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Abstract

In the present work, a monolithic solution approach based dinite element method for the problem
of thermo-structure interaction (TSI) in the challengingldiof rocket nozzles is proposed, with inde-
pendently discretised structural and thermal fields. Ferrttonolithic TSI scheme, an iterative solver
(GMRES) and a Block-Gauss-Seidel preconditioner is usbd.pfoposed methods are tested for the sec-
ond Danilovskaya problem, and good agreement of the nuaieesults with results from the literature is
observed. Furthermore, it is shown that the monolithic @llgo exhibits improved stability compared to
partitioned algorithms.

1. Introduction

Better understanding of complex thermo-fluid-structuteraction (TFSI) is essential for the design of rocket nezz|
One important ingredient for such investigations is fiicient and robust computational approach for the analysis of
thermo-structure-coupled dynamics. Challenging featofethis problem type can be demonstrated with the help of
Fig.1, which shows the combustion chamber of the Ariane Jreagine “Vulcain”. Elevated temperatures (combus-
tion temperature up to 3600 K) with high temperature gradiécoolant fluid inlet temperature approximately 73 K),
high wall heat fluxes (of about 120 M?), high-geometrical non-linearities due to very thin stawe, high Mach-
and Reynolds-numbers, and complex shock-boundary-latagiction have to be considered. Experiments investigat-
ing important phenomena of a nozzle are extremefiyadilt, because the actual test environment is located oh eart
and in space. Due to extrem material loading, the so-cabigdrebuse ffect occurs, cf. Fig. 2. The dog-houdeet or

combustion chamber LOX
& nozzle detail: combustor

Figure 2: Detailed cross-section at the inner radius of
the thrust cell linear showing the failure site in the center

Figure 1: Engineering drawing of the combustion cham
cooland channel (cf. [4])

ber of the Ariane 5 main engine “Vulcain” (cf. [13])

failure is a complex cracking phenomenon likely caused lficyoading, creep and chemical damage. Control loss
and therefore failure of an Ariane 5 ECA in the year 2002 id saibe related to the dog-houséest.

To understand thisfiect and to optimize current rocket nozzles, our work preseint the following aims
at developing an adequate computational approach. Asnstgrbint for the complete TFSI model, we present a
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submodel capable of describing thermo-structure intemastor the application to rocket nozzles. Both partitidaed
monolithic coupling algorithms for TSI are basically pddsi In partitioned schemes, loosely (“one-way stagggred”
and strongly (“iterative staggered”) coupled algorithme differentiated. One-way staggered schemes accept that
the coupling condition is not fulfilled exactly at the end dfime step. In contrast, iterative staggered schemes aim
at achieving equilibrium of the overall system of equatiahshe end of a time step through iterations between the
partitioned fields. However, recent literature such as [{,dointed out that well-designed monolithic algorithms
are even superior to accelerated iterative staggered sshefin essential aspect for affieient solution, especially

for large-scale problems, is a good preconditioning temiai Various preconditioners based on algebraic multigrid
(AMG) methods were proposed in [7, 10] for monolithic satutschemes of coupled problems, such as fluid-structure
interaction (FSI). If properly designed, they were showrenable a fast,f&cient, and robust solution of the overall
fully-coupled problem.

The main focus of this paper is on a new monolithic schemeguairBlock-Gauss-Seidel preconditioner for the
nonsymmetric system of TSI. The long-term perspective isffhoject is to fully couple the presented TSI model to a
Large eddy simulation (LES) approach to turbulent flow, udéhg shock-boundary-layer interactions. The complete
model should reproduce all working stages of a rocket noZdehe best of the authors’ knowledge, there has not yet
been any computational model proposed capable of addgesiaforementioned features for a rocket nozzle. Since
no experimental validation will be possible for the targettem, it is essential to compose the simulation approach of
well-validated, reliable, ffective and robust building blocks, such as the TSI modetslest here.

