combustion chamber wall during a full
cycle including pre cooling, hot run, post
cooling and relaxation is presented. The re-
sults of this 3d analysis are compared with the
results of 2d plane strain and 2d generalized
plane strain analyses. Finally, a post- process-
ing method is applied in order to estimate the
life time of the combustion chamber.

Introduction

The extreme thermal loads together with
the regenerative cooling of combustion cham-
bers of cryogenic liquid rocket engines intro-
duce enormous temperature gradients in the
combustion chamber wall and cause large
heat fluxes and induce extremely large ther-
mal stresses. The resulting plastic deforma-
tions of the wall material finally limit the
combustion chamber life to typically less than

50 operational cycles. Fig 1 shows the scheme
of a typical gas generator engine with regenera-
tive cooling.
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Fig 1. Schematic view of a typical regeneratively cooled
combustion chamber

Fig 2 shows a sketch of a typical combus-

tion chamber cross section, emphasizing the
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characteristic features of a regenerative
cooled combustion chamber, such as cooling
channel and fin geometry, chamber wall and
outer liner materials and liner failure location.
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Fig 2. Modeling and characteristic failure

Motivation

The increasing requirements regarding re-
liability and performance of cryogenic liquid
rocket engines in combination with the need
to continuously reduce both production and
operational cost has led to the idea of reusable
space transportation systems (RLV). With 50
or more cycles being a typical life require-
ment for such a system and nowadays com-
bustion chambers having cycles-to-failure
numbers of about 20 or less, the current re-
search and technology activities at DLR
Lampoldshausen aim e.g. at a detailed under-
standing of the failure mechanisms and the
development of a verified tool for the predic-
tion of the combustion chamber life [1].

An earlier investigation aiming into the
optimization of the cooling channel geometry
[2] has shown that the applied material model
and life time estimation method have a dra-
matic influence on the optimization result.
This work also demonstrated the importance
of the proper choice of elasto-plastic material
parameters and the accurate description of the
material in an appropriate non-linear material

model. With these findings in mind, a wide se-
ries of different material tests was performed
[3]. [4].

In earlier contributions, only 2d Finite
Element analyses were presented. In the current
paper, 3d results are shown as well and the dif-
ferences between these analyses are discussed.

General Approach

A full analysis of a given combustion
chamber wall is obtained by a successive (one
way coupled) analysis of the following sub
problems:

e one dimensional stationary thermo-
fluid-mechanical analysis of the system
hot gas - combustion chamber wall -
coolant

e either a 2d or a 3d thermal analysis of
the combustion chamber wall during the
hot run

e either a 2d or a 3d nonlinear structural
analysis of the combustion chamber
wall under cyclic thermal and mechani-
cal loading

e post processing life time estimation of
the combustion chamber wall

On the hot gas side of the combustion
chamber wall, the Bartz equation [5] is applied
and film coefficients from experiments are cho-
sen. On the coolant side, a one-dimensional
thermo-fluid mechanical approach is used, tak-
ing into account empirical models for the heat
transfer and fluid mechanical losses. The
circumferential variation of the local wall heat
flux into the cooling channel is taken into ac-
count by using a two dimensional Finite Ele-
ment model for the simulation of the thermal
field within the wall structure. No stratification
effects of the cooling channel flow are taken
into account in the currently presented work.
However, thermal stratification models have
been successfully implemented at DLR Lam-
poldshausen and applied for pure thermo-fluid-
mechanical analyses [6]. In the framework of a
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comparative study, the film coefficients, ob-
tained by the one dimensional thermo-fluid-
mechanical analysis, are used to perform ei-
ther a 2d or a 3d thermal Finite Element
Analysis of the combustion chamber wall.

The resulting thermal fields are used as
boundary conditions for a 2d plane strain, a
2d generalized plane strain or a 3d analysis of
the combustion chamber wall. A standard
multilinear elasto-plastic structural analysis
method with the von Mises yield function and
isotropic hardening is used to analyze the
structural behavior of the combustion cham-
ber wall under cyclic thermal and mechanical
loading. For an analysis of the low cycle fa-
tigue life of the combustion chamber wall, a
simple post processing method is applied, tak-
ing into account cyclic and quasi static fatigue
as well as the aging of the material. The solu-
tion methods for the thermal, structural and
life time analyses are discussed in detail in the
following sections.

Thermal analysis

In this section, the applied boundary con-
ditions and results of the thermal analysis of
the combustion chamber wall are shown. The
basic equations and the specification of the
material parameters are described in detail
e.g. in [7].

