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ABSTRACT

According to multi-node model, the dynamics equations of conical
parachute system for simulating shape deformation process of the
flexible canopy in the opening process were established. With the
combination of dynamics equations code and computational fluid
dynamics (CFD) software, the fluid-structure interaction investi-
gation of the conical parachute was carried out. Also the change of
parachute shape and flow field, inflation time, the rate of descent,
the distance of descent, and other relevant data were achieved. This
paper has focused on analysing vortex structure of the flow field in
the opening process of conical parachute, and laid the foundation for
studying mechanics mechanism of flow field variation of conical
parachute in future.

NOMENCLATURE

ay vertical acceleration value of entire parachute system
a(i) acceleration values of node i in X direction

a,(i) acceleration values of node i in Y direction

D inflation force

dp pressure difference between inner and outer canopy surface
E, elastic modulus of canopy weave

FL elastic force along longitude

FL(i) elastic force along longitude between node i and node i-1
Fp air pressure
Fu elastic force along latitude

Fu(i) elastic force of node i along latitude

g acceleration of gravity

K shrink factor of canopy material

L distance between two neighboring nodes
M mass of recovery payload

m(i) mass of node i

S area of cirque when inflated

T force on suspension line

Vy initial velocity

(k) angle between X axis and normal direction of line k
€, strain in longitudinal direction

€, strain in latitudinal direction

G, stress in longitudinal direction

c, stress in latitudinal direction

6 angle between suspension line and Y axis

1.0 INTRODUCTION

As an effective deceleration appliance, parachute is widely used in
aeronautics, astronautics, sports and other fields. The security of
aviation can be effectively improved by enhancing the capabilities of
parachutes. In the last decades, fluid-structure interaction problem of
parachute has been studied widely. to meet both the public need for
airliner security and military aviation. Along with the progress of
computational technology and computer engineering, many models
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have been developed recently to solve the dynamics problem of
parachute systems. A computational method based on the parallel
finite element algorithm was proposed by Stein et al (1997)". They
simulated a three-dimentional (3D) model for the flat circle
parachute under the assumptions that the canopy of parachute is
fully inflated as a hemisphere with a vent on the top. They have
achieved a feasible computational solution of parachute problems.
Most recently, they revised their model (2000)®, and obtained some
important parameters of flow field including pressure and velocity.
Following the same principles and similar numerical method, Kalro
and Tezduyar set up a parafoil model (2000).

The whole process of parachute dropping is divided into three
phases: deployment, inflation and terminal descent. And the inflation
phase is most complicated. It is because parachute canopy in the
inflation, which is flexible fabric, undergoes a prominent structure
deformation in a short period of time. At the same time, the flow
field inside and outside canopy has complicated changes. And the
coupling of the both fluid and structure makes the inflation phase
more intricate. In a word, the parachute inflation is a fluid-structure
interaction problem which relates to structure deformation and flow
field change, as well as the interactive effects of the both. Earlier
fundamental work was done in 1942 by Pflanz®. He integrated the
non-linear differential equation of motion and calculated the
inflation force for the simplified case. Following this, O’Hara noted
the opening behaviour and the opening forces of parachute
inflation® in 1949, which are recently focused on by the last
researchers. Thereafter a lot of engineering algorithms, numerical
algorithms and experiments were used on the parachute inflation.
And Ludtke's work is worth notice. In 1973 he applied Pflanz’s
solution for the opening force factor to analysis of circular flat
canopies®. The more general case and the effect of over-inflation
were treated by Ludtke in 1986". Recently the researchers focus on
the fluid-structure interaction of the parachute inflation. Norio and
Kensaku tried to catch numerically the flow structure around the
flexible body, which could be deformed by the textile tension.

So far, most of the research works have been generally focused on
the simulation and analyses of flat circle parachutes using the
parallel finite element algorithm®. However, few works have been
done to simulate more complicated parachute models®'?, such as the
conical parachute, a typical parachute widely used in aviation
utilization, especially for the inflation phase of conical parachute.

