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Abstract

The aim of this work is to investigate numerically thermalriE coating (TBC) systems applied to real-
istic rocket thrust chamber conditions. A global full paetnic 3D modelling approach for cooled rocket
thrust chambers is presented to be able to simulate the fiwidtsre interaction (FSI) phenomena in-
volved. In a subsequent analysis step realistic mechaaichthermal boundary conditions are extracted
from critical design regions of the global model and appliec local finite element model to analyse
possible TBC delaminations by means of a Fracture Mech#&hl3 approach.

1. Introduction

The wall of modern liquid rocket engines is exposed to exeérémermal loadings. In current designs high aspect ratio
cooling channels are milled in the copper liner, whereasctienber wall is approximately 1 mm thick. This setup
is kept intact only for a few engine cycles. A protection oé thin copper cooling structure is a promising strategy
to enhance thrust chamber life. Thermal barrier coatingsvédely used in applications at elevated temperatures, e.g
automotive, gas turbines and aero-engines. The transfEBGfsystems to rocket applicationfers great potential

to reduce coolant temperature and pressure loss in thengoojcle based on the reduction of heat flux acting on the
hot gas surface inside the combustion chamber. A carefifjnlés necessary to cope with the transient boundary
conditions, under which TBCs tend to spall, delaminate aandic

The response of the cooling channel can only be addressedgthran adequate prediction of the in-service
conditions. Chemical reactions during the combustion @secfluid flow in the thrust chamber and cooling channels,
heat transfer between the involved domains and the thermiwenéal coupling in the structure make up a complex
system. The thermal and pressure loads generated by thedatngl the cooling channel flow are essential for the
prediction of the cooling channel response. Computer megsun the past were limited to the application of simplified
models for coupled simulations. In [1] the thermal intei@cbetween a 2D structural model and a straight 3D cooling
channel segment is analysed. The interaction with the hetsigke is neglected, whereas experimental data of [2]
serve as boundary condition. This simplified model is ex¢ehloy a thermomechanical coupling strategy in [3]. A
3D coupled heat transfer analysis is presented by Liu etral4]i where the hot gas and cooling channel structure
are modelled by a finite volume scheme. The cooling channgliiancluded by a 1D approach. Current simulation
strategies were presented by Knab et al. in [5], where a edupbat transfer simulation is performed between the
hot gas side and the coolant flow. The hot gas side is modejied laxisymmetric multi-phase Navier-Stokes solver,
whereas the cooling channel flow and the structure are aethlyga 3D conjugate heat transfer model.

This paper extends the previous studies by accounting éofulththermal and mechanical interactions between
the hot flow field and the structure by applying TBC systems pammetric 3D modelling approach, which is pre-
sented. A subsequent local investigation with applied blawy conditions of the global analyses gives first insight
in the loading conditions acting on macroscopic delamametibeing located at the critical throat region of the thrust
chamber.
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2. Coupled simulation approach

Analysing cooled rocket thrust chambers demands for thaideration of thermal and mechanical fluid-structure
interaction. The developed simulation environment iflseze\both physical couplings in a partitioned approach using
individual codes for the involved subdomains fluid and dtites A detailed description dfis can be taken from [6].
Validation studies of coupled problems analysed bfedént individual code combinations are presented in [6].7, 8

The two coupling aspects that need to be considered appdypaytioned approach for a steady state analysis
are the data transfer of the variables to be coupled throoghonforming surface discretizations and the solution of
the equilibrium equations.

