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Abstract. & e C9 parachute was the research object in this work and was studied by using a fluid-structure interac-
tion method and CFD method. An arbitrary Lagrangian-Eulerian method, a kind of fluid-structure interaction method,
was used to simulate the inflation process. & e dynamic relationship between canopy shape and flow field was obtained.
& ecanopy shape in as table phase was exp orted and was transformed into the p orous media domain. & en the flow
around the canopy shape was simulated by the CFD method we used based on the k-¢ turbulence model. & e experiments
verified the accuracy of structural change and the feasibility of the porous media model. & e arbitrary Lagrangian-Eu-
lerian method not only can obtain the dynamic results of structure and flow field but also can provide a m ore accurate
bluff body for further CFD analysis. & e CFD method based on porous media and the turbulence model can obtain more
detailed and accurate flow field results, which can be used as a co mplement to fluid-structure interaction analysis. &i s
mixed method can improve the accuracy of analysis and be useful for other permeable fabric research.

Keywords: aerodynamic decelerator system, inflation process, fluid-structure interaction, porous media, parachute.

1. Introduction

A parachute is an im portant aer odynamic de celerator
and is widely used in aviation, aerospace, weaponry, and
other areas. & e working style is simple, but the infla-
tion is a t ypical interaction of structure and fluid that
is a complex transient and nonlinear process (Yu, Ming
2007; Potvin et al. 2011). At present, parachute design
is mainly based on em pirical and s emi-empirical for-
mulas. & e traditional design needs a l arge number of
physical tests to verify. However, this approach not only
consumes a lo t of money but also extends the design
cycle, which is not helpful for explaining the parachute
inflation. & erefore, numerical simulation began tobe
applied for its economy and flexibility.

Fluid-structure in teraction (FS I) m ethods, w hich
are a pplied in aer odynamic de celerator sys tem (ADS)
research, have developed rapidly over the past few years.
& er epresentatives a re a rbitrary L agrangian-Eulerian
(ALE) method (Coquet et al. 2011; Tutt et al. 2011), the
immersed b oundary (IB) m ethod (Kim, P eskin 2009),
etc. (Kenji 2012; Potvin et al. 2011). Of t hese methods,
the ALE m ethod can fully consider fabric contact and
material p ermeability and h as b een a pplied in ac tual
design. However, this method consumes a large amount
of co mputing r esources, a nd t he t otal number o f e le-
ments must be controlled within some range. Moreover,
since this method applied in most engineering practices
is based on a laminar model (Coquet et al. 2011; Tutt et
al. 2011), the results are rougher in calculating high Re
number flow field.

CFD is another major simulation method, but how
to get the canopy shape is a key problem. Canopy shape
was generated from CAD software in most studies (Cao,
Jiang 2007; M cQuilling et al. 2011; N oetscher, Charles
2011) and was processed as a r igid b ody without p er-
meability. P revious CFD m ethods have big differences
from the actual engineering.

In this work, a C9 p arachute, a t ypical flat p ara-
chute, is simulated by an FSI and CFD m ethod. Firstly,
the folded p arachute inflating in a n infinite mass case
is simulated using LS-DYNA based on an ALE m odel.
& en the inflated canopy shape is exported. Finally, the
flow around this shape is simulated by using CFX based
on porous media and the k-¢ turbulence model.

2. FSI simulation

2.1. Finite element model

& e C9 parachute is made of MIL-c-7020 type III fa b-
ric (Calvin 1984), and the parameters of the model are
shown in table 1.

Table 1. Parameters of model

Number of canopy gores 28

Nominal diameter (m) 8.5
Structure of C9 Diameter of vent (m) 0.85

Nominal area (m2) 57.2

Length of line (m) 7

Density of canopy (kg/m?) 533

Young’s modulus of canopy 43F + 8

. (pa) '

Material o
properties of dic kness of canopy (m) 1E-4
canopy Linear resistance coefficient

(kg/m>-s) 1.6E + 6

Quadratic resistance

coefficient (kg/m*) 48E+5
Material Densit)y of line (kg/ rr%3) 462
properties of line Young’s modulus of line 9.7E + 10

(pa)

Density of air (kg/m?) 1.18
Properties of air | Temperature of air (°) 25

Ambient Pressure (pa) 1.01E + 5

&i smodelis calculated in a n infinite mass c ase
based on the ALE method (the case in which decelera-
tion effect can be negligible is called infinite mass case;
otherwise it is called finite mass case; the latter not only
considers the effect of flow field and structure but also
considers t he flight ¢ haracteristics o ft he p arachute;
the latter n eeds a w ider co mputational domain and is
more sensitive to coupling coefficients than the former).
A penalty function is applied to process the fabric con-
tact. & e principles a nd f ormulas des cribing t he ALE
method can be found in related papers (Souli et al. 2000;
Casadei et al. 2001).