Based on the above cases, a try is made in this paper. One real
conical parachute system is first simplified. Then the multi-nodes
model of parachute system and computational fluid dynamics (CFD)
software are established for numerically simulating the opening
process of the conical parachute. The flow field changes, the canopy
shape and other relevant data in inflation phase are obtained. Finally,
the development process of vortex structure in the opening process
of the parachute are focused on and analysed.

2.0 SIMPLIFICATION OF THE MODEL OF
CONICAL PARACHUTE SYSTEM

The flow field of parachute is complicated and unsteady. The
interface of fluid and solid for parachute is dynamic, and the canopy
is permeably. All above factors increase the difficulty of numerical
simulation. As for the establishment of conical parachute model, the
assumptions to appropriately simplify conical parachute system are
set as follows:

2.1 Quasi-steady assumption

It is well known that apex vent (i.e. upper hole) with suitable size on
hollow hemisphere could greatly weaken the unsteadiness of its flow
field"?, or even eliminate the unsteadiness caused by vortex at all. In
this study, a parachute model with apex vent whose diameter

accounts for 5% of the canopy diameter is chosen, so the
unsteadiness is not quite influential"?.

CFD method was applied to calculate the flow field character-
istics. Quasi-steady assumption is adopted here. It is meant that with
focus on the simulation of fluid-structure interaction, whole unsteady
process in opening process is divided into n time (7,...t...t,) states.
As for ¢ state, all physical variables in CFD equations are first
solved with a steady treatment and taken as the values of time ¢, and
then FSI calculation is accomplished. Because using the tiny time
step, the flow is assumed to be steady during each state. On the
entire FSI process, the flow and structure are changing over time.

2.2 The simplified flow field assumption

The decline rate of parachute is generally less than 50ms™ in the
inflation process. Therefore the parachute flow is typical incom-
pressible flow. Parachute system is a self-balance system in the
actual course of decline, and it is in a state of slow swing within the
extent of small angles-of-attack. This paper assumes that the angle-
of-attack is kept same.

2.3 The simplified conical parachute structure assumption

The porosity of canopy is not considered in the calculation of
parachute flow field. The parachute canopy is simplified to be a
symmetry body of rotation (see Fig. 1 through Fig. 3). The structure
deformation and flow field were calculated and discussed in two-
dimensional symmetrical case. Canopy and rope produce no force
when bended, the mass and strain of rope are ignored. The pressures
only change along longitudinal line, but keep same along latitudinal
line.

The size of the simplified conical parachute model, the physical
layout of no-inflatable model, and the side elevation of inflatable
model are shown in Fig. 1 through Fig. 4.

The parameters of the system are as follows:

Radius of canopy: 3-4m
Radius of apex hole: 0-175m
Length of rope: 6-4m
Mass of canopy: 10kg
Mass of payload: 90kg
Temperature: 300K
Air density: 1.225
E,: 29,169N/m
K 0-47
Initial velocity: 50ms™
g 9-8ms™
Angle-of-attack: 0°

3.0 MULTI-NODE MODEL

In this paper canopy structure model is used to solve stress and
displacement of the canopy, and to get the canopy shape in a
moment of the inflation process. For any moment of the parachute
inflation process virtual inertial force is applied on the canopy
according to D’Alembert’s principle, so that the dynamics problem
is transformed to the static equilibrium one. Therefore, if a structure
model, which is easy to calculate and maintain the mechanical
properties of parachute, was established, the fluid-structure inter-
action process, which is referred to Section 4, is iterated to get the
flow field of the inflation process at this moment.

3.1 Establishment of the multi-node model

As the structure of simplified conical parachute is an axial symmetry
one, and the inflation is symmetric, then the structure deformation
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Figure 1. The size of the simplified conical parachute model (unit: m) Figure 4.The side elevation of inflatable mode .
top view.

