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ABSTRACT

System decoleration dynamics and stability are
fundamental pgrformance parameters in establishing
the design of a space recovery system, This paper
presants the findings of a one month study of
analytical and computational work in predicting the
parachute dynamics and system stability of the
Queen Match Recovery System. The study's primary
abjective baing to formulate a mathematical model
for ‘the descent dynamics of a parachute/satellite
system and to use that model as the basis for a
computer simulation, stability analysis, and
parametric optimization of the Queon Match Recovery
System,

NOMENCLATURE
-
o] = Velocity vactor of body 1, 1 = 1, 2, 3
M4 = Aerodynamic moment coefficient of
body 1
CNs = Aerodynamic normal force coefficient
of body 1
CTi = Aerocdynamic tangentia) force

coefficient of body 1

2,_, m  Parachute nominal diameter

Fs = Aerocdynamic forces of body 1

9 = -Gravitational acceleration

PT1 a  Angular momentum of body 4

1A = Principal apparent moments of inertia
matrix of the parachute

Iq « Principla moments of inartia, body 1

P% = Moment matrix of body 1

my = Mass of body i

Mia s Apparent mass tonsor of parachute

Py = Angular velocity about x-axis; body 1

Q4 a Angular velocity about Y-axis:; bedy i

R4 = Angular velocity about Z-axis; body i

So4 = Nomina'l area of body 1

VA = Linear velocity along X-axis, body 1

V4 = Linear veloctty alang Y-axis, body i

Wy = Linecar velocity along Z-axis, body 1

o4 = Velocity of body i with respect to
the air

B34 = Side-slip anglae of body i

2,0,71 = Euler amgles, body 1

o = Amgular velocity vector, body i

a '’ = Afr density

Subscripts

1 = Parachute

2 = Riser
3 = Vehicle (SPV)
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INTRODUCTION

Queen Match was an SDI sensor experiment that was-
launched by sounding rockets. Upon completion of
1ts mission, the Quean Match Sensor Payload Vehicle
(SPV) would re-enter the earth's lowar atmosphere
initsally decelerated by body drag (a paper to be
presanted by Mr. Don Tong of the Boeing Aerospace
Company). Subsequently, a twe stage parachute
system was deployod for final systom deceleration
and recovery. After a aumber of pravious
successful recoveries., an SPV was last in the
summar of 1988, Upon the loss of the SPV, a
thorough fnvestigation and analysis of the recovery
process by the Boeing Aerospace Company (BAC) was
conducted, From this analysis, the possibilities
of a tumbling or base down SPV which wrapped up the
dregue, an excaessively short drogue riser which
would reduce the drogue effective drag, aerodynamic
heating within the parachute ‘compartment, or
failure of the drogue to deploy were all
considered. The culmination of this investigaticn
resulted {n a competitive solicitation for a new
parachute recovery system that would overcome the
potential failure modes identified 1n Boelng's
investigation. Pioneer ferospace Corporation was
awardad the contract and began davelopment of the
new recovery systam in January 1989, Tho target
date for the next Quecn Match was six months after
contract award which allowed only five months from
design conception to qualification tests and final
hardware delivery, QOue to the conterns of the
praviocus rocovery system, and because the contract
schedule did not pormit time to conduct extensive
full scale dovalopment tests, much emphasis was
placed on component development testing and system
analysis. Of most importanco 4n the analysis was
the flight behavier of the parachute and the SPV
during deployment and inflatjon. This paper
presents the findings of a one month study of
analytical and computational work in predicting the
parachute dynamics and system stability of the
Queen Match Recovery System, A paper depicting the
direct design aspects and testing of the Quecn
Match Recovery System based upon the aforementioned
analysis is given by Mr. Paul Woodruff and

Mr. Wil14am Everett of the Pioneer Aercspace
Corporation,
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RECOVERY SYSTEM ANALYSIS

Technical Approach

The technical approach is structured to accoss the
descent dynamics and stability characteristics of a
general ‘parachute-riser-vehicle combi nation. The
advantage to a general case study is the ability to
study a wider range of possible configurations with
a minimum rumber of simplifying assumptions. Two
primary tasks describe the approach taken in the
analysis of the problem.

