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Abstract. The walls of rocket engine nozzle structures undergo extreme thermomechanical
loadings during the engine cycle. These loads cause an accumulation of plastic strains due
to creep and relaxation which finally lead to the failure of the hot gas wall. One approach to
increase the lifetime of the hot gas wall is the reduction of the temperatures in the hot gas wall
since the temperature is the main driver of this failure phenomenon. Special thermal barrier
coating (TBC) systems are under development in order to protect the copper alloy of the hot
gas wall from high temperatures. The present paper studies the influence of such thermal bar-
rier coatings regarding the damage behaviour of the hot gas wall made of a copper alloy. In
the first step, thermal analyses are performed to define an appropriate TBC thickness and the
needed coolant power such that the maximum service temperature of the TBC is not exceeded.
Furthermore the temperature distributions of the hot gas wall with and without TBC are com-
pared, which show a reduction in temperature of approximately 200 K. In the second step static
analyses with a recently developed viscoplastic damage model are presented. Here damage
distributions as well as the deformation behaviour of the hot gas wall with and without TBC
are compared. It is shown that the application of TBCs has an positive effect on the damage
behaviour as well as the deformation of the hot gas wall.
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1 INTRODUCTION

The demand for higher payloads and the general endeavour of a performance increase of
rocket engines require the development of reliable lifetime prediction models. During the oper-
ation of the rocket engine the hot gas wall undergoes extreme cyclic thermomechanical loads.
These cyclic loads lead to an accumulation of plastic strains, followed by thinning and bulging
of the hot gas wall. Finally, after several cycles the hot gas wall (usually made of a copper alloy)
fails (see Figure 1). Since the deformed hot gas wall resembles the shape of a doghouse, the
failure mode is called doghouse effect (see e.g Riccius et al. [1]). This failure phenomenon can
be rather related to ductile damage than to low cycle fatigue (see e.g. Schwarz et al. [2]). One
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Figure 1: Left: Combustion chamber of the Vulcain rocket engine, Center: schematic cross section of the combus-
tion chamber, Right: microscopic picture of the doghouse effect [1].

approach to increase the lifetime of the hot gas wall is the reduction of the temperatures in the
hot gas wall. This seems to be a reasonable idea since the damage and failure behaviour of the
copper alloy/copper substrate is highly temperature dependent. Special thermal barrier coating
(TBC) systems for the application on copper alloys have been developed by the Institute for
Materials at TU Braunschweig in order to protect the copper alloy from extremely high temper-
atures [3, 4, 5, 6,7, 8, 9]. A thermal barrier coating typically consists of two layers: a bond coat
and a top coat. In previous studies of the Institute for Materials [3, 4, 5, 6] a coating system
usually used in gas turbines was investigated (bond coat: NiCrAlY, top coat: yttria-stabilized
zirconia). However, this system turned out not be practical since the coatings failed at the
bond coat/copper substrate interface due to (i) mismatch of the coefficient of thermal expansion
(CTE) and (i1) the chemical gradient between the copper alloy substrate and the bond coat [5].
Therefore, a new bond coat NiCuCrAl was developed offering higher chemical similarity to the
substrate as well as reducing the mismatch in the CTE. The current promising thermal barrier
coating system is composed of a NiCuCrAl bond coat and a NiCrAlY top coat (see Fiedler et
al. [8, 9]).

Butler and Pindera [10] investigated as one of the first the influence of thermal barrier coatings
on the doghouse effect. They found that by the application of TBCs the temperature distribution
within the hot gas wall was dramatically changed and reduced. They concluded that the strongly
temperature dependent creep/relaxation of the copper alloy which is one of the main reasons for
the doghouse failure can be limited by TBCs. By utilizng a viscoplastic material model they
showed that the thickness of the TBC directly influences the deformation of the hot gas wall.
Fiedler et al. [9] investigated with FE-simulations based on a micro model the interface stresses
between the copper substrate and the bond coat. As desired, the interface stresses perpendicular
to the surface are reduced strongly compared to the former bond coat made of NiCrAlY. Fur-
thermore a temperature reduction in the copper substrate of approximately 200 K was observed.
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The present study focuses on the lifetime of the copper alloy (which shall be increased by the
application of a TBC), not on the lifetime of the TBC. Figure 2 left shows the representative
segment of the cooling channel structure, which is highlighted in Figure 1 (center) by the dashed
line, with the additional TBC on the hot gas wall (marked in red). Figure 2 (center) shows the
FE model of the corresponding finite element model, where the TBC is discretized with several
elements over the thickness. In reality, the TBC is a system of two layers: a top coat and a
bond coat. Due to simplicity and the similarity of the thermal and mechanical properties of the
two layers, the present study merges the two layers to one layer called “TBC” in the following.
This approach is considered to be sufficient for the investigation of the lifetime/behavior of the
subjacent copper alloy.
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Figure 2: Left: segment of the cooling channel structure with TBC on the hot gas wall (marked in red), Center:
FE model of the cooling channel segment with TBC, Right: microscopic picture of a TBC applied on a copper
alloy [11].
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2 MATERIAL MODELLING