035

]

= |
= |
™

820

cirque

Figure 2. The size of the simplified conical parachute model (unit: m)
front view (below).

mass nodes

0 degree longitude

(a) Top view when laid flatwise.

. -0 degree longitude
Figure 3.The physical layout of no-inflatable model. .

.a‘— mass nodes

and corresponding flow field of the model is also axial symmetrical. .
Therefore the shape of an arbitrary longitudinal line on the canopy |

would represent the shape of parachute. In the structure model, the : X
canopy laid flatwise is divided into N cirques along radial direction,

and mass of every cirque is concentrated to the point where 0 degree

longitudinal line crosses with the middle circle of this cirque, so we

get N mass nodes along 0 degree longitude, as shown in Fig. 5.

When inflated, the forces caused by air pressure and strain are also (b) Side view when inflated.
concentrated to these mass nodes, and they should be projected to X

and Y directions. In doing so, the two-dimensional symmetrical

multi-node structure model of canopy is constructed. Figure 5. Multi-node model of canopy.
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/ Lmlig

Figure 6. Multi-node model of parachute system.

A mass point could be used to represent the payload whose mass
is M, and it is connected with the multi-node model of canopy by
weightless and inextensible rope, as shown in Fig. 6. These modules
construct the multi-node model of parachute system.

3.2 Establishment of the dynamic equations of the
multi-node model

3.2.1 Force of parachute system

Gravity force:
G, caused by gravity, equals m X g.

Elastic force along longitude:
FL, caused by longitudinal strain of canopy "%, represented by the
change of distance between two neighbouring nodes,

E[le, +Ke,]

FL=27c,X = =
1-K

2nX s T

where ©,, €, are respectively stress and strain in longitudinal
direction; ©,, €, represent stress and strain in latitudinal direction; K
is shrink factor of canopy material. E, is the elastic modulus of
canopy weave.

Elastic force along latitude:
Fu, caused by latitudinal strain of canopy"”, represented by the
change of X co-ordinate value of the mass node,

E, (e, +Kg,) I

Fu=0o,L= =
1-K

Q)

L: distance between two neighbouring nodes.

Pressure:

Fp, caused by air pressure, equals dpxS, dp is the pressure difference
between inner and outer canopy surface, S is the area of cirque when

4 Fpi k1)

¥ Saen
’“’('}9\\1&1

FL{Mi\.

i+1

Figure 7. Forces on node .

inflated. A group of straight lines between nodes are used to
represent longitudinal curve. The pressure on a node can not be
projected to the curve’s normal direction because two straight lines
get together here. Therefore the sum of half pressure vectors on its
two neighbouring cirques is used to substitute the normal direction
pressure.

3.2.2 Equations of canopy

According to Fig. 7, projecting these forces to X and Y directions, the
dynamic equations of node i can be obtained as:
In X direction:

FL(@i+1)xSin[a(k +1)] - FL(i) X Sin[ou(k)] - Fu(i) +
Fp(k-+1) Cos{ok-+1)]+ Fp(k)x Cos{a(k)] = m(i) xa, )"V

In Y direction:
~FL(i+1) x Cos[ou(k +1)]+ FL(i) x Cos[au(k)] — m(i) x g +
Fp(k +1) xSin[o(k +1)]+ Fp(k) x Sin[ou(k)] = m(i) x a,(i) " 4

ok) is angle between X axis and normal direction of line & . a (i),
a(i), are acceleration values in X and Y directions.

According to the known velocity of the node i at the initial
moment, and assuming the motion of the node i was uniform
variation motion within a period time A¢, the node’s acceleration can
be calculated from the force on the node and the above equations,
and the displacement and velocity of the node after At can be
obtained through the equations of uniform variation motion.
Through the integration for the time increment At, the co-ordinates
and velocity of the node i can be got. As is well known, the forces on
the nodes change continuously with time. It is because the air
pressure Fp varies with the flow field that changes with time, and the
elastic forces FL and Fu vary with the location of the nodes.

