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Abstract. Experiments have shown that aerothermodynamical loads on thin-walled
structures lead under certain constraints to plastic deformation and buckling. The aim of
the research is the accurate prediction of thermal buckling behaviour for metallic panels
under the before mentioned conditions. In this article the material modelling for thermo-
elastoplastic material behaviour is introduced which incorporates non-linear kinematic
and isotropic hardening. As a non-linear temperature dependence of mechanical material
parameters is included in the model, a special temperature and deformation dependence
of the heat capacity is used. This material model is implemented as a user material in
Abaqus and coupled with the fluid solver TAU. As the coupling tool for the fluid-structure
interaction ifls is used. The results show the expected behaviour and the experimental
results of displacement and temperature are reflected in the simulation.

1 INTRODUCTION

Experiments have shown that aerothermodynamical loads induced by high enthalpy
flow on thin metallic panels in combination with unavoidable constrains for the movement
of the structure might lead to undesirably localized plastic deformation and buckling phe-
nomena. In the considered supersonic flow at Mach numbers of Ma = 7.62, the buckling
of panels into the stream flow creates shocks and expansion areas which significantly im-
pact the efficiency. In this work the fluid structure interaction between the panel and the
flow are shown. The effects of the panel buckling on the flow is shown in Fig. 1. First
investigations to thermal buckling were conducted in [12, 1]. The panel buckling is inves-
tigated experimentally in a wind tunnel for 120s, where deformation and temperature are
measured over time [2]. The panel heats up due to aerothermodynamical loads, pushes
against the surrounding frame and buckles into the flow.
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Figure 1: Influence of thermal buckling on fluid flow

An important part of the structural model is the description of the material behaviour.
This requires a fully thermomechanical coupled viscoplastic model including large de-
formations [5]. Therefore a realistic description of the highly temperature- and rate-
dependent material behaviour of the structure must be considered. Besides convection
and heat radiation, the temperature dependence of the mechanical material behavior as
well as the deformation dependence in conduction and capacity terms have to be included
in the thermomechanical coupling. For that an extended thermomechanical model is used
which takes non-linear thermal evolution into account [9]. This is achieved by defining
material parameters which are nonlinearly dependent on the temperature [13, 8]. There-
fore, a thermodynamically consistent model of finite thermo-plasticity with non-linear
kinematic hardening and isotropic hardening for large deformations is chosen, which is
based on [14]. The Helmholtz energy includes nonlinear functions of the temperature and
the isothermal energy, which decomposes into an elastic, a kinematic and an isotropic
hardening part. This user material is implemented in Abaqus as a material subroutine
(UMAT). For the fluid simulation a steady state is assumed as the deformation is rather
slow: 12 mm in 60 s. The fluid-structure interaction coupling tool ifls is provided by
the Institute of Aircraft Design and Lightweight Structures (IFL) at TU Braunschweig,
which was implemented and extended by [7, 4]. For the fluid computation, TAU from
the German Aerospace Center (DLR) is used. The fluid-structure interaction focuses on
the choice of an equilibrium iteration method, the time integration and the data transfer
between grids.
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2 Mechanical model

We assume an multiplicative split of the deformation gradient in an elastic and a
plastic part F = FeFp and another split of the plastic part in an elastic and inelastic,
motivated by the findings of [6]. The right Cauchy-Green tensor is given by C = FTF, the
elastic part Ce = FT

e Fe and the elastic plastic part Cpe of the right Cauchy-Green tensor
respectively. The following Helmholtz free energy is proposed, which includes thermal
expansion and temperature dependence of the material parameters [9]:

Ψ =
Θ

Θ0

Ψ0 − Λ(Θ)α(Θ)(θ − θ0)(J − 1) (1)

Whereas Λ(Θ) is the temperature dependent Lame constant, α(Θ) the temperature de-
pendent thermal expansion coefficient, θ the temperature, θ0 is the reference temperature,
J is given as detF and Ψ0 is additivley split into an elastic part, an isotropic hardening
part and an kinematic hardening part. For the elastic part a standard Neo-Hooke form is
choosen. The isotropic part is a von-Voce-type function and the kinematic part is chosen
according to [14, 3]:

Ψe = − µ(Θ)

2
(trCe − 3)− µ(Θ)ln

(√
detCe

)
+

Λ(Θ)