" The parachute-riser-vehicle configuration
was arranged according to specifications
and information provided by the contractor
and particular requirements of the descent
conditions. A mathematical model
incorporating an alastic riser, thres
bodias each with six degrees of freedom was
developed. A complete softwaro package was
written to perform the non=linear
simulation,

» Using the nonlinear software package,
simulations of the nonlinear dynamics of
the parachute=-riser-vehicle were made for a
variety of initial conditions. Particular
attention was paid to equilibrium
trajectories and dynamic stability of the
recovery system.

In short, the technical objective of this study was
to as accurately as possible, analyze the descent
dynamics, predict stability characteristics,
identify performance parametars and thereby aide in
the design of the Queen Match SPV Recovery System.

General Recovery Sequence

The Queen Match SPY recovory process begins with
the re-entry of the SPV from earth orbit. The SPV
then continues on a ballistic trajectory modified
by {ts own aerodynamics descending approximately to
15,000 feet, At 15,000 feet, the drogue parachute
(9. 7-foot-diametar conical ribbon) mortar daploys
and inflates to a reefed mode, moderataly
stabilizing and decelerating tha SPV. At
approximately 6 secends after mortar deployment,
tha drogue disreefs to its full-open drag area of
30 ft2, and further stabilizes and decelerates the
SPV.

Another 10.5 seconds after drogua disreaf, the aft
cover 1s released from tha $PV and puiled free by
the drogue. A small bag attached to the aft cover
then deplays a 4.5-foot-diameter Ribless Guide
Surface Parachute which acts as a pilot parachute
for the main canopy. The pilot chute inflates,
extracts the main pack and deploys tha 71.8-foot
Triconical Recovery Parachute. The Triconical
Recavery Parachute is reefed for 4 seconds
whareupon it inflates to full-open. Full=open main
canopy occurs at approximately 7000 feet.

The analysis of the descent dynamics in this paper
is focused upon the interactien of the drogue
parachute and the SPV, The analysis begins at
mortar deployment of the drogue and ends at aft
cover release.

The recovery system components, the drogue
parachute, the main parachute and the SPV were
chosen in accordance with the requirements
established by the contractor, The mass and
tnertial proporties of the SPY have changed during
the course of this study. However, the inertial
properties and mass used are representative and
provide an adequate model of the final
configuration.

Simplifyinq _Assumptions

Several simplifying assumptions are employed which
reduce tha computational magnitude witheut
compromising the general nature of the problem.
Othars are made to improve the math model to the
extent that the state of the art allows. Tha
simpl1fying assumptions are as follows:

. Upen full open the parachute is assumed %o
be axisymmetric and has a fixed shape.

* The riser connecting the parachute and, SPY
is elastiec and transmits only axial forces
o the attach paoints on the SPV and
parachute axes of symmotry. Furthorwore,
the riser 1s constrained mot to rotate
about {ts body-fixed Z axis.

= The SPV is a rigid, axisymmetric body.
. The aerodynamic center of pressure of the

parachute coincides with the parachute
conter of mass.
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Recovery Subsystem
Sequence Of Operations
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b The aerodynamic center of the SPV is
constrained to remain on the SPV's axes of
symmetry and does not necessarily coincide
with the center of mass,

= The hydrodynamic effects of the parachute
are considered and are represonted by
tensors of apparent mass and apparent
moments of inertia.