Nodes correlate with each other by elastic forces. After getting
such equations on each node and assembling them all together, the
dynamic equations of the canopy model were established.
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symmetry

A

upper hole-. Fd o
- velocity inlet

\, Vi
s

1
. " 2
{ interface J
. ;
™, , rd
N 4

(a) Computational area

(b) Body fitted grid of canopy

Figure 8. Computational grid at 0-5s.

3.2.3 Equations of entire system

Because the rope is inextensible, the entire system could be
supposed to descend with the same acceleration, and therefore an
equation for the parachute system in the vertical direction (¥) can be
constructed as:

D-Mxg-3[m@i)xg]l=[M+2Zm@)]xa,, RG]

a,y 1s vertical acceleration values of entire parachute system.

According to the method mentioned in 3.2.2 Equations of canopy,
the co-ordinates and velocity of the entire system can be got at any
moment.

( mitial values )

CFD codes

pressure

loop canopy shape

multi-node model

| output ]

Figure 9. Procedure of fluid-structure interaction.

The equations of parachute system consist of the equations of
canopy and equation of the entire system. The simulation of the
structure distortion in the parachute inflation is transformed into
solving the above equations, and the position, velocity, acceleration,
and other relative data of each node and the parachute system can be
obtained at any moment.

4.0 FLOW FIELD CALCULATIONS AND
FLUID-STRUCTURE INTERACTION

This paper uses the independent code to solve the equations of
parachute system multi-node model, and the CFD codes to calculate
the flow field of the parachute at every step. According to the possible
circulating flow, this paper chooses the RNG % - € turbulent model.

Computational grid at 0-5s is shown in Fig. 8.

The fluid-structure interaction procedure of parachute at any time
in the inflation process is shown in Fig. 9.

The input parameters of FSI are as follows:

® Velocity of parachute system : change with the steps of FSI;

® Angle between suspension line and Y axis (0): change with the
steps of FSI;

@® Mass of every node: constant;

@® Distance between adjacent nodes without deformation:
constant;

@® Abscissa of every node without deformation: constant;

@® Velocity of every node at the end of last step: change with the
steps of FSI,

@ Elastic force along longitude of adjacent nodes at the end of last

step: change with the steps of FSI;

@ FElastic force along latitude of adjacent nodes at the end of last
step: change with the steps of FSI;

® Pressure of every node from CFD calculation at this step:
change with the steps of FSI.
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With structure model and descent velocity given at initial moment,
the air pressure could be calculated using CFD codes. Then, by
solving dynamic equations of parachute system multi-node model
with the calculated air pressure values, the shape of parachute and
descent velocity could be calculated and renewed. Following this
step, the new shape and descent velocity would then be sent to CFD
codes for the new calculation of air pressure values again.

Repeating this procedure with a time increment of 0-01s (when
severe change happens) or 0-02s (when slight change happens), the
changes of canopy shape and descent characteristics in the inflation
process could be obtained.

At initial moment, the parachute has been straightened by
guidance surface parachute. Unlike the usually adopted arc-line
model, a single line with anti-clockwise 3 degree angle against
negative Y direction is used as the initial model of canopy. In fact,
this model is more like the canopy outline when inflation begins.

5.0 RESULTS ANALYSES

The simulation starts at Os. At 1.25s, the descent velocity of
parachute system is 11-504278ms™', with acceleration of
—0-645427ms™. Because the change of velocity and canopy shape is
very slight during a long period after 1-25s, the state at 1-25s is
considered as the beginning of steady descent states. In this way the
simulation of inflation process ends.

5.1 Canopy deformation

Canopy deformation from 0s to 0-59s is shown in Fig. 10, and shape
change is very slight after 0-59s.

As can be seen in the graphs, the deformation is not simply
expansive; a course of expansion-shrink-expansion exists, which is
especially obvious when comparing shapes at 0-14 and 0-15s. The upper
part of canopy at 0-15s shrinks inside relative to the outline at 0-14s.
This phenomenon looks like a breath process of canopy, so it was called
canopy breathing"?. And it also happens at 0-31s, 0-33s and 0-35s.

