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We have present a full Eulerian approach to deal with the aerodynamic performance and
stability of a new designed airship. It consists first on setting the needed fluid solvers
(Navier-Stokes equations coupled to a Spallart almaras turbulent model), then on a
geometric representation through a level set method that separates each phase: external
air, membrane and internal gaz. Finally, we extend this framework to embed a fluid-
membrane model through interfacial forces. This model consists on implementing bending
and inextensibility forces and adding them to the Navier-sotek equations. The framework
was tested first in 3D to analyze the flow past a fixed airship and compute the aerodynamic
forces. Then a fluid-membrane benchmark is used to validate the implementation. This work
allows us to highlight several numerical challenges: first, the implementation of a high order
derivative using smooth projection is needed to ensure free-oscillation forces, then the use
of an unified compressible-incompressible solver to take into account the internal gaz of the
the airship, finally, the analysis of the envelop proposed by Thales Alenia Space to deduce
the physical parameters for our fluid-membrane model.



Contents

(1 Introductionl

2 Governing equations|
[2.1 The Navier-Stokes equations| . . . . . . . ..
[2.2  The Spalart-Allmaras turbulence model (SA)
(2.3  Eulerian framework using a Level set method|

3__Membrane modell
[3.1 Bending Forcel . . . . . .. ... ...
[3.2  Inextensibility Force| . . . . . . . ... ...

[4 Numerical experiments|
[4.1  Flow past a 3D airship| . . . . . . ... ...
4.2 Fluid-membrane test casel . . . .. ... ..

[ High order derivative by smooth projections|

6 Conclusion|



1 Introduction

The fluid-structure interaction problem is one of the most active areas of research
in numerical simulation in the coming years. The immediate and potential appli-
cations include the vast majority of industrial, social and environmental domains.
The simulation of fluid-structure interaction is made possible by the considerable
progress of computer and technological resources but also by the maturity of the
numerical methods for the study of complex physical systems involving laminar or
turbulent fluids and rigid or flexible structures. There is a significant number of ap-
plications within this theme, particularly in the fields of civil engineering (bridges,
towers), medicine (blood flow in the arteries) or aeronautics (flow around airships).
In practice, different calculation codes are used to model this interaction, which
must be both robust, accurate but also ensuring the conservation of energy and the
data relating to the structure, the fluid and the interface resolution. The results of
the numerical simulation, especially its stability and accuracy, depend strongly on
the parameters, the physical characteristics of the model chosen, the methods and
algorithms used.

The project SRATOBUS, the subject of this thesis, aim to study the stability
of a new airship, operating at an altitude of about 20 kilometers (halfway between
satellites and drones) that can be able to carry payloads up to 250 kg and pro-
vide 5 kW of power. It will cover a wide range of missions such as the surveillance
of borders or high-value sites, , security (the fight against terrorism, drug traffick-
ing, etc.), environmental monitoring (forest fires, soil erosion, pollution, etc.) and
telecommunications (Internet. This airship, as shown in |1} is 100 meters long, 33
meters maximum diameter, and offer a lifespan in the stratosphere of five years.

Membrane

Turbulent
flow

Compressible L Geometric
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Figure 1: The airship Stratobus

Recall that the subject of this thesis is to analyze the performance of each design
and to study the performance of the airship in an extreme environment. Therefore,
three main subjects will be treated along the PhD thesis:

e Aerodynamic: simulation of turbulent flows past different design and shapes
of the airship



e Aerothermal: simulation mainly of natural convection and temperature varia-
tions
e Aeroelasticity: simulation of the fluid - envelope interaction

In this report, we started to cover the first and the third points. Indeed, the tur-
bulent flow past the airship will induce aerodynamic forces on the hull of the airship,
which in return will or may deform its envelope. Such simulation is very challenging
due to the difference in scale; the thickness of the envelope is around 5¢m. Therefore,
we start by setting the first 3D simulation of the flow past the new designed airship,
proposed by Thales Alenia Space, then we highlight the advantages and perspec-
tives of the existing fluid mechanics solvers, and finally we study the implementation
of a new fluid-membrane numerical method. Inspired from biomechanics applica-
tions, we propose here to model an immersed membrane in an incompressible fluid
through interfacial forces. Different experimental, numerical and theoretical studies
were proposed on this subject [1} 2, B, 4 5 [6]. We mainly focused and implemented
the orginal idea introduced first by [7] and completed later by [8, [, [10].