4
(detCe − 1− 2ln(detCe)) (2)

Ψiso = −H(Θ)

(
κ+

e−β(Θ)κ − 1

β(Θ)

)
(3)

Ψkin =− c(Θ)

2
(trCpe − 3)− c(Θ)ln

(√
detCpe

)
(4)

Whereas µ(Θ) is the shear modulus, κ is the isotropic hardening variable, H(Θ) and
β(Θ) are material parameters for the isotropic hardening part, c(Θ) and b(Θ) material
parameters for the nonlinear kinematic hardening part. All material parameters are tem-
perature dependent. To fulfill the second law of thermodynamics the propsed Helmholtz
free energy is inserted into the Clausius-Duhem-inequality

−Ψ̇ + S · 1
2
Ċ > 0 (5)

whereas S is the second Piola-Kirchhoff stress tensor. It yields

(
S− 2F−1

p

∂Ψ

∂Ce

F−T
p

)
· 1
2
Ċ+ (M− χ) · dp +Mkindpi −

∂Ψ

∂κ
κ̇ > 0 (6)

For arbitrary Ċ, dp, dpi and κ̇, the second Piola Kirchhoff stress tensor is

S = 2F−1
p

∂Ψ

∂Ce

F−T
p (7)
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The remaining dissipation inequality yields

(M− χ) · dp +Mkindpi −
∂Ψ

∂κ
κ̇ > 0 (8)

whereas the two symmetric Mandel stress tensors

M = 2Ce
∂Ψ

∂Ce

, Mkin = 2Cpe

∂Ψ

∂Cpe

(9)

and the back stress and drag stress tensor is given by

χ = 2Fpe

∂Ψ

∂Cpe

Fpe , R = −∂Ψ

∂κ
(10)

The evolution equation are chosen that they fulfill the dissipation inequality

dp = λ̇
∂Ψ

∂M
, dpi = λ̇

b(Θ)

c(Θ)
MD

kin, κ =

√
2

3
λ̇ (11)

A von-Mises yield function is chosen:

Φ = ||MD − χD|| −
√

2

3
(σy(Θ)−R) (12)

with the drag stress derived to R = −H(Θ)(1 − e−β(Θ)κ). As the equations are all
in different configurations, they are transfered to reference configuration as due to the
symmetric quantities the system of equations reduces to 14.

3 Fluid calculation

The freestream conditions, which have been also used for the experiments [2] are given
table 3. The fluid calculation is preformed with the program TAU from the German

Ma∞ 7.62
T∞ 463.7 K
p∞ 52 Pa
Pr 0.72
γ 1.462
R 346 J/(kg K)

Table 1: Freestream conditions [2]

Aerospace Center (DLR). For the fluid simulation a Reynolds-Average-Navier-Stokes
(RANS) is used. For the spatial discretization is the AUSMDV-Upwind method used
and for the time intergration a pseudo 3rd-order Runge-Kutta method. In Fig. 2 the
fluid grid is shown with refinement at the shock interface of the detached bow shock and
the boundary layer. The region at the isentropic compression at the beginning of the
deformed panel is not yet refined. A more detailed investigations is needed.
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Figure 2: Fluid mesh with refinement at shock interface and boundary layer

Figure 3: Coupling scheme of ifls

4 Fluid-structure interaction

For the fluid-structure interaction the code ifls from the Institute of Aircraft Design
and Lightweight Structures (IFL) at TU Braunschweig is used. It provides a coupling do-
main for several structural and fluid solvers, e.g. Abaqus FEA and TAU. As the structural
deformation is rather slow an equalibrium state for fluid and solid can be assumed in each
time step. For the equalibrium iteration method the Dirichlet-Neumann method is used.
The Dirichlet problem is solved in the fluid calculation, where the temperature Θ̃ and the
displacement ũ is held fixed at the domain surfaces. The Neumann problem is solved in
the structural computation, where the heat flux q and the pressure p are applied to the
domain surfaces. For the transfer of the state quantities a Lagrange multiplier is used for
non-conforming meshes. For the time intergration an iterative stagered procedure is used.
The coupling scheme is schematically shown in Fig. 3. The termal and mechanical com-
putation of the structural is not yet fully coupled. The heat flux and pressure are applied
to a thermal computation in a first step, in which temperature boundary conditions for a
mechanical structural computation are calculated. This is used to calculate the thermal
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Figure 4: Boundary conditions for structural model

Position x [mm] z [mm]
front 50 0
center 100 0
back 150 0

Table 2: Measurement positions [2]

expansion in the second structural computation. The state quantities q̃, p̃, Θ̃, ũ refer to
the fluid mesh. The values q, p, Θ, u refer to the solid grid, respectively.