As for analysing change of stress values when canopy breathing
happens, the reason why such phenomenon exists can be concluded.
At first, inflation force rises rapidly; shape of canopy also changes
greatly, and results in severe stress; then, the inflation force declines
steeply to a value which is unable to retain the outline against stress,
so the canopy would shrink because of stress.

The shape of canopy changes greatly from 0-0s to 0-35s,
especially from 0-Os to 0-07s. When to 0-35s, the shape changes
little, and the variation rate of the parachute system reduces signifi-
cantly. After the inflation, the stable shape of canopy (Fig. 10(f)) is
similar to the side elevation of inflatable model (Fig. 4) in Ref. 13. It
proves that the multi-node model is correct in the simulation of the
conical parachute inflation.

5.2 Flow field change

In the parachute inflation, the characteristics of the flow field
changes very quickly. In 1-25s, the velocity of the conical parachute
reduces from 50ms™' to about 11ms™; the canopy has also experienced
a great deformation. The in-depth study of this process requires a large
amount of calculation and a long period of data collection. After
analysing the streamline pattern at different times, we can divide the
flow process into three stages: the preliminary formation stage, the full
development stage and the quasi-steady flow stage.

5.2.1 Preliminary formation stage (0s to 0-05s)

From 0s to 0-02s the flow pattern is almost flat with anti-clockwise 3
degree angle against the flow. A vortex, named V1 in Fig. 11, grows
at the end of canopy, and produces pressure difference which

promotes canopy to expand outside. It should be noted that there is
not any vortex in the pane of Fig. 11. It is just a reattachment zone.
But with the passage of time, the edge of upper hole is inflated more
greatly, and a new vortex, named V2 in Fig. 12, grows in the
reattachment zone at 0-03s. At 0-04s the vortex V1 is divided into
two vortices, and another new vortex, named V3 in Fig. 13,
separates form the vortex V1. The different grade inflation brings a
corner on the canopy, and the corner is the main reason of the
separation of the vortex V1 which firmly attaches to the canopy. At
the same time the vortex V2 grows bigger. All above are showed
distinctly in Fig. 13. When it comes to 0-05s, the vortex V3 has
grown as big as the vortex V1, and the structure of the three vortices
has already been formed in the flow field of conical parachute.

5.2.2 Full development stage (0-06s to 0-12s)

From 0-06s to 0-11s, the flow field changes mainly in the location
and size of the three vortices. Contrasting between the flow field at
0-05s and 0-11s, we could find that the vortices V2 and V3 keeps
growing, and are bigger than the vortex V1 which attaches to the
canopy part without inflating (see Fig. 16). As the canopy keeps
inflating, the uninflated part and the vortex V1 is decreasing. Until it
comes to 0-12s, the vortex V1 is absorbed by the vortex V3 and
disappears (see Fig. 17). At the same time, the top jet passing the
vortex V2 joints into the outflow and rolls up a new vortex V4 in the
downstream. A new structure of the three vortices has already been
formed in the flow field of conical parachute.

5.2.3 Quasi-steady flow stage (0-13s to 1-25s)

From 0-12s to 0-15s, the fluid field changes mainly in the size of the
vortex V4, and the vortices V2 and V3 change little. The vortex V4
grows very fast to bigger size than the other two (see Fig. 17). After
0-15s the flow field does not change much, although the shape of the
canopy transforms greatly (see Figs 18 and 19). The vortex struc-
tures of the flow fields in Figs 17, 18 and 19 are similar. Based on
this, it is judged that the flow field has been basically invariable.
Figure 20 shows the flow field of a vented sphere in Ref. 12. It is
similar to the flow flied of conical parachute at quasi-steady stage.
The great difference lies in the occurrence of three vortices V4, V2
and V3 while there are two vortices in Ref. 12.