Material parameters

The thermal conductivity 2 and the heat
capacity c are defined temperature dependent.
A visualization of these parameter values is
given in [7]. A description of the determina-
tion of these material parameters is given in
[8].

Geometric assignment of boundary conditions

The geometric assignment of the thermal
boundary conditions for the analyzed part of
the combustion chamber wall is given in Fig
3.

OF LRE WALLS

hf.oaf~ Tout» Pour

A ’—I
symmetric symmetric
boundary boundary rs)'m r.s;\-m
conditions conditions
Q
B L
p symmetric r
1§ cool~ - ,cool
T frcoo boundary l_m" o0 Lsym
B ! - es,cool ’
CO0| pCCO COlldlth]lS Pres,coo,
s
5 |
D+—E F
hf.ho!- Thot s Phot r(‘pﬂafmr ’ l—pres.i.lor

Fig 3. Geometric assignment of the thermal and me-
chanical boundary conditions for the analyzed part of the
combustion chamber wall

These boundary conditions are described in
more detail in [7].

Results of the 2d thermal analyses

The results of the 2d thermal analyses of
the combustion chamber wall are shown in Fig.
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A linear variation between the different
thermal fields is assumed as a thermal bound-
ary condition for the follow-on structural
analysis.

Results of the 3d thermal analyses

The thermal field, obtained by the sta-
tionary 3d thermal analysis of the combustion
chamber wall during the hot run is shown in
Fig 5.
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Fig 5. Distribution of the wall temperature T for the 3d
analysis of the combustion chamber wall during the hot
run

Although identical film coefficients and
bulk temperatures were used for the 2d and 3d
analysis, the maximum temperature for the 3d
analysis as shown in Fig 5 is higher than the
maximum temperature of the 2d analysis as
shown in Fig. 4. This effect is certainly
caused by the fact, that for the 3d analysis, the
axial length of the cooling part on the outside
of the combustion chamber in is smaller than
the axial length of the hot gas side. In com-
parison to the 2d analysis, where the length of
the model in axial direction is assumed to be
constant, this leads to a loss of cooling power
and therefore, to an increased hot gas side
wall temperature for the 3d analysis.

Nonlinear structural analysis

Basic Equations

The following model specifications were
applied for the Finite Element analyses:

e 2d plane strain, 2d generalized plane
strain or fully 3d model

e geometric nonlinearity

e multilinear elasto-plasticity based on
the von Mises yield function and iso-
tropic hardening

The basic equations are described in detail
e.g. in[7].
Geometric assignment of boundary conditions
The geometric assignment of the boundary
conditions is given in Fig 3.
Pressure boundary conditions

The pressure values as given in Table 1 are
linearly interpolated between the different
stages of the cyclic loading and applied as pres-
sure boundary conditions.

Table 1: Pressure boundary conditions
for structural analyses

Stage Time coolant | hot gas

t [s] pressure | pressure

p [MPa] | p [MPa]

pre 0-2 2 0
cooling
hot run 2-902 13.4 10.0
post 902-904 2 0
cooling
rela- 904-1000 0 0
xation

Material parameters

The determination of the structural mate-
rial parameters is described e.g. in [4].
Results of the structural analyses

A 2d plane strain, 2d generalized plane
strain and a 3 d structural Finite Element analy-
ses were performed.

The circumferential total strains in the
nozzle cross section are plotted in Fig 6.
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reaching a maximum temperature of
about 900 K.

Therefore, the nickel jacket tends to con-
tract and the copper alloy on the hot gas side of
the combustion chamber wall tends to expand.
J Due to the larger thickness of the nickel jacket
in comparison to the hot gas wall and the
higher yield strength of nickel in comparison to
the yield strength of the copper alloy, the nickel
layer imposes its contraction to the copper alloy
on the hot gas side. This causes a large plastic
compressive straining of the hot gas side wall

material.

In the post cooling and rest phase (Fig 6
right), a small fraction of the compressive
e straining remains in the symmetry points of the
fin (point E), while tensile strains are built up
in points, situated on the symmetry line of the
cooling channels (point D). This can be seen in
more detail in Fig 7, where the circumferential
stresses are plotted over the circumferential
strains in the nozzle cross section.
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For both considered points D and E, the
loading-deformation process starts in the first
cycle with zero stresses and zero strains.

During the pre-cooling process, tensile
circumferential stresses and strains occur in
both considered points. This is due to the
higher thermal expansion ratio of the copper
alloy (used as the inner wall material) in com-
parison to the expansion ratio of nickel (used
as the jacket material).