2.1 Nonconforming spacial discretization at the interface

Data transfer between nonconforming surface discretimatat the coupling interfadg can be achieved in a conser-
vative manner by applying a weak formulation to the continabnditions [9], where the variations of the involved
state variableg (temperature$ and deflections) are weighted by Lagrange multiplieis as follows:

f A (T(S) _ T(f))dr , f Ay (u(s) - u(f)) ar . 1)

I'e I'e

The indices §) and (f) represent the fluid and the structural domains. In the eisdiorm equation 1 results in the
matrix systemp(V|- = H ¢O|r by using shape functions for the Lagrange multipliers andtie individual domain
discretizations fluid and structure at the interface. Thadformation matridH can be used in its tranposed form
in order to guarantee conservation of energy, if the comsisnechanical and thermal discrete fluxes are transferred
normal to the interfacep'?|r = HT ¢|r.

If the mesh discretization does notfér significantly between the individual domains, the Direttalfunctions
applied at the fluid interface nodes are the standard choidfé shape functions of the Lagrange multiplier. Strong
discretization mismatch will result in unphysical load kgawhich can be alleviated by a locally more accurate ap-
proach, where the fluid shape functions are used for the bhaggreultiplier leading to an approach comparable to the
Mortar-technique, see [10].

2.2 Solution of the partitioned formulation

The solution of the coupled problem is obtained by the DistiNeumann iteration. Formulating the Dirichlet problem
in terms of a Schur complement one defines symbolically thé éperatorF as follows: 7 ¢()| = ¢,(r:)|l", whereg
represents the state variables @ngthe flux at the coupling interfadé The inverse Schur complement is formulated
for the structural problem, consequently the Neumann prali$ solved:

W =8O — Se9r = ¢y )

For the classical Dirichlet-Neumann iteration a relaxagocheme is applied to the state variables in each steady
state iteration step as follows:

pi1=(1-w) g+ WS F ¢y, (3)

with the relaxation parameter. For the coupled problem in the present work a choice of a fixed0.8 was stficient
to achieve a noticeable reduction of the residual durindikeel point iteration.

3. Parametrized thrust chamber modelling approach

3D FSI analyses of cooled rocket thrust chambers are cornipaidly expensive. Computational reduction can be
achieved if symmetry conditions are used, consequentlggiemption of the present parametric approach is to model
half of a cooling channel segment for the combustion charabeling circuit. The hot gas is modelled with periodic
boundary conditions, which is shown in figure 1(a), wherecihigpling surfaces are defined. The data transfer between
the hot gas and structural domain is achieved through ariawiai coupling surfac€sn+ tu1, where the state and flux
variables are mirrored to satisfy integrity of the appli@dibdary conditions in each iteration step. Accounting fbr a
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(a) Definition of coupling surfaces. (b) Software concept.
Figure 1: Parametrized modelling aspects of cooled roakgines.

symmetry conditions in the fierent computational domains allows the simulation of thesgide by the assumption

of periodic repetition.
A software concept for parametrized modelling of thrustrohar designs and cooling channel setups was de-
veloped and is shown schematically in figure 1(b). The patama¢ion reaches from the thrust chamber contour and

cooling channel design to the CAD modelling and finally to ¢ generation of the hot gas, structure and cool-
ing channel flow field. The software architecture uses théadtyinterface to the preprocessor Abg@AE. Python
scripting allows an object oriented modular and reusalleéwork for the dterent components of the parametrized
models. Additional software packages like Triangle [114l dietGen [12] are used to discretize the unstructured part

of the hybrid hot gas grid.
The class definition of hrustChamberContowttescribes the complete rocket engine contour of figure 9 (lef

where the nozzle is designed with the thrust optimized passd OP) from Rao [13]. The TOP nozzle can be described
by five independent variableg, 6, L, re andfe. The angle®, andé, are evaluated through a bivariate spline whose

input data was taken from Rao [13]. Even modern nozzlesiké/ulcain and SSME nozzle can be studied by means

of a parabolic contour [14].

manifold .
: nozzle extension

combustion chamber

i

Figure 2: Parametrized model: thrust chamber contoul){ledbling channel cross section (right).
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Figure 3: Close view of the material setup of the paramedrgdebal structural model.