Figure 1 shows the finite element model based on
ALE description. & elines and canopy are completely
straightened, and the connection point of lines is fixed.
& e canopy looks like * from above. & e canopy and
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lines are meshed by triangular elements (20,228) and bar
elements (2,356). & e hexahedral elements (147,392) are
used to mesh the flow field. & e canopy (Lagrangian de-
scription) and fluid domain (Eulerian description) inter-
penetrate with each other. & e inlet boundary of the flow
field is set as normal velocity inlet with a value of 80 m/s,
and the others are shown in figure 2.

a) canopy and lines

b) parachute and flow field

Fig. 1. Finite element model of parachute
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a) stress contour

Fig. 3. Structural and flow field results at t = 0.048 s

b) velocity vector
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Fig. 2. Boundary conditions

2.2. Numerical results

& ebottom of the canopy is inflated first, and a ‘ bot-
tleneck’ arises at the lower middle position of the can-
opy (Figs 3 and 4). As more air enters the canopy more
quickly, the ‘bottleneck’ effect is aggravated and gradu-
ally moves to the top of the canopy (Fig. 5). M oreover,
the velocity vector and the position of the high-pressure
zone show that the air has difficulty flowing through the
‘bottleneck’ (Figs 3-5). S tress is therefore concentrated
on the ‘bottleneck’ position.

& event expands transiently when the ‘bottleneck’
moves to the top of the canopy (Fig. 6), and then the can-
opy has the classical ‘squid’ state (the ‘squid’ state is also
called the ‘bulb’ state in some literature) (Wang 1997). & e
tully inflated area gradually expands to the bottom of the
canopy, and inflation is completed at last (Figs 7 a nd 8).
After the ‘squid’ state, the stress concentrates on the ‘bulge’
stably, and velocity and pressure remain stable.

¢) pressure contour
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a) stress contour b) velocity vector ¢) pressure contour

Fig. 4. Structural and flow field results at t = 0.072 s
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a) stress contour b) velocity vector C) pressure contour

Fig. 5. Structural and flow field results at t = 0.096 s
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Fig. 7. Structural and flow field results at t = 0.675 s
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Fig. 8. Structural and flow field results at t = 0.897 s

2.3. Comparison with experiment

& e numerical results are compared with a related experiment (Fig. 9) in this paper. Both shape changes are similar;
the ‘bottleneck’ moves from the bottom to the top and the non-inflating part is relaxed. & e numerical results and
experiment indicate that the essence of the ‘bottleneck’ is that the flow of air into the canopy is blocked. & e ‘bottle-
neck’ effect only blocks the flow of air into the canopy, but does not restrain canopy movement.

Fig. 9. Comparison between air drop test and calculation
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3. CFD simulation

3.1. Verification of porous media model

In t his s ection, t he c anopy i s des cribed by p orous
media domain. In order to reflect the p ermeability of

MIL-c-7020 type III fa bric (A quelet et al. 2006), t he

linear r esistance co efficient a (a= K

), q uadratic

. . pem
resistance coefficient b ( b= Kloss% ), and thickness e

are adjusted (Tab. 2). & e new parameters are obtained
based on the pressure drop equation:

B P
AP=(K v+KlossEv2)‘e, (1)

pem

where p is fluid viscosity, K,
coeflicient of the medium, K, is the resistance-loss
coefficient, p is the density of the fluid, v’ is the per-
meability velocity, and e is the thickness of the medium.

is the p ermeability

Table 2. Permeability properties

To verify the feasibility and accuracy of the CFD
method based on the porous media model, a verification
model is established according to a reference (Aquelet et
al. 2006; Jia et al. 2009). & e model and boundary con-
ditions are shown in figure 10, a nd the differences are
shown in table 3 (the model in A quelet’s work is called
Model A for short, and the model established in this sec-
tion is called Model B for short).

Table 4 shows the comparison of results in the same
working conditions.

It can be seen that the relative errors of Model B are
smaller than Model A and are controlled within 5%. & e
precision of Model B is stable and not affected by velocity
change. & erefore the porous media model can be used
to simulate canopy permeability.

3.2. Model processing

At 0.879 s, the parachute has been inflated and isin a
stable phase (Fig. 8). In this section, the canopy elements
at that moment are exported from ALE results. & e geo-

alc(rlflr)less ilgllg)/ b (kg/m?) metry is regenerated from the shell elements. & en the
MIL-c-7020 TII 1E-4 1599E + 6 | 4.805E + 5 geometry is cleaned up; some unnecessary fabric folds
Porous media . : are removed (Fig. 11).
d : 3E-2 4.797E + 8 1.442E + 8
omain
.
Free Shp Wall

Porous Domain

Pressure Outlet
10m
Velocity Inlet
" Free Slip Wall
Fluid Domain
Fig. 10. Channel model
Table 3. Model differences Table 4. Comparison of results
Model A Model B Per- Experi- Model A Model B
Inflow | meab- mental
Material of fabric (details porous media velocity | - ility pressure | relative | pressure | relative
in table 2) MIL-¢-7020 11T domain (m/s) | velocity (ﬁroess(upr:) drop | errors | drop | errors
_ ms) | TP (Pa) | (%) | (Pa) | (%)
Element number of fabric | 100 7500 10 27 362 794 9 842 23
Element number of fluid | 3000 4.8E+5 20 4 1628 1478 10 1523 4.9
Simulation method ALE CFD 30 54 2490 2316 7 2458 13
40 6.4 2969 3104 4 3037 2.3
Turbulence model - k-e 50 7 3735 3653 2 3781 1.2
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hp=2 36m

D=3 5m

Fig. 11. Geometry after processing

121
Table 5. Comparison of geometry

Experimental value | Exported Errors

(Ewing et al. 1988) value
D,'/Nominal

P —_49

Diameter (D) 0.67 0.64 4%
hP/DP’ 0.41 0.43 4.9%
Project areza of 255 2% 2%
canopy (m?)

