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Numerical simulation of parachute opening
process in finite mass situation
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Abstract ; In order to simulate the three-dimensional dynamic opening process of parachute system in a finite mass situation,
a common flat circular parachute, the C9 parachute, is studied in this work. The working process (from inflating to drop-
ping) of the C9 parachute is studied by using LS-DYNA based on the finite element theory. The calculation results are also
verified by dropping test. The structure change and flow field change are obtained. Especially, the velocity and the acceler-
ation of payload, which can reflect the deceleration characteristics of a parachute system, are also obtained by calculation in
this work. Then the interrelation between dangerous section, overload and canopy shape is analyzed. The results show that
the ALE method, a fluid-structure interaction method, can predict the deceleration characteristics and dangerous section

during parachute opening. The results can reflect the general working laws of parachute in practice, and the method in this
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work can help determine the design or optimization of aerodynamic deceleration systems.
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0 Introduction

The inflatable fabric is widely used in aeronautics
and astronautics with virtues of light weight and easy to
fold. Especially, the parachute, a typical representative
of inflatable fabric, occupies an irreplaceable position in

aerodynamic deceleration field"'”’.

The working princi-
ple is not complicated, but the inflation is a typical in-
teraction of structure and fluid, which is a complex tran-
sient and nonlinear process. At present, the parachute
design is mainly based on experience estimation, and
verified by a large number of tests. The test is the ulti-
mate examination, but it has high cost, high risk and
long cycle. Moreover the test is difficult for data collec-
tion, especially difficult to get the dynamic change of

fabric stress.
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However, the numerical simulation is becoming an
important research means due to its advantages of econo-
my, flexibility and repeatability. From the 1980's, the
researchers began to use the Fluid Structure Interaction
(FSI) method to study the inflation process. The repre-
sentative studies are as following. Purvis">' achieved the
two-dimensional coupling calculation by simplified the
canopy structure and fluid field model. Stein, Benney
and Steeves'* proposed the CFD/MSD coupling model
which ignored the impact of fabric characteristics. Kim
and Peskin'’' used Immersed Boundary (IB) method to
simulate the three-dimensional parachute in finite mass
situation, but there are no results such as overload,
structure stress. Ben and Roland'®’ explored the Arbi-
trary Lagrange Euler ( ALE) method to simulate the

complete working process. Kenji'’' used Stabilized Space-
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Time FSI (SSTFSI) method to obtain the structure and
fluid results of a parachute in a steady-state. Most previ-
ous studies are emphasized on flow field calculation in
infinite mass situation (the situation in which decelera-
tion effect can be negligible is called as infinite mass sit-
uation, otherwise, is called as finite mass situation; the
latter not only to consider the effect of flow field and
structure but also consider the flight characteristics of
parachute ; the latter need wider computational domain
and be more sensitive to the coupling coefficient than the
former). There are fewer studies on the fabric structural
mechanics analysis; the studies on structural analysis of
entire working process ( from inflating process to drop-
ping process) are even fewer. The articles about the re-
lationship between deceleration characteristics and fabric
mechanical mechanism are not yet open.

The finite element method takes the dominant posi-
tion in CSD, and also can be used in CFD. The finite
difference method or finite volume method is mainly
used in CFD that is why the most previous studies are
emphasized on flow field analysis, and those studies are
helpless for fabric analysis. The main purpose of this
work is analyzing the fabric and flow field dynamic
change in a finite mass situation and providing reference
for Aerodynamic Deceleration System ( ADS) design or
optimization. Therefore the entire working process of
parachute is simulated by using LS-DYNA based on fi-

nite element method.

1 Model development

1.1 Governing equations

1.1.1 The governing equations and boundary condi-

tions of flow field

The governing equations of mass, momentum and

9]

energy based on ALE description'®"’ are as flows:
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Where v, and w, are the material and reference ve-
locities, respectively, and w,=v,-v,, v, is mesh veloci-
ty. The stress tensor o is described as o, =-p8,+u (v,

+v; ;) , and §; is Kronecker’s delta function. b; denotes

body force.
The relationship of Lagrangian, Eulerian, and ref-
erential coordinate is as follows:

af(Xi’t) _af(xi’t) + af(x;,t>
a ot AT

(4)

Where X, is the Lagrangian coordinate, and x, is
the Eulerian coordinate.
The boundary conditions are;
on [,
on I,
Where, I'), and I'y are Dirichlet and Neumann

v, =v,,

i

o;n =0,

boundary conditions, respectively.