The derived clasParamCoolingGeoraccounts for the chosen cooling circuit cross section definshown on
the right of figure 2. For the present cooling channel setapsgs are derived for thefldirent computational domains,
which implement the parametrized CAD and grid models. Ia #idy the analysed subscale thrust chamber consists
of three domains structure, hot gas and the two cooling @srocone in the combustion chamber region and one in
the nozzle extension. For both cooling circuits a contihouarying cooling channel geometry can be defined for the
cross section sketched in figure 2 (right).

The structural model is able to account for TBC systems stingi of up to two individual materials, which can
be seen in figure 3. The copper and nickel material is modeie@ node linear solid elements and the thin TBC
system materials are accounted for via 8 node linear soéitl slements.

4. FSl analyses of thermal barrier coated cooled rocket thrust chambers

Extracted general parameters of a 40 kN L®X subscale rocket thrust chamber defined by Astrium SpacesTran
portation GmbH, Propulsion & Equipment serve as input fergarametrized modelling approach. The thrust chamber
features 80 cooling channels in the combustion chamber @dddoling channels in the nozzle extension.

On the hot gas side a 3D steady RANS analysis using ideal gasslsuming finalized combustion is performed
in each Dirichlet step of the static FSI analysis. For thedfkimulaton the DLR TAU-Code [16] is used, which is an
unstructured RANS solver based on the finite volume methabseRoir pressure inflow conditions were computed
with the preliminary design tool RPA (Rocket Propulsion Msés) [15] and served as inlet conditions for the DLR
TAU-Code. The temperature niveau computed with RPA rea8h®82 K at a pressure level of3b MPa. At the
nozzle exit supersonic outlet conditions are applied, evhii isothermal wall is defined at the coupling surface. The
turbulent €fects are modelled by the original version of the Spalartréllas model implemented in the TAU-Code.
The hybrid grid consists of 590,833 grid points, 686,53katetdra and 785,686 prisms. The dimensionjasss
adapted to a maximum of®7 at the thrust chamber throat. Figure 4 shows the typicahmamber profile of a TOP
nozzle, where compression waves are generated at theeictiers of the downstream arc and the parabola contour.
These compression waves coalesce in an internal shock. &@ops to Ostlund approve these flow phenomena [14].

The steady state heat transfer problem of the cooling chatmeture is analysed with the ABAQUS FE soft-
ware. The resultant heatflux of the hot gas simulation isstered as boundary condition on the coupling surface. Con-
stant film codficients are assumed for the two coolant circuits, whereafiitheoefficient ofh¢ cc = 150 kW/(m?K)
is applied for the combustion chamber circuit dngie = 30 kW/(m?K) is applied for the nozzle extension circuit.
For both circuits the sink temperature is definedras 40 K. Radiation &ects in the combustion chamber are not
considered so far. Radiation to ambient is computed for thside facing surface of the cooling channel structure.

The resultant temperature distribution together with trecianical loads are used as boundary conditions for
the static stregdisplacement analysis. At the inlet deflections in the adii@ction are suppressed. Symmetric defor-
mation is guaranteed by applying zero deflection normaleécsimmetry planes sketched in figure 1(a). The material
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Figure 4: Mach number distribution at steady state of theotmiFSI analysis.

parameters of copper (substrate: CuCr1Zr), BC (bond co#lrAY) and TBC (top coat: zirconia) are taken from
[17, 18, 19]. INCONEL alloy 600 [20] is used for the nickel et of the combustion chamber and the nozzle extension.

Two different coating systems are analysed by the above mentioneghBFsis approach. The first applied
TBC system can be fiered to as a conventional setup, where arB®ond coat and a 1@n top coat is defined on
top of the hot gas wall. Figure 5 shows the converged temperalistribution of the structural domain. The high
temperatures at the combustion chamber inlet can be ergléiythe assumption of finalized combustion at the inlet,
where a homogenous inflow condition neglecting the typigjalator head is applied.