2. Problem definition

For the description of deformation in rocket nozzles due db dases, the displacement field and the temperature
field are considered. The resulting thermomechanical sy&ea fully-coupled problem, that is, the solution of the
temperature field depends on the displacement field and eisavThe coupling of the two fields in TSl is determined
by its material. On the one hand, the material is able to djsptress changes due to temperature changes. On the
other hand, temperature changes due to mechanical heatingecdemonstrated.

In the following it is focused on thermoelastic material. fdover, thermomechanical influences in both direc-
tions (i.e., the influence of temperature on the mechanidelas well as the influence of deformation on the thermal
side) are considered. Non-linear thermo-elastic matefiiatts are neglected.

2.1 Structural field equations

In this work we assume a structural field governed by the tiséstodynamic equation
pl=V-0o+ b (1)

that describes equilibrium between the forces of inertitgrnal and external force in the undeformed structural
configuration. Equation (1) has to be solved for the unknown displacemernit$e internal forces are expressed in
terms of the stress tenset To describe the stress, a constitutive strain-engriaw has to be considered. The stress
equation can be derived using (3) by the definition:

0
o= s @

including the linear strain tensor (5). For an isotropictheelastic solid, the strain energy function described t
free Helmholtz energy follows as

ou(e,T) = ue-€ + %/l(s “1)? + mATe-1 - ,oc:V(TmTl — AT). (3)
0

The stress equation results in
o=2ue+ A(e-1)1+ mAT1 4)

with the stress-temperature modulas= —(2u + 3 1) a7, including the Lamé-constanfisu, and the cofficient of
thermal expansiont. The temperature fierenceAT is defined as the fference between the current temperafure
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and the initial temperaturg, att = 0: AT =T — To. Small strains are assumed, so that higher-order termsecan b
neglected, such that:

£ = %(Vou + Viu) = %(Vu + (V) , &= %(VOU + Vi) = %(VU + (Vu)N), (5)

with the infinitesimal strain tenserand the resulting strain rate tengorAppropriate boundary and initial conditions
have to be defined for the structural field as well. If the matean be understood as a potential, i.e. the internal work
is independent of the path and no friction is consideredy the weak form can be interpreted as variation of an energy
potential. In the context of energy potential the test figrcis interpreted as virtual displacement, and (1) is wigigh

by virtual displacemtgd and then integrated by parts:

fpu-5ddQ+fa-~V6ddQ—fB-6ddQ—ff~(5ddF=0 (6)
Q Q Q It

Equation (6) describes the partial, weak structural balafequation including the traction vectbr= o - n. The
structural field equation is discretised in space with adieiement method (FEM). For details about the FEM for
the structural field the reader is referred to the respeéitemature, e.g., [97]. For temporal discretisation, we use a
one-stepd time-integration scheme.

2.2 Thermal field equations

Assuming validity of first and second law of thermodynamind antegration of the strain-energy potential (3), we
obtain _
pCyT —-Tml:e +V-q-—pr =0 (7)

as the equation for the temperature evolutionn (7) defines the radiation. In all further investigation® neglect
the radiatiorr. A constitutive law has to be chosen to determine the heatdlukkourier’s law, which is linear and
isotropic, is defined as

g=-kVvT, (8)

with the thermal conductiviti, which is assumed constant and positive.

Appropriate boundary and initial conditions for the tengiare field have to be chosen as well. Similarly to the
structural field, a weak form of the thermal equation (7) isaoked. The test function is here interpreted as virtual
temperatures. Weighted by virtual temperat@esnd then integrated by parts, (7) results in:

fpcVTaTdQ-mel:@;aTdQ—fq.vcsTdQ—facsTdr:o. (9)
Q Q Q r

For the thermal field, due tblewton’s law of heat dissipatipheat convection boundary conditions can be
specified on the boundary as follows:

—g-n=—(-kVT)-n=:qc. = h(T = T) onI¢[X(O,tend] (20)

with linear heat transfer céigcienth, and the ambient temperatufg. Heat convection boundary conditions represent
non-linear von Neumann boundary conditions for the tempeedfield. Due to the non-linearities this boundary
condition has to be considered in the linearisation as well.