* The hydrodynamic effects of tha SPV are not
considered.
» The separation distance betwean the SPV and

the parachute 1s considered sufficient to
neglect forebody waka affects.

w A flat earth 15 used for trajectory
caleulations. :

DEVELOPMENT OF A NONLINEAR OYNAMICAL MOOEL OF THE
PARACHUTE/RISER/SPV_SYSTEM

The parachute/riser/SPV system is modeled as three-
bodies each with six-dagraes-of-freedom, Sincae the
parachute and SPV are connected by the risar, and
given the constraints of the riser, the parachute-
riser-SPV system reduces to a 15-degree-of-freedom
problem,

The Differential Equations of Motien

Tha refarence frames of the three-body-system are
shown in Figure 2. Four right handed orthogenal
refarenca frames are needed to specify the motions
af the parachute {systom 1). the riser (system 2),
and tha SPV (system 3). The fourth orthogonal
raference frame {s that of the earth whose origin
Ot 18 fixed on an assumed flat earth, and whare Zg
is direct downward, Xg is horizontal, and Yg is
cross range to tha right.

In the body-fixed moving frames of systems 1, 2.
and 3 the origins of tho parachute and the SPV are
at their respective centers of mass, 01 and 03.
The riser origin 1s at the parachute/riser
confluance point, 2y axes are aligned with the
axos of symmetéy with Z1 directed toward tha
parachute/riser confluence point, Z2 directed
toward the SPV attach point, and 73 directed toward
the nose of the SPV. The X{1 and Y{ axes are
determined by the initial deployment conditions.

The Euler angles ®i, @i, yi describe the

orientation of the body-fixed reference framas with
respect to the carth fixed inartial frame, The
ordored rotations are yi about Z{i followed by ©4
about Y4 and ¢4 about X1 as illustrated in Figure
3.

The direction cosine matrix [BI] in terms of tho
Eular angles and the sequence v, 8, ¢, is as
follows:

(8] = (1-8)
cosP3c08Y 5 cos@jsinyj -54nB;
sinGjcosyysingy sindysinjsinyj sindjeosty
-coséjsinyj +cosdjcosyy
cosdysin@jcosyy caosdysindgsinyy cosdjeosdy

Ljs1n¢Js1nyJ ~s1ndjcosyj

Conversaly,

[e)7 = (1-8)
—~
i cosf ycosy s1nQjcosy s1nd cosdysindjcosy
} -cosdsinyy +sindysinyy
i cos8ysinyy singjsin@3stinyy cosdisin@jsinyj
i +Cospjcosy -sindjcosyy

-sinBj sind yeos8y cosdjcosty

L.

The elements of the cosine matrix are written B Jyy
where i 1s the row number and k 1s the column
number,

The Euler angle rates are given by:

}j » (Qysindy + Rycosd;)sechy (2-A)
éj = Qjcosdi-Rysindy (2-8)
éd = P; + (Qjsindj+Rjcosdy)tand (2-C)

The indices 3§ = 1, 2, 3 correspend to the
parachute, riser, and SPV, respactivaly,

-

T
|

J
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T of 1 ‘ ua
N Parachwse Equations of Motion

The equations of motion for the parachute are
divided {nte force and moment equations.sbout the
center of mass,

The forcs equations, written in vector notation,
aret

Floe m(e19 + (el (6217 Frp (3
MY - e LTS - -
= m (C1 + M XCi) + [M1a] (C1 + MXCy)

where Fr2 is the riser foroce,

0
= 3
Frz = 0
Fr2
L
m 48 the parachute mass and
Ma = M Ax 0 0
0" May 0 10
0 0 Miaz

is the apparent mass tensor resulting from the air
mass accelerations produced by tha parachute

motion.
Furthermore
a = -F'lx -; - -0
F'ly 0
Fiz 9
—-— g
Gt = |
W
™ N Pr |
CY - = o= O
o o= 6 | RY
) I
LU

Tha aerodynamic forces are given by:

fFix = CN1 (91501) cos By 4]

01/08/038 @2:57P P.007
¢

Fiy = On1 (@1S01) sin By ()]

Fiz = - CT191803 %))

where

a1 = 1/20|¥"|2 (dynamic pressure) (8)
Vh ' :

81 = tan-1| ____Kside-slip angla) (9
U

The moment equations about the parachuta body-fixed
axis at the parachute center of mass can be written
as

- a
40 xhy (10)

xe

-
Ma
whore

- ™ 3
nm = [I1] M

=10 Iyy1 O Q an
. 0 0 Iz |
e —d

or,
P1lxxt

wih

h = Q1 Iyy1 (12)
Ry Izz1

The apparent moments of inertia resulting from the
air mass accelerations are:
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"
Iexth O 0 —1

¢ 0 T2z1A -
- .