The material model utilized for the lifetime investigations of the copper alloy has been de-
veloped and presented in previous works (see e.g. Tini et al. [12] and Kowollik et al. [13]).
Therefore the material model is only briefly summarized and for more details it is referred to
the latter mentioned publications. In order to take into account the relevant phenomena occuring
during the thermomechanical loading of the copper alloy hot gas wall a viscoplastic material
model considering isotropic damage is used. The corresponding rheological model is depicted
in Figure 3. Schwarz et al. [14] compared isotropic damage models with anisotropic damage
models (with and without considering micro defect closure effects) and concluded that neither
damage anisotropy nor the crack closure effect strongly affect the global failure phenomenol-
ogy. Due to this reason and to keep the number of parameters as low as possible the isotropic
damage model is considered to be sufficient to perform first studies on the influence of the ther-
mal barrier coatings on the lifetime of the copper alloy. An anisotropic damage model has been
already developed by the authors (see e.g. Fassin et al. [15]) and was furthermore applied for
lifetime simulations of rocket combustion chamber walls (see Fassin et al. [16] and Wulfinghoff
et al. [17]). The intent of the authors for the future is also to use anisotropic damage models for
simulations involving thermal barrier coatings.

The thermomechanical material parameters for the copper alloy are chosen according to Kowol-
lik et al. [13] with the only difference that the coefficient of thermal expansion is adopted from
Baeker et al. [18] to be now temperature dependent. The nickel material behaviour only plays
a minor role and is therefore modelled as linear elastic (cf. Kowollik et al. [13]). The material
behaviour of the TBC is modelled by an ideal elastoplastic material law as it was already done
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in Baeker et al. [18]. The material parameters for the TBC were adopted from the bond coat

material (NiCuCrAl).
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Figure 3: Rheological model of the viscoplastic material model incorporating isotropic damage.

Table 1: Summary of the constitutive equations of the viscoplastic damage model.

total strain E = EctEyTE

effective elasticity tensor C = (1-D)C

stress o = C &)

effective stress o = Cle]

back stress deviator xXP = 21, [svae]

total strain E = E.tE&yTtEy

viscoplastic strain Evyp = Eype T Eupi

yield function o = HE‘D — XDH — \/g (o, + Q)
viscoplastic strain rate Evp = A o - X"

P e - x

(local inelastic) viscoplastic strain rate =~ €,,; = A bsfpe

. k
dumage D= 5 (5" Hyp
plastic multiplier A = (*)

3 THERMAL ANALYSIS

The basis of the transient thermal analysis is

Fourier’s heat equation

pcdT

AT = &= ey

with temperature 7" and time ¢. Here, the mater

¢ ot

ial parameters are p (density), c (heat capacity)

and (¢ (thermal conductivity). For the values of the material parameters of the copper alloy
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and nickel, see Fassin et al. [16]. For the TBC the material parameters of NiCuCrAl from
Baeker et al. [18] are used. The finite element model of the cooling channel segment with
TBC used for the thermal as well as for the static analysis is shown in Figure 4. The thermal
boundary conditions are described in the following: The interaction with the cooling fluid in
the cooling channel and the hotgas on the hot gas wall is modelled via convective boundary
conditions. For the cooling fluid the heat transfer coefficient .y and the bulk temperature 7
are prescribed, for the hot gas boundary condition a4 and 73,. One engine cycle consists of
a pre cooling, a hot run, a post cooling and a relaxation phase, for which the corresponding
values are listed in Table 3. A special case is present for the heat transfer coefficient o, on
the hot gas wall surface. This value is dependent on the wall temperature 7;, of the hot gas
wall and was adopted from Baeker et al. [18]. For the heat transfer coefficient of the cooling
fluid values varying between 50 kW /(m?K) and 60 kW /(m?K) are applied. This variation
corresponds to a varying mass flow rate of the cooling fluid. For the other free surfaces of
the segment adiabatic boundary conditions are applied. In order to illustrate the influence