1.1.2 The governing equations and boundary condi-
tions of structure
s d*u, s
p dtz = U-ljv/' + p bi (5)

Where u,; denotes displacement, and p’ the density
of structure. Here the body force b, only at z component
contains the gravity accelerationg.

The boundary conditions are:
on I,

on I,
1.1.3 The dynamics equation of recycled goods

u; =u’i,

ag;n; = F,,

For calculating conveniently, the deceleration char-
acteristic of recycled goods is ignored. The dynamics e-
quation is:

me LG, F, (6)

Where G, is a constant vector, and denotes the gravity
of recycled goods; F denotes parachute dynamic
load !

1.2 Coupling method

dynamic

The governing equations above are solved using
time explicit method based on central difference, which
can provide second-order time accuracy. The velocity and
displacement of structure and flow field of coupling do-
main are updated with following equations;

u'"? =uw""? v At-M' - (F, +F,) (7)

" =x" At (8)

Where, F

vector, and M is the mass matrix.

t

.. and F_ are internal and external force

The structure and flow field are coupled by penalty
function. F_, the interface force is calculated based on
F =k - d(here, d denotes distance of coupling point,

and k denotes the stiffness coefficient). In order to achieve
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coupling, the speed and displacement of coupling domain

are adjusted based on F,, which is as a part of F__,.

2 Simulation model

This C9 parachute model was established in full
scale. The main parameters of C9 parachute are shown
in Table 1. The kinds of fabric material can be see in
the reference[ 10 ].

Table 1 Parameters of model
Fx1 KEASH

Number of canopy gores 28
Diameter of vent (m) 0.853
Nominal area (m?*) 57.2
Density of canopy (kg/m*) 533
Elastic modulus of canopy (Pa) 4.3e8

Thickness of canopy (m) le-4
Density of line (kg/m3) 462
Elastic modulus of line (Pa) 9.7el0
Length of line (m) 7

The fabric permeabilitywas considered by using ani-
sotropic Ergun porous flow model, the porous coupling
forces were derived from the integration of the Ergun E-

quation on the shell volume'"’;

AP = (av' + bv") - e (9)

Where a and b denote viscosity coefficient and iner-
tia coefficient of fabric, they are 1.599x10° kg/m’ and
4.805x10° kg/m* in this work. e is the fabric thick-
ness, v’ denotes average flow velocity through fabric.

The canopy and lines were meshed by 20,000 sell
elements and 2,300 rope elements respectively, and
600,000 hexahedral elements were used to mesh the
flow field. The structural elements inserted in the flow
field elements which were set as non-reflecting bounda-
ry. The gravity of recycled goods loaded on the focal
point of all lines. The finite element model is shown in
figure 1. The entire calculation consumes 400 hours by
using a workstation (the DAWNING 1650r-F) .

In order to compare the simulation results with the

test"

], the calculation condition is shown in Table 2.
The weight of recycled goods was derived by W,./S, =
17.7N/m’(the data of this reference are statistical results
based on a large number of tests, which are representa-

tive and authoritative in ADS field).

3 Test verification

The reference [ 11 ] provided the canopy shape
change and dimensionless load. The figure 2 is the com-

parison of calculation and test. The ¢, was 1.4s in calcu-

(a) Canopy and lines
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(b) Parachute and flow field
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(¢) Partial enlarged view of mesh
Fig.1 Finite element model of parachute
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Table 2 Working conditions of calculation
®2 HEIR

Opening altitude(m) 1830
Atmospheric pressure( Pa) 8. 12e4
Atmospheric density (kg/m*) 1.023
Payload(N) 980
Snatch velocity (m/s) 20

Contrail declining angle(°) 90

lation results. When the canopy was inflated, the aver-

age projected area was 25.2 m’. At 1.4s, this value

was reached first time, therefore the moment (1=1.4s)

was defined as ¢, according to the definition in the refer-
(11

ence' "', The F shown in ordinate title is the component

force of the resultant (G, +F ) on Z direction.

dynamic

It can be found that the calculation results were
consistent with the dropping test. The first peak (FP)
appeared after the canopy top had been completely ex-

panded (P2), and the second peak (SP) appeared
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Fig.2 Results comparison of calculation and dropping test
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soon after the canopy was inflated the first time (P4).
Then the canopy load continued to decline, the canopy
would be over inflated and appeared a biggest projected
area at a given moment.