Using the parallel axis theorem, a combined moment
of 4nortia matrix can be written as:

a1 O 0
(11°] = [ yy1 O
0 o I*u‘l

Hence the moment equation may be written as:

— and
My ] P I.ll"..'
' My - Q Il"yy'l (13)
er Lax‘m
| ] P11%xt
. Q X 'y
| ® RI"221
. L_ P

The moment forces of the parachute are as follows.
Note, 1t 15 assumed for the parachute that the
canter of mass (C.M.) and aerodynamic center are

coincident.

-

M= M + f.‘s X ([31][32]T F"nz)

/

(18)

-hcnm
-
ts

= Parachuta serpdynamic moments

» Distance from C.M. ta
parachute/riser confluence point

N ~Qn (q1501)sinB1lmn (1)
m = | Q41(q1S01)cosBiLin
0
where CM) = Aercdynamic moment coafficient
Wi = Refersnce length
Also
-
0
-
ls =j 0
s
L

Tho moment rofersnce length, Lmi, is generally one
nomina] diameter ahead of the skirt plane of the
parschute.

To write the serodynamic moments about the body
fixed axis located at the parachuts canter of masa,
LM1. must be defined as follows.

Sinos tha normal forom of the parachute is
experimentally moasured ut the vent of the canopy.

the height of the canopy plus the moment reference
length is given by: i

1,325 Do = 0,325 Do + Do Q6)

(Note: the distance from the vent to parachute
C.M, s 0,325 0o, )

The moment then 4s:

N(1.325 Do) = GwaSeDo an
where
N = Normal force .u:ﬂno on vent of parachute

Conducting the neceasary mat-ix oporations and
solving for U1, V1, and Wy, respectively yields:
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U1 = [Fix + m8Y13g + Bg1FR21/(m1 + M1AX) (18)
+ ViRt - W
Vi o [F1y + mB'23g + Ba2FR21/(m + MaAY) (19)

+ WP - iRy

Wi = [Fiz + mB'agg + BadFR2)/(m + MAZ)  (20)
+ VviQy - ViR

where

' 8s1 .
- Bs2
: Bss_l
are the elemants of the third column of the matrix
operation [8'](62]T
similarly,
P1 «(1/1 xx'l][—cm(q1so1 )31n81(0. 325 Do/1.325)

~LeBa2Fr2 - (I"zz1 - I"yy1) Q1 ] (21)

Q = (11 yy\][mmsm)meﬂo 328 0s/1.225)
daBg1Fr2 - (I'ax1 = I'zz1) I ] (22)

Ry = (/1221 00( "1 - I"yy1) P1 Q1) (23)

s _of b
Tho equations of motion for the SPV are written in
the same manner as the parachute, with the
exception that the apperent mass and apparent
moment of inertia effects are not considered.
The force equations of the SPV, written in vector
notation, are:

F3 + m3 (8913 - [8%)(89)T Fre (26)

- - -
= m3 (C3+ 03 xC3)

where
u3 -
i
Ca=| V3
W3
us Pa
> -
C3e | V2 Q3 = Q3
W3 R3

Tha serodynamic forces are given by:

Fax = CN3(q3503)cosB3 {25)
Fiy = CN3(43503)s1n03 (26)
Faz = - €r3(43S03) (27)
where .

a3 = 1/26|v3]|%(dynamic pressure) (28)

83 « tan~1] v
e Ul | (side-s1ip angle) (29)

The moment forces of the SPV, written in vector
notation, are as follows:

W e (0P x F3 + A x (-[83)(82]7FR2) (30)

where

LCP = Distance from asrodynamic center to C.M.
LA = Distance from risar attach point to C.M.