Fig. 12. Fluid domain and porous media domain (left: the whole; right: the enlarged)

& e parameters in table 5, which describe the can-
opy shape, indicate that the geometry is the same as the
actual shape. & e details such as the bulge caused by air-
flow are clearly described, and the entire canopy lo oks
like a b owl with a p etal-like edge rather than a sm ooth
hemisphere.

According t o t he geometry above (Fig. 11),t he
canopy i s m eshed b y t riangular e lements (51,503).
& en three layers of prismatic elements (154,509) a re
dragged b ased o n t hose t riangular e lements. & ese
prismatic elements are set as the porous media domain.
& e fluid domain, which surrounds the porous media
domain, is meshed by tetrahedral elements (1,467,126).
Figure 12 s hows the m odel used in CFD sim ulation.
& e boundary conditions are the same as the test model
(Fig. 10).

& e incompressible steady-state simulation is solved
by the fully coupled method. & e turbulence model ap-
plied in the CFD simulation is the k-&¢ model. & e prin-
ciples and descriptions of the formulas of the k-e model
can be found in related works (Lin et al. 2005).

3.3. Results and analysis

Figure 13 shows the velocity vector and pressure contour
of the CFD results.

From the results above, there exists a smaller velocity
vector in porous media domain, which indicates weak air-
flow through the canopy surface. & e weak airflow and the
airflow around the canopy produce a small eddy near the
canopy surface. & e direction is opposite to the big eddy
that is produced in the upper flow field of the parachute.

Compared with the results in figure 8, t he results
of the CFD method are more detailed and more accur-
ate. Moreover, the drag coeflicient, an important design
parameter of ADS, is calculated based on this equation:

1
Cd=Fd/(E'P‘V2'So)> @

where F; is drag force, p is fluid density, v is velocity
of airflow, and S, is the area of the canopy.

Table 6 s hows t he dra g c haracteristics. & edrag
coeficient c alculated b ased on the CFD m ethod is in
agreement with the exp erimental d ata, while the value
based on ALE is about 22.5% higher than the upper limit
of the experimental value.



122 H. Cheng et al. A numerical study of parachute indation based on a mixed method

a) velocity vector

Fig. 13. Flow field results based on CFD method

Table 6. Drag characteristics

Value Value
Fluid density | Velocity | Experimental | based | based
(kg/m?) (m/s) value on ALE | on CFD
method | method
1.18 80 0.75-0.8 0.98 0.8

& ese differences are mainly caused by these reas-
ons:

a) the Lagrangian m esh (des cribing the c anopy)
and E ulerian m esh (des cribing t he fluid do -
main) interpenetrate with each other in the ALE
method, and the nodes on the interface need not
be merged. di skind of pre-process is easy, but
the mesh cannot be refined according to canopy
shape. Since body-fitted mesh is applied in t he
CFD method, which can be refined according to
the shape of the canopy, the CFD m ethod can
capture more flow field details;

b) the ALE m ethod n eeds r e-mapping a Imost
every time step in transient calculation, and the
amount of calculation is large. & e total number
of elements is limited by hardware conditions in
engineering practice. However, this limitation is
smaller in s teady-state calculation based on the
CFD method;
at present, the ALE m ethod in m ost engineer-
ing applications and in this work is based on the
laminar model. & eaccuracy would be affected
in calculating high Re number flows.

C

~

b) pressure contour

4. Conclusions

In this work, the inflation process in a n infinite mass
case was simulated by the ALE method. & en the can-
opy shape in stable phase was exported for further flow-
around analysis based on the CFD method. & e conclu-
sions are as follows:

a) the ALE method solves the fabric contact prob-
lem based on a p enalty function and considers
the fabric permeability. & e inflation process of
a folded parachute can be simulated more accur-
ately. Moreover, the model pre-process is simple;

b) the ALE results can provide canopy shape for
further analysis. & e geometry exp orted from
shell elements is more natural and realistic than
the g eometry generated from CAD s oftware,
which can im prove the accuracy of numerical
calculation;

¢) porous media domain with a cer tain thickness
can simulate the fabric permeability. Flow field
results based on this model are different with
those based on the traditional rigid model;

d) based on the same bluff body, the flow field res-
ults of the CFD m ethod are more detailed and
accurate than ALE r esults. & erefore the CFD
method can be a ¢ omplementary analysis for
getting more accurate aerodynamic parameters.

However, the produce conditions of ‘bottleneck’ ef-

fect and how to use the CFD method to simulate the flow
around the un expanded canopy (Figs 3-7) n eedtobe
studied in the future.
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