Tin [K]
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+1.171e+03
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CUT A-A
Figure 5: Temperature distribution for the BC30um and TBC= 10um thermal barrier coating at steady state.

Realistic physical conditions are met at the throat regidrere the temperature peak reaches about 1516 K. The
peak temperature is about 667 K higher compared to a cowvethetup, where the copper substrate faces the hot gas
directly.

Another small temperature peak can be identified in the mozalension just downstream of the manifold po-
sition. At this point a material and geometric cooling chelnrariation between the coated combustion chamber wall
and the nozzle extension is located. The constant filnfficients in the upstream cooling curcuit are defined five times
higher than in the downstream cooling cooling curcuit.

The cut view at the throat region shown on the right in figuré&ginsights about the temperature distribution
of the cooling channel cross section. The TBC system insulagsults in a considerable temperature drop for the
copper wall compared to conventional combustion chambapse Cross section temperature data for fotiiedént
positions are defined in figure 5 and summarized in table 1.nTdsdmum copper temperature is reached at position 3
with 476K for the first analysed TBC system.

For the second TBC system analysed in this study the top agat Is omitted, where the bond coat layer is
thickened up to 10@m. The insulation ffect is compareable to the first analysed TBC system, whiclbeadentified
in table 1. Thicker one layer TBC systems allow cheaper naoiufing techniques like atmospheric plasma spraying,
whereas the individual layers of the first analysed TBC systee too thin and would have to be manufactured for
instance by vacuum plasma spraying. Another benefit of a ayer Isystem is the reduction to only one remaining
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Table 1: Temperature distribution at 4 points defined in #gur
5 for two different TBC systems at steady state.

position BC = 30um; TBC = 10um BC = 100um

1 50K 48K
2 324K 298K
3 497K 456K
4 1516K 1648K

interface problem which needs to be handled via optimal rizteompatibility between the copper substrate and the
bond coat.

In addition to the thermal results, the global structurapanse of the steady state FSI analysis of the first TBC
system is shown in figure 6. Thdfect of the global deformed state on the aerothermomecHaiedysis is small
compared to the strong influence of the thermal interactions
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Figure 6: Deformed vs undeformed thrust chamber contouthferBC= 30um and TBC= 10um thermal barrier
coating at steady state.

5. Local macro scale delamination modelling

Aside from erosion problems investigated by Quentmeyek. @t §1] it was shown by Miller and Lowell in [22] that
TBCs are prone to delamination at the interfaces and evenati# failure by spallation phanomenon.

The failure phenomenon investigated here includes ffeeteof macroscopic delamination of TBC systems in
rocket thrust chambers. Macro scale delamination modglfinvell established in the field of fibrous composites,
however, in the field of TBC systems applied to rocket thrirgtnsbers macro scale delamination growth was not
studied so far. This work focuses on the analyses of a Fdf@chanics (FM) approach applied to TBC systems.
For FM approaches an initial delamination must be presewhath the crack tips are used to determine the fracture
mechanical data. An assumed initial macro scale delaroimatiay have an impact on the propagation behaviour,
which must be studied in future.

Delamination propagation analysed by a FM approach folldwesctly from the energy release radecomputed
by means of linear elastic fracture mechanics for a givedifgacompared to the critical val@®.. The fracture energy
G is a material property and consequently independent ofoihigihg. Several methods were proposed and validated
to computeG or respectively its mode componef@s, G, andG,;, e.g. J-Integral, Virtual Crack Extension, Virtual
Crack Closure and Williams [23, 24, 25].

To gain first insides in the local loading behaviour of mactals delaminations the Virtual Crack Closure
Technique (VCCT) is a applied to study sensitivities for wifferent TBC systems mentioned above.