We also found that the dimensionless load curve of
calculation was slightly higher than the test curve, be-
cause the contrail declining angle in this work was 90°
while the test angle was less than 90°. It is proved that
the dynamic load of 90° is greater than other angles

based on a large number of tests.

4 Analysis of calculation results

4.1 Structure and flow field change

Figure 3 shows the equivalent stress, flow velocity.
Figure 4 shows the velocity and acceleration of recycled
goods.

According to the change of parachute shape, the
entire working process can be divided into three phases;:
pre-inflation phase (0 ~ 0. 41s), fully inflation phase
(0.41 ~1.4s), stable dropping phase (after 1.4s).

The pre-inflation phase (0 ~0.41s): The canopy
bottom was opened firstly, and airflow into the canopy
easily. The canopy inflated uniformly (Fig.3a). AtO.
41s, most of canopy was in folded state, while the cano-
py top completely opened, which denoted the end of the
pre-inflation phase. But the first peak of acceleration
appeared at 0. 52s, which was consistent with the de-
scription in reference[ 11].

The fully inflation phase (0.41 ~1.4s) . After the

Stress contour
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Speed vector

(a) t=0.19s
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first phase, the canopy appeared “squid” shape. The
canopy expanded from top to bottom gradually.

At 1.2s, the recycled goods bore the maximum overload
(Fig.4). Until 1.4s, the canopy achieved the fully in-
flated shape first time, which was same with the conclu-
sion in reference[ 13 ].

The stable dropping phase (after 1.4s) ; The cano-
py appeared top collapse due to the fabric elastic de-
formation (Fig.3e). Then the top collapse was recov-
ered and appeared the slightly “breathing” phenome-
non. The acceleration of the recycled goods tended to
Om/s’, and the velocity maintained at 6.2m/s gradual-
ly. The dropping velocity was consistent to the actual

stable dropping velocity about 6 ~7m/s.

0 10 20 30 40
t/s
Fig.4 Acceleration and velocity of payload
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4.2 Stress change on parachute meridian

In order to more effectively analyze the fabric struc-
tural change, the stress change on parachute meridian
was studied (the five elements shown in Figure 5 were
located at five different parts: the canopy top, the upper
middle part, the middle part, the lower middle part and
the bottom part) .
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0.

205 0 05 1.0 15 2.0 25 3.0 3.5 4.0
t/s
Fig.5 The positions and equivalent stress of
five elements on parachute meridian
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(1) In pre-inflation phase (0 ~0.41s), the maxi-
mum stress would appear at the end of the pre-inflation.
The stress concentrated on the top part, which may be
the weakest part during the whole process, especially at
the area where the folds began to expand (Fig.3b).

(2) In fully inflation phase (0.41s ~1.4s), with
the canopy fully inflated from top to bottom, the stress
peak appeared on the upper middle part, middle part,
and lower middle part successively. The top part and the
upper middle part even appeared the second peak which

is lower than the first peak. After these canopy parts ap-
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peared the stress peak in turn, the recycled goods ap-

peared the second acceleration peak at 1.2s, this lag
phenomenon is caused by fabric elasticity.

(3) In stable dropping phase (after 1. 4s), the
canopy appeared top collapse and the canopy stress be-
gan to shrink, and the stress mainly concentrated on the
middle part. After the top collapse recovered ( after
2.5s), the aerodynamic drag was mainly produced by
canopy top. The lower and middle surface kept bending

stably and the stress of which was recovered.

5 Conclusions

In this paper, the entire working process of C9 par-
achute was simulated by using LS-DYNA based on finite
element method, and the calculation results are verified
by test. The conclusions are as following:

(1) There were two peaks on the curve of dynamic
load or acceleration. The first peak appears after the
canopy was opened, and the second peak appears before
the canopy was fully inflated. But the peak value was af-
fected greatly by the initial canopy shape and outside
conditions.

(2) Both of the two peaks would cause the fabric
stress increasing. The dangerous moment of the canopy
appears at the end of the pre-inflation rather than at the
maximum overload moment and the dangerous section is
the canopy top. The result can be guidance for the fabric
selection or ADS optimization.

(3) There are many other factors affecting the can-

fully folded and so

on. Moreover the fabric material model is simple in this

opy stress such as wind direction,

work. On the other hand, how to select fabric material

ERFREBERATEEZAR
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or optimize ADS according to the simulation results need
to a further study. These issues remain to be studied in

future.
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