Topological structure of conical parachute flow field at quasi-
steady stage is shown in Fig. 21. There are eight half saddle points
S, four saddle points S, and six centre points Nc in the flow field. It
obeys the topological rule"® of flow field section:

(2N+%2N’)—(28+%2S’)=1~n ()

Where n =-m + 1. m is the quantity of isolated finite section plane. In
this situation, m = 2, n = 3. Moreover, along the symmetry axis there
are two saddle points S for the conical parachute flow field, which is
same as that in the flow field of vented sphere in Fig. 20.

5.3 Characteristics change

The simulation starts at 0s. At 1-25s, the descent velocity of
parachute system is 11-504278ms™, with acceleration of
—0-645427ms™. Because the change of velocity and canopy shape is
very slight during a long period after 1-25s, the state at 1-25s is
considered as the beginning of steady descent states. In this way, the
simulation of inflation process ends.

The change of inflation force is shown in Fig. 22.

The inflation force result gained through multi-node model is
similar to the typical curve in Fig. 23 of Watkins’s report’”. The
value rise sharply at the beginning, reach first apex (15,064-07N)
called snatch force at 0-16s, then suddenly decline, but it rise rapidly
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Figure 10. Change of canopy shape (portion).



198 THE AERONAUTICAL JOURNAL

MARCH 2009

—

I

Figure 11. Streamlines near canopy at 0-02s, preliminary formation
stage (the right picture is the enlargement of the pane in left picture).
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Figure 12. Streamlines near canopy at 0-03s, preliminary formation
stage (the right picture is the enlargement of the pane in left picture).

/

again to the second apex named peak inflation force at 0-21s, with a
bigger value (17669-85N). After 0-21s, inflation force falls fast, then,
after about 0-8s, its value reaches a relatively steady count
(1,832-45N).

Change of descent velocity is shown in Fig. 24. The velocity is
50ms™ at Os (i.e. the beginning of inflation process), falling to
11:504278ms™ at 1-25s when inflation process is relatively steady
(i.e. simulation for inflation process ends).

In order to evaluate the results, the work of Garrard has been
selected"”. He reported on a 10-5m diameter conical parachute used
to recover 162-5kg mass from a velocity of 55-5ms™' to 8ms™
(approximate). His inflation lasted 1-3s, and the maximum force is
10,411-123N. The above computed result shows a good agreement
between the present work and the work of Garrard.

QH

Figure 13. Streamlines near canopy at 0-04s, preliminary formation
stage (the right picture is the enlargement of the pane in left picture).
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Figure 15. Streamlines near canopy at 0-11s, full development stage
(the right picture is the enlargement of the pane in left picture).

)
w7,

;f
Wi



CAO ET AL INUMERICAL SIMULATION OF FLUID-STRUCTURE INTERACTION IN THE OPENING PROCESS OF CONICAL PARACHUTE 199

Figure 16. Streamlines near canopy at 0-12s, full development stage

(the right picture is the enlargement of the pane in left picture).

Figure 18. Streamlines near canopy at 0-35s, quasi-steady stage.

|

Figure 20. The flow field of vented sphere'?.

However, as some initial parameters, such as the radius of canopy,
mass of payload and initial velocity, are different, some results in the
present work do not agree with Gerard’s work completely.

6.0 CONCLUSION

A multi-node model has been developed for simulating the inflation
process of conical parachute. Fluid-structure interaction in the
inflation process of a selected parachute system was studied with
dynamic equations derived from the multi-node model and CFD
codes. The results are in good agreement with those from similar
researches and relative experiments. The canopy breathing and the
change of the vortex structure of the flow field in inflation process
are discussed in detail.

ACKNOWLEDGMENTS

A part of this work is financially supported by the National Natural
Science Foundation of China (Grant 10577003) and Monash
University of Australia, which is gratefully acknowledged.



MaRrcH 2009

200

THE AERONAUTICAL JOURNAL

rd

Figure 21. Topological structure of conical parachute flow field at

quasi-steady stage.
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Figure 22. Change of inflation force.
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