In accordance with the structural field the thermal field spaliscretised in space with the FEM and temporally
discretised with a one-steptime-integration scheme.

3. Monolithic solution approach

In a monolithic algorithm the fully-coupled nonlinear TSistem

Kigi AX = —fidn (11)

is solved for the time stept; and the (Newton) iteration-steép- 1. All degrees of freedom of the TSI-systeXwL’;ll,

i.e., the displacement and the temperature incrementsadgelated simultaneously. Monolithic algorithms reguar
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complete linearisation of the problem. A challenge in TShis non-symmetric tangent matrikrs;. The TSI matrix
is given as follows:

i+ I+
Kou  Keo ATn+1 T tn+l (12)
Ky AX “F i

where the residuaf, describes the structural equation (6) afdthe thermal equation (9). The tangent matixs,
can be split in four parts, as shown in (12):

nele

1 ©
_ T T
Ku = é[ Joyo BICBLAQ + nge N o Ny |, (13)
nele 1 ; . T T ) . ©
Koo =A== | NI(Cy)N;d+ [ BIkByda— | NIhNgdle - [ NICy:BudNgd| .
e=1-OAL Jae Q® re o C)
(14)
nele © nele ©
Ko = A f BT miNydo[? = A f 8] C,Nyd]”, (15)
e=1" JOO e=1"JQ®
nele 1 ©
Ko = - NJ NgT Cpav| - (16)
wo= Al gy [ NTNTCY]

Kuu (13) represents the purely mechanical tangépt(14) the purely thermal tangent. Th&-dliagonal terms emerge
by the strong couplingféects in TSI:Ky (15) describes the mechanical-thermal tangent, and finglly(16) the
thermal-mechanical tangent.

Large linear systems of equations cannot be soltiegvely with a direct solver often iterative Krylov methed
are applied (see, e.g., [15, 11]). For a detailed descnpifaterative Krylov methods the interested reader is daec
to these publications. Furthermore, the properties of thetire and temperature submatrices in the monolithic TSI
system of equations (12)ftiér considerably. As a consequence, standard precondiioaenot be applied adequately.
Alternatively, block preconditioners, for instance bleGlauss-Seidel (BGS) and algebraic multigrid (AMG) block
precondtioners, were proposed in [7, 10] for FSI problemsimilar approach with BGS preconditioner is used here
and described in the following.

A right preconditioner (identifier R in (17)) implies the intluction of an invertible preconditioner matitg
into (11):

KT5|M§1 Mg Xjz1 = fTSI' (17)
—
=X

For dfective preconditioning, the preconditioner mathkg should approximate the fiimness matrix of the coupled
TSI system (or Jacobian of the TSI probleir ~ Krs). A Krylov solver relies on a repeated matrix-vector product
Xiy1 = M;el Xi.1 to get the exact solutior;,; using the inverse of the preconditioner matrix. Henlde;, should be
easily invertible for an ficient solution process. To start the iteration, an initizégg forxg is needed.

Kss Ksr |[ AdM™ [ rid,n+1 } (18)
Krs Kir AT riTm1
—_—— —_—
KT5| AX fTSI

For the TSI system, two block equations must be solved foptieeonditioner. As in [11, 7] for FSI, we solve the
block equations successively for the presented TSI systieiS|, the structural solution directly influences the fluid
solution, whereas the fluid solution influences the stratswlution not until the next iteration step. This is duehte t
fact that the &ect of the deformation on the flow is usually stronger thaneffiect of the fluid on the deformation.

In TSI, the dfect of the structural field on the thermal field is less impartdan the oppositefiect. In fact, the
heating due to elastic deformation (i.e., the influence efdtnuctural on the thermal field is often neglected, see e.g.
[12, 13, 2]). Especially if an elastic material law is assdm#he thermoelastic heating term is only significant if
dissipation is considered. Otherwise, it is rather smatthghat its neglection is a valid assumption.