2 Governing equations

In this section, we briefly present the governing equations, namely the unsteady
incompressible Navier-Stokes equations coupled to the Spalart-Allmaras turbulence
model, and their discretization. We first recall the stabilized Finite Element scheme
for the Navier-Stokes equations derived from a variational multiscale point of view
where both the velocity and the pressure fields are decomposed into coarse and small
scale [IT), [12) T3] [T4]. The static condensation for the small scale into the large scale
will provide additional terms to the Galerkin formulation. These terms allow to
cure the spurious oscillations in the convection-dominated regime and to deal with
the pressure instability. Second, we recall the stabilized Finite Element scheme for
the Spalart-Allmaras transport equation [I5] derived simply from the Streamline
Upwind Petrov-Galerkin (SUPG) method [16].

2.1 The Navier-Stokes equations

To fix notations, let Q C R? be the fluid domain, where d is the space dimension,
and 0f its boundary. The strong form of the incompressible Navier Stokes equations
reads:

p(Ov+v-Vv)—V.o=F
V-v=0 (1)

where t € [0, T is the time, v(x, t) the velocity, p(x, t) the pressure and p the density.
F plays here an important role, taking into acocunt the forces of the membrane. Its
expression will be detailed in section 3. The Cauchy stress tensor for a Newtonian
fluid is given by:

o=2ue(v)—ply (2)

with Iy the d-dimensional identity tensor and p the dynamic viscosity.



The weak form of problem combined with is obtained by multiplication
of a test function and integration by parts and reads, under the assumption of
homogeneous Dirichlet boundary conditions:

Find (v,p) € V x @ such that:
p [(Owv,w)+ (v-Vv,w)| + (2ue(v) : e(w)) — (p,V-w) = (f,w), YweV
(V-v,q) =0, VqeQ.

(3)
where p and p are the density and the dynamic viscosity, respectively. Based on
a mesh Cp of Q2 made of N, elements K, the functional spaces for the velocity V'
and for the pressure () are approximated by the finite dimensional spaces V), and
Q@ respectively. It is well known that the stability of this formulation requires an
appropriate choice of the finite element spaces V), and @), that must to fulfil a
compatibility condition[17]. Accordingly, the standard Galerkin method with the
P1/P1 element (i.e. the same piecewise linear space for V}, and Q) is not stable.
Moreover, convection-dominant problems lead to numerical oscillations that pollute
the solution. As menstioned previously, we use a Variational MultiScale method [1§]
which circumvents both problems through a Petrov-Galerkin approach. The basic
idea is to consider that the unknowns can be split into two components, a coarse
one and a fine one, corresponding to different scales or levels of resolution. First,
we solve the fine scales in an approximate manner and then we replace their effect
into the large-scale equation. We present the final obtained variational formulation
of the method, and the reader is referred to [19] for extensive details:

P (ach, Wh)Q + (pvh - Vv, Wh)Q
— 2 ker, (MRt pVaVWa) o + (2p6(Va) : €(Wh))q
—(pn, V- W) + ZKeTh (2Re, Vown) e = (£, Wh)g,  Vwp € Vi
(V- vi,an)g = 2rer, (MR, Van) g =0, Van € Qn
4
where (-, )q represents the scalar product on the whole domain omega while (-, () }3
is the scalar product on Element K. The quantities 7, and 7, are stabilization

parameters, R, and R are the momentum and the continuity residuals (see [19]
for details).

2.2 The Spalart-Allmaras turbulence model (SA)

The range of velocity of the airship is between 20m/s and 50m/s. Based on the
length of the airship, the Reynolds number may reach 107. To solve accurately
such high Reynolds number flows, it requires an extensive number of nodes, in
particular at the boundary layers. This is not affordable using the existing resources.
Therefore, as is the case in many industrial applications, we refer to the use of
the Reynolds-Averaged Navier-Stokes (RANS) equations. They are obtained by
applying a time-averaging procedure to the Navier-Stokes equations, which gives
rise to an additional stress term (the Reynolds stress tensor) and a turbulent eddy
viscosity 4 taking into account the effect of turbulent fluctuations on the averaged
flow. Different turbulent model to compute the eddy viscosity pu; exists in the



literature. We choose for this work the one-equation Spalart-Allmaras turbulence
model because it is well adapted for external aerodynamic flows [I5]. It represents
the evolution of the kinematic eddy viscosity © by a non linear advection-diffusion-
reaction type of equation.