At the transition to the hot run phase,
compressive stresses are built up at the hot
gas side of the combustion chamber wall,
causing a high plastic compressive straining
of the wall material for both considered
points. Due to the temperature dependency of
the yield stress, local minima of the stress
values occur during the heating up phase. Af-
ter having reached their minimum, the stress
values increase again, because the yield stress
is reduced by the increasing wall temperature.

In the post cooling state, tensile stresses
reappear. The maximal strain differences per
cycle for the selected points D and E and the
values of the remaining straining after the full
cycle provide the basis for the life time calcu-
lation in the following section.

Life time estimation

A post processing approach is chosen for
the estimation of the life time of the combus-
tion chamber wall. Three different failure
mechanisms are taken into account: cyclic fa-
tigue, quasi static fatigue and thermal aging.
Cyclic fatigue

The life time calculation for the cyclic fa-
tigue part is based on experimental results [9]
for the low cycle fatigue behavior of the com-
bustion chamber wall material as shown in
Fig 8.
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Fig 8. Normalized results of low cycle fatigue experi-
ments for a typical combustion chamber material

As a result of the calculations from the
previous section, a cyclic total strain difference
can be obtained for any considered position in
the structure. From this strain difference and
the fitted line from Fig 8, the number of cycles
until failure N can be obtained easily.

The cyclic fatigue usage factor u, is calcu-

lated as:

U =—— (¢D)]

Usage factors are assumed to add up for
each passed cycle and therefore, after N_iden-
tical cycles, a usage factor of N, =1.0 is ob-
tained, which indicates failure.

Quasi static fatigue
The quasi static usage factor u,, is defined

as:
max(0, (&ang — Epeqin))
uqs _ en egin (2)
gu
with:
gqg  FEMaining strain after the considered
cycle
Epegin strain at the beginning of the consid-
ered cycle
£ ultimate strain of the combustion

chamber wall material
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After N _1 identical cycles, the ul-
u
gs

timate straing,is obtained, which indicates

failure. In the simplest case, the ultimate
strain &, is assumed to be constant over time.

A more sophisticated determination of ¢,

dependent on temperature and time is de-
scribed in the following section.

Thermal degradation of the material
According to [10], the ultimate strain &,

can be defined dependent on the accumulated
run time and the temperature of the consid-
ered part of the engine:

kem,, (T)
6 =6, (T.0) =By -2, (T,O)-(%‘)j @)

with:

By parameter, taking into account the
3-dimensionality of the deforma-
tion

&,(T,0) temperature dependent initial ulti-
mate strain

7y test time for tensile test

T accumulated run time of the engine

Ke exponent weighting factor

The thermal degradation exponent m_ is
specified by equation (4):
m, =0.001-e”T (4)

with: g : temperature weighting factor
Total fatigue

The total usage factor u, is defined as the

sum of the cyclic and quasi static usage fac-
tors:

Up = Ug + Ugg (5)
Finally, the total number of cycles until

failure N, is calculated as the reciprocal
value of the total usage factor u, :

OF LRE WALLS

Ny =— (6)

Material parameters

All the material parameters that are needed
for the analyses described in the previous sec-
tions were completely determined for a copper
alloy, which is used as the inner liner material
of a recently tested model combustor at DLR
Lampoldshausen [6]. As the thermal degrada-
tion parameters were not determined yet for
this copper alloy, the parameters for a similar
copper alloy as given in [10] were chosen for
the analyses presented in this section.

Results of the life time estimation

The estimated number of cycles until fail-
ure for the 2d plane strain, 2d generalized plane
strain and the 3 d analysis are given in Table 2.

Table 2: Estimated number of cycles
until failure for points D and E

type of FE | type of LCF estimation | cycles to
analysis failure
Point
D E
2d cyclic fatigue only 280 | 106
plane strain | cyclic | with constant
Finite and ultimate strain 85 | 106
Element qtuzta_m with  degra-
. Stalic | dation of the | 61 | 106
analysis fatigue | yitimate strain
2d cyclic fatigue only 305 | 111
generalized | cyclic | with constant
plane strain | and ultimate strain | 193 | 111
ini uasi
Finite gtatic with  degra-
Element fatigue | dation of the | 160 | 111
analysis ultimate strain
ad cyclic fatigue only 348 | 119
Finite cyclic | with constant
Element and ultimate strain | 236 | 116
. quasi _
analysis static W't.h degra-
fatigue dat_lon of t_he 200 | 114
ultimate strain
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The results in Table 2 show an increase
of the estimated number of cycles until fail-
ure, if a 2d generalized plane strain or a 3d
Finite Element analysis is performed instead
of a conventional 2d plane strain analysis.
Both, the cyclic fatigue part and the quasi
static fatigue part contribute to this result.