For solving the TSI system, we start by solving the thermabgign using the displacements resulting from the previous
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Block-Gauss-Seidel iteration stgp The resulting temperaturds., are used for calculating the new displacements
djs1.

Ko TP = (770 KA, Khgadily = 9770 Ko aTry, 9)

As abort criterion for the Block-Gauss-Seidel iteratiom, require the following two conditions to be fulfilled:

AT - AdN < 85, IATY - AT < 6T, (20)
with a given tolerance® for the displacement incrementl as well ass" for the temperature incremenT .

To validate the present monolithic TSI approach, we compaeesults with a fully-coupled partitioned TSI
algorithm. Literature research has shown, that a thermumisire interaction problem is usual solved with a panti&d
scheme, cf. [5, 1, 14, 8, 12, 13, 2].

4. Numerical Examples

The second Danilovskaya problem as proposed in [3], whisloftgan been used in literature for validation of a fully-
coupled thermomechancial model (e.g., in [5, 18, 16, 173pissidered. The problem is essentially one-dimensional.
A linear elastic half-spacex(> 0) is subjected to a uniform sudden temperature change dadéat fluxg. on the
surfacex = 0 according to (10). The actual geometry in the form of a cdlodheight and width of 4 mm and a length
of 6mm is shown in Fig. 3. The second Danilovskaya model asidered in [3, 5, 17] includes the assumption that

e,

Oc = h(T - TM)

f~— 4mm —

< 4mm —

Figure 3: Initial geometry and heat flux

the thermomechanical coupling term in the energy balancatean (7) does not include the absolute temperakurat
the initial temperatur&g. This simplifies the thermal subproblem, because the lisa@on of this term with respect
to T can be neglected. The second term in (7) reducesTeoml: ¢ , so that

pCyT —Toml:& +V-q-pr = 0. (21)

Hence, the coupling term is independent of the absolute ¢emyre solution and therefore can be interpreted as an
external load. The simulation is carried out in three spaiimensions, fixing all displacement degrees of freedom
in y- andzdirection, such that only uniaxial (quasi-one-dimensgipmotion is enabled. The body is assumed to be
mechanically constrained and thermally insulated. Th&lrand boundary conditions are given as

U(Xt=0)=0=U(x,t=0), T(xt=0)=To, and fi(x=0,t)=0. (22)

The thermal field properties are given by the thermgildivity k = 1.03x 10° mn? kg/(s°> K), the linear heat expansion
codficientar = 1.1x 10°° 1/K and the kinematic heat transfer ¢beienth = 0.1 mnys (defined ak = h/(p Cy) with

the linear heat transfer cirienth, cf. (10)), a constant initial temperatufg = 27315K, an ambient temperature
T. = 37315K as well as the specific heat capacy = 8.21 x 10° mnm?/(s*K). For the structural field, a Young’s
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modulusE = 210 GPa, a Poisson’s rate= 0.3 and a density = 7.85 x 1078 kg/mm?® are chosen. The structural and
the thermal field are both discretised with:22 x 4 hexahedral elements. The simulation timeis4 s, with a time-
step size ofAt = 0.001s. Heat-convection boundary conditions are used at thesaixfa 0. A linear thermoelastic
material is chosen, according to equation (4).