The coupling with the Navier-Stokes equations will be through the velocity
field from one side and the eddy viscosity from the other side.

A stabilized Finite Element discretization of the Spallart-Allmaras model and a
simple linearisation method were proposed in [20]. Therefore, we follow the same
idea, and we write the variational formulation combined with a backward Euler time
discretization:

ﬂn-l-l —pn Cha ~ ~ 1 ~ ~
—+ (V"+1 — —VV"H) VI = =V (v + TV
At A o Y g y
convection diffusion

n+1\ gn+1 n+l Cbl epiy1 ﬁn+1 ~n+1
— ep (1= f57)S +<w1f L >7 7" =0, (5)

N J/
-~

reaction

where 7" stands for the value of 7 at discrete time ¢,,. The eddy viscosity can then be
obtained from uy = pv f,1, with f,; a damping function, S the turbulent production,
d is the shortest distance to the wall, and all the remaining terms are the model
specified coefficients (see [15] for details).

Finally by applying a simpler Picard-like linearization [20] and the Streamline
Upwind Petrov-Galerkin (SUPG) method, the final weak form of equation (j5)) reads:

(ﬂn-l—l,i—i—l —pn >
Ay Wh ] T
At 0

. . 1
(|:Vn+1 _ @v5n+1,li| , VﬁZLJrl,erl’wh) B ( (v + 7)) VPt th)
9) o

g Q
~n+1,7

C v :
n+1 n+1 n+l _ Cbl ent1 h ~n+1,i+1
- Cb1<]‘ - )S (C”LULJC o Jt2 ) D) vy y Wh
K d o

prtLi) oL n+1_cﬂv~”+1vi].v > =0, Vw,eW,. (6
+Z< [h Vi wWn) ,  Vwp ne (6)

where R(7) is the finite element residual of (). The stabilization parameter 7,
is computed within each element as:

1
= (Pl + gast o ) 7

K
where a., ag and «, are respectively the convection, diffusion and reaction coeffi-
cients in Equation (), hx is the element size, ||a.||x a characteristic norm of the
convection term and ¢; = 4, ¢y = 2 for linear elements.



2.3 Eulerian framework using a Level set method
The level set method [21], 22] 23] defines a signed distance function ¢ as follows:
—dist(X,T) if X €y

$(X) = 0 ifXer (8)
dist(X,T) if X € Q

To restrict and sharpen the interface, we modify, filter and replace the level-set
function as follows:

2E/7 for p > E
$(X) = %m (%@ for |¢| < E (9)
—2F /7 for p < —F

where E stands for the truncation thickness as shown in [2l Here, the membrane is
denoted by I' and thus decomposes the whole domain into two sub-domains €2; and
25 such that Q = Q7 U €. Recall also that as a signed distance function, ¢ has
the property |V¢| = 1.

LevelSet
0.03
0.02
0
-0.02

-0.03

Figure 2: Sign of ¢

Moreover, we define the smoothed versions of the heaviside and Dirac functions
as :

0, ¢ < —¢,

Ho(¢) = %(1+§+Si‘ﬁr—%), Ce<op<e (10)
1, ¢ > e,
0, ¢ < —¢,

0=(¢) = § 3= (1 + cos(%2)), —e<¢<e, (11)
0, ¢ >,



Where ¢ a numerical parameter that defines the thickness of the interface and
taken a value founded in the literature as (¢ = 1.5h ) with h the mesh size. The
Heaviside function is used to determine material values at each point in the domain.
For example, let’s take the density ( p1,p2 ) and the viscosity (u1, p2) respectively
for (21,8) :

p= p1+ (p2 — p1)H(0) (12)

po=p+ (e — p1) Ho () (13)

Various geometric quantities such as the unit normal vector and curvature can be
easily determined as :

_ Vo
n Vol (14)
_ — V¢
k=V.n= V.‘ p (15)

The function ¢, is used to define quantities having a non 0 value only at the
interface (for example interfacial forces). A function F’ which needs to be distributed
on the interface can be distributed on all the domain €). Its action is restricted to
the interface thanks to the function 6. :

/FF:/QF(SE (16)

The evolution of the level set function under the incompressible velocity field u
can be modeled by a standard advection equation :

99

— : =0 17

Y +u.Vo (17)
Finally, to ensure the property of the distance function (|[Vé| = 1) , we solve the

following classical Hamilton-Jacobi equation:

{%ﬂwmwr ~1)=0 as)
Qb(T = 07]7) = ¢(t7 l’)

where s represents the signed function.