Reason for the increase of the cyclic fatigue

The reason for the increase of the cyclic
fatigue life of the 2d generalized plane strain
and 3d analyses in comparison to the conven-
tional 2d plane strain analysis can be seen in
Fig 7: Obviously, the conventional 2d plane
strain analysis (blue line in Fig 7) shows the
largest cyclic strain difference. The reason for
this large plastic deformation is the plane
strain condition in thickness direction of the
model:

£, =0 (7)

As a result of this vanishing axial strain,
the deviatoric part of the stress tensor, which
controls the plastic deformation, is compara-
tively large.

In reality, due to the low temperature of
the nickel jacket during the hot run of ap-
proximately 70K, the engine certainly shows
a contraction of the combustion chamber not
only in radial and circumferential direction,
but in axial direction as well. As the material
behavior is isotropic, this contraction in axial
direction will be similar to the contraction in
radial and circumferential direction of the
combustion chamber. Due to this isotropic de-
formation or the wall material, the really oc-
curing hydrostatic part of the stress tensor is
larger than the hydrostatic stress part, ob-
tained by assuming the conventional plane
strain condition according to equation (7).
This increase of the hydrostatic stress part has
to be compensated by a decrease of the devia-
toric stress part. This reduced deviatoric part
of the stress tensor leads to a decrease of the
cyclic plastic deformation.

Therefore, the 2d generalized plane strain
and the 3d analysis, which do not assume

equation (7), certainly obtain a better coinci-
dence with the real deformation of the combus-
tion chamber than the conventional 2d plane
strain analysis. This consideration is confirmed
by the smaller cyclic strain differences of the
green and red line in Fig 7 in comparison to the
blue line.

Reason for increase of the quasi static fatigue

In case the 2d analyses at point E are con-
sidered, the circumferential strain &, at the

end of the cycle is smaller than the strain &,

at the beginning of the cycle. This is clearly in-
dicated by the end points of the blue and the
green line in the lower diagram in Fig 7, which
are situated in the negative strain range. As a
result, the strain difference &qq — &pegin  DE-

comes negative at point E and therefore, the
quasi static fatigue part is set to zero by the
maximum function in equation (2). For the 3d
analysis, the strain difference &,,4 — &pegin 1S

positive at point E, but very small. Therefore,
the quasi static failure part can be neglected at
point E for the 3d analysis as well.

The stress-strain curves for point D (upper
diagram in Fig 7) meet at approximately the
same point at the end of the post cooling proc-
ess (point with maximum strain and maximum
stress value of the diagram). Therefore, the ma-
terial behavior during the relaxation phase is
mainly responsible for the variation of the
strain difference &qq — &pegin» Which  deter-

mines the quasi static failure part in equation
(2). Due to the moderate temperature difference
between the post cooling and the rest phase of
less than 300K, the deformation of the com-
bustion chamber wall is mainly elastic in this
phase of the cyclic deformation. By a detailed
analysis of the elastic material tensor under the
assumption of an isotropic thermal straining of
the wall material, it can be shown, that the
slope of the stress-strain curve is larger for the
conventional 2d plane strain analysis in com-
parison to the 2d generalized plane strain and
the 3d analysis as visible in the upper right cor-
ner of the upper diagram in Fig 7. This large
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slope of the stress strain curve during the re-
laxation phase of the combustion chamber
leads leaves the positive straining at point D
at the end of the post cooling phase nearly un-
changed for the conventional 2d plane strain
analysis. Therefore, the quasi static failure
part is larger for the 2d plane strain analysis in
comparison to the 2d generalized plane strain
and the 3 d analysis of the combustion cham-
ber wall.

Summary

2d plane strain, 2d generalized plane
strain and 3d Finite Element analyses of
rocket combustion chamber walls were com-
pared and the influence to the post processing
life time estimation was shown.

Outlook

Future developments at DLR Lampold-
shausen are e.g. aimed at the improvement of
the accuracy of the thermal and structural
analyses and life time estimation methods. A
series of improvements is possible for the
thermo mechanical analysis and life time es-
timation of the combustion chamber wall:

e application of an improved material
model including a combination of a
multilinear isotropic hardening and
nonlinear kinematic hardening instead
of the currently used material model,
assuming only a multilinear elasto-
plastic material behavior with iso-
tropic hardening,

e structural Finite Element analysis of a
series of cycles,

e taking into account the hydrogen em-
brittlement of the material,

e application of a multi-axial life time
estimation method

Also, optimization procedures will be ap-
plied in order to give recommendations for a
combustion chamber design, which leads to
an increased life time.

OF LRE WALLS
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