o fixed in Z-direction
fixed in T-direction

...... fixed in T-direction

Qpg, j‘/)gﬂ Phyg

Figure 4: Finite element model of the cooling channel segment with TBC with thermal and static boundary condi-
tions.

Phase Time Hot gas Cooling channel
[ t[s] ang [o]  ThglK] aer [o]  Toy[K]

Pre cooling  0-2 F(T.)  293.05  50..60 50
Hot run 2-602 F(T,) 3435  50.60 50
Post cooling 602 - 604 f(T,)  293.15  50..60 50
Relaxation ~ 604-1000  f(T,) 293.15 0.5  293.15

g

Table 2: Thermal boundary conditions for the hot gas and the cooling channel in one engine cycle.

of the thickness of the TBC on the temperature in the hot gas wall, several parameter studies
have been performed. The conducted thermal analyses encompassed in each case only one
engine cycle since the temperature distribution is approximately the same in every cycle. First
of all, an appropriate TBC thickness and cooling fluid coefficient have to be specified to limit
the maximum temperatures occuring in the TBC. Therefore transient thermal analyses were
performed with different TBC thicknesses and cooling fluid heat transfer coefficients a.s. For
the design of the TBC system the maximum occuring temperature on the surface of the TBC
is an important value since it has to be under the maximum service temperature of the TBC,
which is around 1500 K for NiCuCrAl. Figure 5 shows the maximum temperature occuring on
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Figure 5: Maximum temperature occuring on the Figure 6: Comparison of the temperature distribu-
surface of the TBC in dependence of the thickness tion within the hot gas wall along the distance x for
of the TBC for different heat transfer coefficients. the versions “without TBC” and “with TBC”.

the surface of the TBC in dependence of the thickness of the TBC for different heat transfer
coefficients ay. It can be seen that the thicker the TBC, the higher is the maximum occuring
temperature. This can be explained by the insulation effect of the TBC, which has a much
lower thermal conductivity than the copper alloy. Therefore the thermal resistance increases
with increasing TBC thickness which leads to a lower heat flux through the hot gas wall. This
finally results in a higher surface temperature. Figure 5 shows that only for a TBC thickness of
t=90 pm and for a strong cooling with c.;=60 kW /(m?K) the maximum occuring temperature
lies under 1500 K. For this reason the further discussion of the results of the thermal analyses
focus on this configuration. The static analyses in Section 4 will be also performed with this
configuration.

In Figure 7 the temperature contour plots for the hot gas wall at the end of hot run (=602 s) for
the versions “without TBC” and “with TBC” are opposed to each other. Due to the application
of the TBC, the temperature in the copper alloy could be drastically decreased. In contrast to
that, the maximum occuring temperature on the TBC surface (7'=1483 K) is much higher than
the maximum occuring temperature on the hot gas wall surface for the version “without TBC”
(T'=1218 K). The strong temperature decrease within the TBC, which is approximately linear,
is illustrated in Figure 6. Five elements over the thickness of the TBC were applied, which is
shown by the six nodal temperatures plotted for path B-B for the first 0.09 mm (thickness of the
TBC). The main purpose of the TBC, the reduction of the temperature within the copper alloy,
is clearly depicted. The temperature reduction (difference between the red and the blue line)
is round about 200 K. The maximum occuring temperature in the copper alloy is reduced from
1218 K to 1017 K. The surface temperature on the cooling channel wall is reduced from 969 K
to 811 K. This temperature reduction is seen to be very promising to increase the lifetime of the
copper alloy hot gas wall, which will be investigated in the next section.