5.1 Virtual Crack Closure Technique

The Virtual Crack Closure Technique (VCCT) is a Fracture Natdcs FEM post-processing approach to compute
mixed-mode energy release rates for each fracture modearmenp The benefit of the VCCT is to be able to compute
the mixed-mode energy release rates by using only one fildtaent analysis step. Other methods like the crack
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closure method need two analysis steps, where the crack/sgalily extended or closed. In the following the theory
and application of the VCCT to three-dimensional lineaidselements is summarized following Kruiger [24].

The VCCT is based on two assumptions. The first assumptioalediue crack closure method, where it is
assumed that the energy needed to extend a crack from langthe lengtha + Aais equal to the energy to close the
crack by the same lengtka. The second assumption states that the crack tip configarsitiown in figure 7(a) will
not alter considerably if a crack is extended to the letagtha or to a + 2Aa, meaning that the relative displacements
between nodé&l and nodeLl* behind the crack with lengta + Aa will be approximately the same displacement at
node i, if node i is released and the crack is extended to tigtha + 2Aa.

local crack tip | z'\w'Z'
system ‘

X', U, X'

o yv.Y . .
: x,u, X
global

system xu,X

(a) 3D view [24]. (b) Top view.
Figure 7: Local crack tip configuration of an eight node selieiment.

The energy release rates for the fracture mode componetiits efght node solid element shown in figure 7 can
be evaluated at the crack tip as follows:

Zi (W - wy)
2- (AAl + AAz) ’

Vi (M- v)
2- (AA]_ + AA2) ’

X (U’u - u/u*)

G = T2 (AAL+ AAY)

Gy = and Gy = (4)
whereX’, Y andZ’ are the nodal forces transformed in the local coordinateery$x’,y’,z’) of the crack tip andr, v/
andw the transformed displacements, respectively. Figuresh{byvs the area definitions?; andAA, as well as the

definition of the local coodinate system for arbitrary stth@elamination contours.
5.2 The parametrized 3D model

The parametrized 3D delamination model presented in thi& wonsists of the TBC system setup mentioned above.
The basic setup of the implemented model consisting of atiatbsand the thin layers of bond coat (BC) and top coat
(TBC) is shown on the left of figure 8. The parametrized apginda modelled via the preprocessor ABAQGAE.
The initial delamination is idealized by the ellipse eqonati The special case of a circle can also be chosen as can be
seen on the left of figure 8. For this work 8 node linear soleents are chosen for the complete model.

In case of ideal structures the local buckle phanomenoneo§tiblaminates can cause numerical solutidi-di
culties. In order to countervail thigfect a small imperfection can be introduced in the area ofndi@lation, which
may also be seen as a realistiteet caused by oxides. The out-of-plane global coordinaigide the delamination
area are superimposed with a half cosine wave parallel totaéé, n coordinate system:

2a 2b a? b

whereh; is the maximal imperfection, ana andb are the major and minor semiaxes. This expression assures a
tangential plane at the crack front between the intact TBsZesy and the delamination itself.

AXz = h; cos(lf) cos(l_n), b=b4/1- & within (g)z + (Q)Z <1 (5)
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Figure 8: 3D delamination model

Futhermore, the parametrized model features variatioel@ndination position and orientation according to the
global specimen. Multiple delaminations with individuatérface positions substrate — BC or BC — TBC are possible
as displayed on the right-hand side of figure 8. Elliptic esgntation in parametric coordinates allows for automatic
spatial discretization enhancement in areas of large tuneva

5.3 Numerical results

In order to get first insights in the local loading conditi@isTBC systems, sensitivities of initial delaminations are
analysed. For the finite element analyses of the local apprdsplacement boundary conditions are extracted from
the global model and applied to the local model as can be sdfeguire 9.

=-0,475um
U =0 / Te= 324K
xL Y
U, = -2,09um Uy =2,09um
Uy = 0,475um 2 /
TBC - System \
Ty =1516K

P Uze= Uyl
T T

Figure 9: Transfer of boundary conditions from global todlomodel (BC= 30um; TBC = 10um).