Displacements and temperatures are evaluated at the qamifiteof planex = 1 mm. The value for time-
integration is set to be.B. The present results are compared to the ones in [17]. Wmately, not all material

340

T 0
Tanaka [17] =
present results Cv=5e5
present results Cv=7e5 ««--=+++
present results Cv=8.21e5 J
present results Cv=9e5 -0.001
present results Cv=8.21e6 -

330 -

320 -0.002

310

200 /

-0.003

Temperature [K]

Displacement [mm]

-0.004 \‘* i
\\-\
-0.005
Tanaka gﬂé
present results C,=5e!
present results C,=7€5 ---.....
-0.006 present results C,=8.21e5
present results C,=9e5
present results C,=2e6
270 L
1 2 3 4 1 2 3 4

Time [s] Time [s]

Figure 4: Temperature (left) and displacement (right) ltesu

parameters for the second Danilovskaya problem are spaifigs, 18, 16, 17]: dependent on the dimensionless
thermomechanical coupling paramedentroduced in [5, 1, 17], the densityand the heat capaciy, can be chosen
arbitrarily. Fig. 4 depicts the spread of the results forpgenature and displacementsxrdirection depending on a
variation of the values fo€y,, using an iterative staggered partitioned TSI algorithm.

The proposed monolithic TSI algorithm is now compared tofthly-coupled partitioned iterative staggered
algorithm with mechanical predictor. In contrast to the@lifiging assumption in [5, 18, 16, 17] (equation (21)), in
the following, the absolute temperature as given in (7) dltaken into account. Due to that, an additional reactive
term, which is well-known for being a potential source of rarioal stability problems, appears in comparison to the
parabolic partial dterential equation (21).

However, even with the inclusion of the reactive term, theoiithic TSI algorithm converges for various choices
of material parameters, including the present one. As drdethe results obtained for the thermal equation incorpo-
rating the absolute temperaturdfdr from the results obtained for the simplified thermal emuratFig. 5 shows the
results (“monolithic”) compared to the results for the slifigd thermal equation (“F partitioned”): a notably smaller
increase and decrease for the temperatures and the disgats respectively, is observed. Severe problems occur
for the iterative staggered partitioned TSI algorithm witlechanical predictor in the form of oscillations and bad
convergence for the given material parameters.

330 0.001 T
monolithic monolithic
Ty partitioned T, partitioned
320 — 0
310 -0.001
2 g
e =
2 ]
© 300 £ -0.002
g 8
£ &
3 o
& 3
290 -0.003
280 / -0.004
270 -0.005
0 1 2 3 4 0 1 2 3 4

Time [s] Time [s]

Figure 5: Temperature (left) and displacement (right) ltesu
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The Young’s modulus is identified as a parameter influendiig abserved behaviour. In Fig. 6, exemplary
results for temperature and displacement are provide@céigply, when reducing the modulus by a factor of 100. In
this case, stable results can again be obtained using sigregtl algorithm for this reduced Young's modulus. The
results obtained with the monolithic TSI algorithm for betdues of Young’s modulus are shown as well as the results
obtained with the partitioned algorithm. For the reducedlaios, the results are in good agreement.

320

........ \

310 e -0.001
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monolithic E=2.1e
partitioned E=2.1¢

>0

\

300
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280 -0.004

/ monolithic E=2.1e8
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partitioned E=2. 1‘e6 --------

270 -0.005
0 1 2 3 4 0 1 2 3 4

Time [s] Time [s]

Figure 6: Temperature (left) and displacement (right) ltssiarying E-modulus.

5. Concluding Remarks

A monolithic algorithm for thermo-structure interactioroplems has been presented. Validation of the algorithm has
been done for a numerical example in the form of the second®akaya problem, comparing the results to results
obtained with partitioned algorithms previously proposetiterature. In contrast to those earlier approachegén-li
ature, the proposed thermo-structure interaction fortimria@nables for taking the absolute temperature into attcou

in the thermomechanical coupling term of the energy bala#caovel monolithic Newton-Krylov approach with a
standard block-Gauss-Seidel preconditioner represeatsdy part of the proposed method. For the presented numer-
ical example, the monolithic scheme shows improved stglmbmpared to the partitioned scheme. The present work
represents a starting point for further studying the chagileg problem of thermo-structure interaction. In partcu
future work will concern the inclusion of fierent nonlinear material models into the thermomechafiiaaiework,
capable of representing irreversible deformations ansighsion.
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