4 STATIC ANALYSIS

The temperature field of the segment at every time point is used as input for the series of
quasi static analyses with which the lifetime of the copper alloy will be investigated. The ma-
terial parameters are temperature dependent as described in Section 2. Furthermore the thermal
expansion of the material plays a major role in the static simulation, which is considered by the
thermal strain. The static boundary conditions of the cooling channel segment are described in
Figure 4. The left and the right face of the segment are fixed in tangential direction (T-direction)
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Figure 7: Temperature contour plots for the hot gas wall at the end of hot run (¢=602 s) for the versions “without
TBC” and “with TBC”.

due to rotational symmetry. In thickness direction (Z-direction) a generalized plane strain con-
dition is enforced (all elements in the R-T plane have the same strain in Z-direction) where the
upper face is fixed in Z-direction and the bottom face is free. The boundary conditions of the
cooling channel wall and the hot gas wall are given by means of pressures (see Table 4). For the
finite element simulations 8-node bricks with reduced integration and hourglass stabilization
are utilized. The time stepping is set manually. Figure 8 shows the damage distributions in the

Phase Time Hot gas pressure Coolant pressure
8 ts Pig [MPa pes [MPal

Pre cooling 0-2 0 20

Hot run 2 -602 10 20

Post cooling 602 - 604 0 20
Relaxation 604 - 1000 0 0

Table 3: Hot gas and coolant pressure over one engine cycle.

hot gas wall for the versions “without TBC” and “with TBC” after 10 and 20 cycles. After 10
cycles (cf. Figure 8(a)) the bulging of the hot gas wall is already clearly visible. For the version
“without TBC” the highest values of the isotropic damage variable D occur at the corner of the
cooling channel and at the hot gas side in the middle of the fin. Furthermore damage has also
accumulated in the center of the ligament. In contrast, the version “with TBC” shows mainly
damage at the corner of the cooling channel and no further pronounced places of damage accu-
mulation as for the version “without TBC”. After 20 cycles (cf. Figure 8(b)) the deformation
and the damage in the hot gas wall have further evolved. The differences between the damage
distributions for the version “without TBC” and “with TBC” are the same as described already
for the distributions after 10 cycles. In summary, it can be stated that the damage for the version
“with TBC” is, as expected, smaller than for the version “without TBC”. However, the differ-
ences in the maximum values of the isotropic damage varibale D are smaller than expected.
The influence of the TBC becomes more apparent in terms of deformation. The deformation of
the hot gas wall (after 10 cycles as well as after 20 cycles) is higher for the version “without
TBC”. This is illustrated by the comparison of the displacement difference Aw, ;_, of node 1
and 2 with the displacement difference Aw, 3_4 of node 3 and 4, which are measures for the
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bulging of the hot gas wall. Figure 9 shows this deformation over the calculated 20 cycles. By
using a TBC the deformation after 20 cycles is reduced by 30 %.
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Figure 8: Comparison of the damage distributions in the hot gas wall for the versions “without TBC” and “with
TBC” after 10 and 20 cycles.
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Figure 9: Comparison of the displacement differences A, 12 and Auy 3_4.

S CONCLUSIONS

In this work the influence of thermal barrier coatings on the lifetime and deformation be-
haviour of rocket engine nozzle structures made of copper alloys has been investigated. For
the material modelling of the copper alloy a viscoplastic material model incorporating isotropic
damage was applied. As input for the series of quasi static analyses including 20 cycles, the
temperature field for one engine cycle was used repeatedly. In the first step an appropriate TBC
thickness and the needed cooling fluid heat transfer coefficient were defined such that the max-
imum service temperature of the TBC was not exceeded. Afterwards it was shown that with
the defined configuration (t75c=90 pm and a.;=60kW /(m?K)) a temperature reduction of
approximately 200 K is obtained. The evaluation of the static simulations of 20 cycles showed
that the damage distribution for a hot gas wall with TBC is slightly different from the one with-
out TBC. The damage for the version “with TBC” was, as expected, smaller than for the version
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“without TBC”. However, the differences regarding the maximum values of the isotropic dam-
age varibale D were smaller as expected. But it was revealed that the deformations of the
hot gas wall (bulging of the hot gas wall) induced by the thermomechanical loading were less
pronounced when a TBC was applied.
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