5 Structural model

For the thermal solid computation a standard Abaqus heat transfer and radiation model
was used. For the mechanical solid computation the above introduced material model was
incorporated as a user material routine (UMAT) in Abaqus for shell elements. The me-
chanical model is shown in 4. The clamped support for the structural part are indicated
only at the edges but apply to all nodes except the panel. The thermal boundary con-
ditions are as follows: the bottom is fixed at T = 200C and from the top the heat flux
is given from the fluid computation. For the panel shell elements (S4) are used. For the
frame (green) and isolation (white) volume elements (C3D8) are used. The material of the
panel and frame is Incoloy 800HT and for the isolation Schupp Ultra Board 1850/500 by
Schupp Industriekeramik is used. Material parameters are taken from [11, 2]. The panel
is discretized by 234 elements and five integration points are used over the thickness. The
bending radius is discretized by 4 elements in circumference direction.
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Figure 5: Displacement contour plot at t = 60s; left: Simulation [m], right: experiment [mm]

6 Results

6.1 Solid

For the displacement and temperature results the same coordinate positions for the
measurement are used. The coordinates are given in Tab. 6.1 and lay on the centerline
of the panel in flow direction. The comparison between the experimental and simulation
results of the displacement are shown in 6. The maximum displacement in z-direction
is 13.26 mm for the simulation and 11.8 mm for the experiment. This correlates to an
error of 12.4%. The buckling form is similar. The maximum buckling position of the
simulation is positioned more to the center of the panel. This correlates to the results of
the temperature distribution. The point of the maximum temperature in the simulation
is positioned more to the middle. This is shown in Fig. 6, where the temperature in the
front is underestimated and overerstimated in the middle. In the structural calculation
the rounded nose, which can be seen in the fluid model is not modeled. As as isolation
is located between the rounded nose and the frame, it should not have a big influence on
the temperature distribution and displacement of the model but will be investigated in
future works.

6.2 Fluid

The results from the fluid calculation are shown for the Mach number in Fig. 7 and
for the cp-distribution in Fig. 8 for the times t = 0 s, t = 30 s, t = 60 s and t = 120 s. At
t = 0 s the panel has not yet started to buckle into the stream, therefore the undisturbed
flow field is shown. A detached bow shock is located at the round node. At t = 30 s the
panel had began to buckle into the flow and a isentropic compression region is formed at
the beginning of the panel as the deformation is not convex. This leads to an expansion
of the nose shock when the isentropic compression interacts with the bow shock. From
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Figure 6: Displacement over time (left), temperature over time (right) - comparison between simulation
and experiment

the highest buckling point a Prandtl-Meyer expansion begins, where the fluid accelerates
and pressure decreases. At t = 60 s, the shock expands more until t = 120 s, where the
maximum amplitude is reached.

7 Conclusion

A thermo-elastoplastic material model with non-linear isotropic and kinematic harden-
ing for finite strains and with temperature dependent material parameters was introduced.
This material model was implemented as a material user subroutine in Abaqus and coupled
with the fluid solver TAU. The coupling domain was provided by ifls which is a coupling
tool for thermal-mechanical fluid-structure interaction. The comparison of temperature
and displacement between simulation and experiment shows good agreement. The bound-
ary conditions from the experiments must be incorporated in more detail for fluid and
solid, e.g. a threedimensional flow around the panel and chemical non-equalibrium for
the fluid and adapted mechanical and thermal boundary conditions for the structural
computation.
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Figure 7: Mach number at t = 0 s (top left), t = 30 s (top right), t = 60 s (bottom left) and t = 120 s
(bottom right); max=7.6

Figure 8: cp distribution at t = 0 s (top left), t = 30 s (top right), t = 60 s (bottom left) and t = 120 s
(bottom right); max=1.8
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