It is important to remind that the choice of using a fully Eulerian framework is
important in the context of the Stratobus project. Indeed, not only it gives a simple
access to heat transfer through convection and conduction, but also to fluid-solid
interaction through turbulent flows and aerodynamic forces. Therefore, the use of
the level set function that separates each subdomain is determining in our case
and needs to be extended to the use of membrane interfaces. Finally, the use of
anisotorpic mesh adaptation plays an important role[24, 25, 26] 27, 28], 29], both to
capture accuratly the interface, to refine near high gradients of the velocity field and
to render accurate boundary layers [?]. We will not treat this part in this report.



3 Membrane model

Inspired from biomechanics applications, we studied how to implement the addi-
tional forces to deal with the interaction between a fluid and an immersed vesicle.
In the particular case of vesicle, it is shown in [7] that we need to treat two main
proprieties:

e Bending energy : to bend the membrane, a bending energy has to be consid-
ered
e Local inextensibility : the perimeter of the membrane should be the same all
the time.

3.1 Bending Force

Starting from the energy that costs to bend a membrane, Helfrich and Canham
[30] introduced the following expression:

a:/@ﬁ (19)
2

With k;, the bending modulus of the membrane and x the curvature of the inter-
face. The functional derivative of the expression as taken in [31] leads to the
following bending force:

FC = m,V. (_I{Q v¢ ! (Hd - —V¢® v¢

e
R = )vawrm}) Ve o (20)

Where P = (]Id - Vﬁ%‘v‘é) is the orthogonal projector (I is the identity tensor)

that can be also rewritten with the normal unit vector as: P =1—nQ@n.

3.2 Inextensibility Force

To complete this particular situation for a vesicle membrane, an inextensibility
force must be computed. Many models have been established either through a
Lagrange multiplier as in [32, B3] or a direct elastic force as in [34], B5]. This force
derives from an elastic energy. It has shown in [34] that the elastic energy depends
on the gradient modulus of ¢. This latter can record an important information of
the membrane which is the stretching (on the variation of the surface area). Indeed,
a mathematical proof has been given, shown that when the membrane is stretched,
the fluid tends to pull in the perpendicular direction of the stretching. These leads
to a variation of |V¢|. Figure 3| taken from [36] can explain in a simple manner the
principle.
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Figure 3: Principle of the inextensibility by elastic force [36]

b = OO b =

Thus the elastic energy is defined as :

Bu = / E(V4))s (21)

Differentiating the above energy gives the expression of the elastic force

, / Vo | Vo
Fa={vE(vo) - v. [ (vehT5 | T8 (22)

Where E(|V¢|) stands for a constitutive law for the membrane. Note that F(1) =
0 means there is no initial stretching. Taken the most of the time as a linear law
E' = A(|V¢| —1), it was shown that E' = A max (|V¢| — 1) is an appropriate
choice avoiding numerical oscillations. A represents the stiffness of the membrane
that has to be taken quite large enough to enforce constant area.

Two important points should be mentioned at the end of this section. The first
one is that the bending force can introduce numerical problems. Indeed, the level
set ¢ need to be derived four times since we have the divergence of the gradient
of the divergence of the normal, where the normal itself is written as n = %. To
overcome this problem, a state of the art on different techniques have been presented
in the next section and will form the perspectives of this initial work. The second
point is that, since the stretching is recorded in ¢, one needs to keep the information
of the V¢. As explained previously, the reinitialization resets V¢ to 1, the stretching
information will be then lost. Therefore, we need to account for this information
through the resolution of the following advection equation with a source term that
uses e = |V¢| before the reinitialization step:

oe +u.Ve = —e(n®@n): D(u) (23)

3.3 Discretization

The total force localized on the membrane needs now to be transformed to a
volume force. Therefore, as mentioned before, we refer to the use of a Dirac function.