The width of the local model is defined by one cooling chanth¢ha nozzle throat region of the combustion
chamber. The temperature boundary conditions of the cogyiestrate side are taken from position 2 of figure 5
and from position 4 at the hot wall for the top coat side, retipely. For simplicity to gain first insights, constant
temperature and displacement boundary conditions araa&th and applied to the local model. The contraction
displacement componeh, ¢ of the chamber wall is extracted at the nozzle throat andieghglymmetric for a full
cooling channel asly; on the local model, which is shown in figure 9. In addition &xiantraction of the thrust
chamber is extracted for a small segment and applied like(gse length and with in table 2).

The failure interface to be analysed in this study lies betw#ne copper substrate and the bond coat material.
This position was identified in experiments to be prone tlufaimechanisms [26, 27]. In this study size variations
of delamination circles are analysed for the above mentidrigC systems. The delaminations are positioned in the
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Table 2: Dimensions and boundary conditions applied to the
local finite element model.

BC = 30um; TBC = 10um BC = 100um

length/ m 0.00168 0.00096
width/ m 0.00198 0.00198
Trec/K 1516 1648
Tsus/ K 324 298
UxL /M +2.09e-06  +2.21e-06
UyL/m +4.75e-07  +2.85e-07

center of the interface plane of the local model. The coppbstsate thickness at the nozzle throat is 1mm and the
local maximum imperfection hight is defined with= 2um.

ABAQUS/Standard is used to solve the sequentially coupled therrdloamical finite element problem. Pre-
analyses have shown that an element number of 320 alonggtiefcont region is sfficient for the fracture mechanical
post processing approach. The strainless condition isvabat 29315K, which is a first estimate and needs to be
investigated in more detail in future studies.

Results of the fracture mode componeBtsandGy;; are shown in diagram 10. The fracture mode component
G, magnitude is about fourty times lower than Bg andGy;; components, consequently the loading condition does
not result in a considerable opening of the delaminationsade | direction. Sliding shear in mode Il direction
and scissoring shear in mode Il direction are approxingateequal measure responsible for the failure mechanisms
identified in the present sensitivity analyses. As expetliedenergy release rates start to elevate by increasing the
delamination radius. A 10% increased delamination rad#sslts rougly in a 25% increase of the energy release rate
likewise forG,; andGy, .

®* * r=8.750e-05m; TBC-30-10
= = r=1.000e-04m; TBC-30-10
—— r=1.125e-04m; TBC-30-10
® * r=28.750e-05m; BC-100
= = r=1.000e-04m; BC-100
—— r=1.125e-04m; BC-100

s 3 £ ANS 4 !

A L2 [

3 2 e o [4 '.’o‘\
P 1 3
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Figure 10:G;, andG);, vs® for two TBC systems and three delamination radii.

Comparing the two dierent TBC systems shown in diagram 10 one can conclude #hdefined one layer bond
coat setup is more critical towards delamination growth parad to the two layer TBC system setup.

6. Conclusions and outlook

A global full parametric 3D modelling approach for cooleaket thrust chambers has been presented. Thermal and
mechanical interactions have been analysed for the stéattycase of a subscale thrust chamber taking into account
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two different TBC systems. It was shown by global FSI analyses treatayer thermal protection systems are able to
achieve the same protection as conventional two layer TB&B)s.

Extracted boundary conditions of the global FSI analyse® lheen applied to a local finite element model to
analyse possibe TBC delaminations, which have been iigagst by a Fracture Mechanics approach. The fracture
mode components Il and Il are identified to have the main @nfae on the failure mechanisms.

In the ongoing research the cooling fluid domains analysedAMS model will be integrated in the presented
fully coupled approach. Furthermore, transiefieets will be investigated to address critical loading ctinds for
applied TBC systems. Thermal transieffeets have a great impact on failure mechanisms of TBC systEmtsire
studies will focus on the application of transient loads lmelar variation of boundary conditions applied to the loca
delamination model.
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