Alse

- ‘0 N 0

Lcp » 0 LA - 0
LcP -La

-t

Note: The SPV asrcdynamic center is its center of
prassure and varies with Mach number and SPV angle
of attack.
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Again., conducting the necessary matrix operations
and solving for U3, V3, and W3, respectively .
ylelds:

U3 = [Fax + m3B313g - ByaFR2)/m3 + VaRa - w303 (31)

Va = [Fay + m38%23g - BgsFral/ma + WaP3 - UaR3 (32)

W3 = (F3z + m3B2339 - BesFR2)/m3 + U303 - VaP3 (33)

s
where Bes
Bgé

are slements

of the third column of the matrix operation
(s3] [82)7

Similarly

P3=(-F3LCP-BsSFR2LA-( Iz23-1yy3)03R3]/1ux3  (34)

Qa={FaxLCPeBgaFR2LA= ( Lux3-1223)R3P3)/1yy3 (3%)
R3={( Txx3-1yy3)P3Q3] /223 (36)

The Kinomaticy of Mosion
Tha Riser rai

Tha riser, assunad to ba elastic, provides a
convenient method of interconnecting the equations
of motion of the parachuts and the SPV. Consider
the linear valocities at sach end of the riser.

21/08/08 @2157F P.010

At the parachute/riser confluence point:

U2 | Uy + b

27 | va T vi-Pie | (3D

W2 | W

——

And at the riser attach point on the SPV:

U2 + Q2LR Uz - Q3LA
627 | vo-pPatr | = (BT | va-Paa | (38)

VQ+Y:R w3

———d

where

LR = Riser length
LA = Distancc from SPV C.M. to riser attach point

Solving for Uz, V2, W2, respectively yields:

w | Uy + Q1L
V2 = [82](8"]" vy - Pils | (39)
W / Wi

-y
Now, lat VR) bo the earth-fixed velocity of the
parachute/riser confluence point, then:

Xp1 U1 « Qils

- 0

7 vei |« (87| vi-PiLs | (40)
m L]

Substituting equation (40) into equation (39) and
solving for U2, V2. W2, yields:

XR1
= (8% Ym (a1

b
v |
sz_j ZR1
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Similarly,
U2 + Q2LR Uz - Q3tA
V2 - PAR | «821e3)T vy - Pala | (42)
W + LR W3
— — - .
Now lat VA, be the earth-fixed velocity of the
riser attach point on the SPV, them
;‘A U3 - Q3lA
an
Va=| Ya - (8377 V3 - P3LA (43)
2 W3
Conducting the necessary matrix operations and
solving for P2, Q2, LR, respectively yields:
P2 = (8221 (XR1 - Xa) + 8222 (VR1 = VA)
+ B%3 (Zj1 - ZA)/LR (44)
@ = (8411 (Xa - Xr1) + €212 (Y - YRD)
+ 8213 (2 - LRINR (45)
LR = 8237 (Xa - XR1) + 8232 (Ya = YRD)
+ 8233 (2 - ZR1) (46)

Note: 'The constraints on the riser, do not allov
the riser to rotata about it's body-fixed Z-axis
(4.0. R2 = 0). This assumption (R2 = 0) was
allowed since swivels vere to be used in the riser
systen.

.

-
The riser force, FR2, 1s simply

"o -
Fra = o | &)
fe2 J
whare
FR2 = Kf (LR = LRo) (48)

and
KF = Spring constant
LRo = Unstrotched riser length.

The true riser length, LR, 1s determined by
integrating oquation (46).

By use of the cosino matrix, the earth-fixed
velocities of the SPV, Vy. are:

Xn u3

- ' )

Vin = Yo = (8] v3 (49)
= | W3

The earth-fixed position of the SPV can ba
determined by integrating equation (49).