Thus, the variational formulation of each force that are added and implemented in
the Navier-Stokes equations reads:

- Ve 1 Vo ® Ve
FC_/anV.( o (]Id— )V{|V¢|n}> 5.V (24)

V|®
Fa= [ {9E(%a) - . [E(ve G| oo oo (25)

The total force F' can be written as F' = F,. + F,.

4 Numerical experiments

4.1 Flow past a 3D airship

In the first numerical test case, the aim is to assess the capability of our numerical
method to simulate the turbulent flow past a complex 3D geometry, namely the
Stratobus. We seek also to evaluate the drag and lift forces using an inlet velocity
of 25m/s, yielding a span-based Reynolds number of Re = 107.

Pressure

E73 24

=200

750
250\

Figure 4: The immersed airship inside a wind channel (left) and the variation of
the pressure field (right)

The model is placed in a computational domain of length 50m and width 250m x
250m. Flat velocity and turbulent viscosity (7 = 3v) profiles are prescribed at
the inlet boundary, a pressure condition is imposed at the outlet, and slip condi-
tions are used on the boundaries parallel to the flow. At the airship wall, no-slip
boundary conditions for the velocity as well as homogeneous Dirichlet conditions
for the turbulent viscosity U are specified. Again, time marching is performed until
the steady-state is reached. The non-dimensional time step is set to At = 1073,
Figure 4] gives a general view of the computational domain.

Recall that the airship is simulated at zero angle of attack. The mesh is pre-
adapted at the interface and consists of 1283925 elements and 228210 nodes. The
expected pressure distribution is depicted also in Figure [d The evolution in time of
the velocity field until it reaches a steady-state is shown in Figure 5l We can clearly



notice the flow detachement and the wake past the airship. Both the nacelle and
the rear airfoils play also a role on the overall nature of the flow.

Figure 5: Evolution in time for the velocity field

Results obtained for the drag and the lift are presented in Figures[6|and [7] Qual-
itatively, the result for the drag is in the expected range obtained in previous setup
using different codes at Thales Alenia Space. This first framework is satisfying to
proceed further experiments such as different angle of attacks for stability, aerother-
mal problem and aeroelasticity problem. Moreover, adaptive mesh refinement in 3D
is needed to guarantee an accurate resolution of the boundary layer. Therefore, the
work of [37] on anisotropic meshing for boundary layers will be used to pursue this
analysis.

Drag

0.1
0.09
0.08
0.07 -
0.06
0.05 + \
0.04
0.03 -

0.02
0.01

Figure 6: The evolution of the drag coefficient

10



Lift

0.2

0.2 -

0.1 -

Figure 7: The evolution of the lift coefficient

4.2 Fluid-membrane test case

To test the first implementation of the fluid-membrane model, we will study the
test case proposed recently in [38] on the equilibrium shape of a membrane in a
fluid at rest. Other PhD works have been solely concentrated to solve this problem
[39, [40] using a Lattice Boltzmann method and the Boundary Integral Method.

The membrane, is placed in a fluid at rest in a shape which does not minimize the
Helfrich energy. The bending force, expressed above with the geometric parameter
of the membrane, causes the motion of the fluid until it reaches its equilibrium
shape.

The final shape depends on a dimensionless parameter called the reduced area 7.
The latter is the ratio between the area of the vesicle and the area of a disk having
the same perimeter :

4T A
= (26)

A is the area of the vesicle and p,, its perimeter. This parameter allows us to
determine how much the membrane can be deformed.

We show first in Figures [§] to [L0] the level set function for the membrane, the
obtained Dirac function and we compare it to the reference solution obtained by
[38] at different time steps.

11



Figure 10: Level set function, Dirac function and the reference solution for n = 0.77

In Figures to we highlight also the obtained bending and elastic forces
at different time steps. We can clearly notice the concentration of these values at
the interface, that once are inserted in the Navier-Stokes equations, will steer the
velocity field to bend or stretch the membrane, which in return will advect the level
set function. Moreover, we can notice the appearance of small perturbations at the
last step which is due to the repetition of the projection operations. We discuss this
matter in Section 5.

O3g§.nding Elastic Force
fie {
;l.,«"'" N\ £7500.0 £1.200+005
' f5000.0 £8.006+004
N E25°°'° E4.00e+004
5.85076-029 5710.012

Figure 11: The bending and the elastic forces for n =1
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Bending Elastic

379.2 01426+005
Ve 1.0000e+005
2000.0
F 75000,
E Esoooo.
1000.0 ;
Ezsooo.
459506025 5.36826-011

Figure 12: The bending and the elastic forces for n = 0.9

Bending Elastic
e 749.3 2572.
A 4000.0 60000,

4.65576-023 1.54336-009

Figure 13: The bending and the elastic forces for n = 0.77

Finally, Figures [14] to shows the pressure distribution, the obtained velocity
field and the adapted mesh highlighting the effects of the implemented forces. The
solutions are free from numerical oscillations, which highlight the role of the stabi-

lized finite element methods used here (SUPG for the level set function and VMS
for the Navier-Stokes equations).
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Figure 15: The pressure, velocity and the adapted mesh obtained for n = 0.9
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Figure 16: The pressure, velocity and the adapted mesh obtained for n = 0.77

Despite the numerical issues related to the recovery of high order derivatives,
the results remain in good agreement highlighting the potential of the implemented
method. Recall also that the numerical techniques used in this work are very differ-
ent from those used to obtain the reference solution. Table 1 summarizes some of
them.

Reference work [30] Present work
Disrectization Finite Difference | Linear Finite Element
Mesh Structured Unstructured
Type of mesh isotropic Anisotropic
Navier-Stokes  resolu- de-coupled Mixed (v,p)
tion
Gradient recovery High order method Simple projection

Table 1: Comparative table

The following step will be naturally to test it in 3D using the hull of the airship
while recovering the physical parameters of the envelope from Thales Alenia Space.
Indeed, the envelope of the Stratobus may present similar behavior in bending but
not in inexensibility. However, the implementation of additional forces in Navier-
Stokes and the proposed global algorithm will not change. Moreover, the use of the
new implemented unified compressible-incompressible solver in Cimlib (see [41]) will
be crucial for the following simulation.

5 High order derivative by smooth projections

Different strategies are developed to be able to get a value of the derivatives of
the curvature. We used in our case the L2 double projection. This is already in-
cluded in our model and should work satisfactorily. However, for higher derivative,
repeating this operation will induce small oscillations at the interface that increases
in amplitude and lead to important oscillations (as seen in the curvature of figure
[17[(a)) making the derived field impossible to derive once again. In [42], the authors
worked on this subject and proposed a new high order derivative by smooth pro-
jection. The idea of the method is to add artificial diffusion to the projection to
minimize the oscillations happening when deriving a variable discretized on a low
order polynomial set. It adds a small term proportional to Ag which smooths the
oscillations and makes the obtained derivative possible to derive as shown in Figure

14



17(b). The continuous formulation of such a smoothed projection, after integrating
by part is the following, for a given u € HY(Q), find g € [H*(Q)]? N [CY]" so that
Yo e [HY(Q)]?

/g.v+/61Vg:Vv—/ sl(Vgn).v:/Vu.v (27)
Q Q 09 Q

with €; a sufficiently small parameter. To be precise, Vgn is the classical product
of the matrix Vg and the vector n, thus it is a vector.

Figure 17: Comparaison between the previous projection and the new one [30]

Again, this step is crucial to simulate accurate fluid-membrane interaction using
a level set approach and will be the first subject of further investigations.

6 Conclusion

We have presented a full Eulerian approach to deal with the aerodynamic per-
formance and stability of a new designed airship. It consists first on setting the
needed fluid solvers (Navier-Stokes equations coupled to a Spallart almaras turbu-
lent model), then on a geometric representation through a level set method that
separates each phase: external air, membrane and internal gaz. Finally, we ex-
tended this framework to embed a fluid-membrane model through interfacial forces.
This model consists on implementing bending and inextensibility forces and adding
them to the Navier-sotek equations. The framework was tested first in 3D to an-
alyze the flow past a fixed airship and compute the aerodynamic forces. Then a
fluid-membrane benchmark was chosen to validate the implementation. This work
allows us to highlight several numerical challenges: first, the implementation of a
high order derivative using smooth projection is needed to ensure free-oscillation
forces, then the use of an unified compressible-incompressible solver to take into ac-
count the internal gaz of the the airship, finally, the analysis of the envelop proposed
by Thales Alenia Space to deduce the physical parameters for our fluid-membrane
model.
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