ANALY. F_Tl TEM

To determine the performance envelope and hence,
the design constraints of the Queen Match SPV
Recovery System a wide variety of initial
conditions were imposed upan the computer mode) for
analysis. These initial conditions ranged from an
aft base down drogue mortar deployment to drogue
mortar depioyment in a flat spin. MWith the
axception of the flat spin, all initial
displacemonts were {n the X3 Z3 plane. Figure 4
11lustrates the goneral case of each initial
condition snalyzed.

Though not depicted in this paper, tha cofiputer
wode) incorporated the following:
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bt Mortar reaction load

- Parachute ;r:fhtion dynamics

» Iﬁpsﬁtch and break=tie cnergy attenuation
hd Snatch force dynamiocs '
- Riser/SPV contact dynamice
Gomputer Mode] Regults

Sample results of the computer mode’] are given in
Figures 5-10. In goneral, the results of the
computar model are as follows:

* A1) cases show tho recovery system to bo ’
stable.
" In most cés®s, rotation of the SPV about

its 2 fined body axis (roll). further
stabilizes and reduces peak forces on the
recovery systam.

» In some cases, the poak reafed opening
forces appear abnormally highor than the
peak full open forces. It is thought that
this 1s caused by a modeling 1imitation in
that the drogue canopy inflates at the same
rate for both a riser load/no Yoad
condition. Currently, this is a limitation
of the state of tho art; however, it
provides & consarvative measurc of what the
peak foroa may be.

An interesting Tinding was that {n one case the SPV
rotated to a 360 degres stable condition initially
at 180 degroes, while the riser stabilized to zero
dogroes. In reality, the riser and SPV are both
stable 1n those positions. However, this case
revcaled that a full rotation of the SPV had
occurred indicating that riser/SPV contact was
made. Amalysiz of the riser/SPV contact further
revesled that upon contact with the SPV the riser
rode along the perimetor of the SPV aft cover in
the direction of the parschuta until the SPV wis
rightod. This finding resuited in a protective
riser sleave in the rocovery system design.

Other results from the computer analysis of the
Queen Match Recovery System had a bearing on the
dexign of the fellowing:

he Reefing systems

b Ripstitch and break-tie energy attenuntors
- Mortar system

» Structural Attachments on SPV

In addition, the model showed the SPV recovery
system to be marginally stable during the reofed
drogue chute state vhers a slowod full rotation
(tumble) could occur until disreef of the drogue
where the recovery system would be more stabilized.
This pharcomena actually ocourred during flight test
validating the results of the model. Further, upeon
release of the drogue and deployment of the main
canopy, the modal showod that the SPV would rotate
past 45 degrees but no more than 70 dogrees. This
phenomona was also validated in f1ight tests.

In one case, it was dosired to simulate an aft-base
re-entry of the SPV. A simulation of the aft-base
re-entry would require an aft centar of gravity
configuration. Howevar, analysis from the moda)
showed that tha drogue chute would not generate
sufficient force to maintain the praoper vehicle
attitude to ensure deployment of the main canopy in
an SPV aft center of gravity configuration. Based
upon the rasults of the model and previous
validation of the mode! by flight tests, the aft
conter of gravity test configuration was cancolled,

CONCLUSTONS

The conclusions of the nonlinear Gomputer
simulation of the Queen Match Recovery System ara
as follows:

* A)] cases showed the recovery system to be
stable.
* In most cases, rotation of the SPV about

1t 2 fixed body axis (re1l), further
stabilizes and reduces peak forces on the
recovery system.

L In some cases., the pask reefod cpening

* forces sppeared sbnormally higher than the
pask full open forces. It was thought that
this was caused by a modeling Timitation in
that the drogue cancpy inflates at the same
rate for both a riser lcad/nc load
condition. Currently, this ix a Jimitation
of the state of the art: ho«wor'. it does
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provide a conservative measure of what the
peak force may be.

. in short, the Queen Match Recovery System met the
contract requirements with the exception of one '
! case. This one case exception was mainly dus to an
increase in the SPV mass and 1nitial dynamic
pressures during the course of this study.

However, this one exception fell well within tho
dosign integrity of recovery systam.
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