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FOREWORD
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Station Branch, Air Force Flight Dynamics Laboratory (AFFDL/
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Order Numbers 19645003 and 19640301 titled Kevlar Parachute i
Recovery System and Parafoil Recovery System, respectively).
The analytical technique was then documented under Job Order
Number 60650504 titled, Decelerator Technology Document.

The author is indebted to Ralph Speelman, Harley Walker,
and Charles Babish of AFFDL/FER, Major Guy Clatterbuck and
Major Randy Johnson of the Remotely Piloted Vehicle Office,
and Capt. Tom Jonack of the 6511th Test Squadron for their
asisstance, support, and use of the results of this efforts.
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Deceleration Force = (DLL/XS)-WT ; lbs
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Appendix; :

WX
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(%= )

Total number of parachute stages in the recovery
system.

Total number of operating stages in this recovery
system.

M
(=2 N)

m=1
Total number of operating stages within the mth
parachute stage

-

Dynamic Pressure (= 5 puz); lbs/ft2
Time; sec

Vertical Velocity (£ dz/dt); ft/sec
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! u Vertical Velocity (= dz/dt); ft/sec
? v Horizontal velocity (= dx/dt); ft/sec
W Total System Weight (includes both vehicle and
recovery system); lbs
XS Opening Shock Factor
X Horizontal displacement; ft
' b4 Horizontal velocity (¥ dx/dt); ft/sec
b'4 Horizontal acceleration (= dzx/dtz); ft/sec2
z Vertical displacement from initial altitude (positive
down; ft
z Vertical velocity (= dz/dt); ft/sec
z Vertical acceleration (= dzz/dtz); ft/sec2
Subscripts
a allowable
drogue of the drogue chute
1 DR at disreef of the nth operating stage
F at the final condition
m the number of this parachute stage(l< m< M)
M/S of the man/seat combination
max maximum
min minimum
n the number of this operating stage (1< n< N)
N at the last operating stage of the recovery system
o at recovery system initiation
Rn maximum allowable of the nth operating stage
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System of the system

T at the terminal condition

T at the terminal condition associated with the nth
operating stage

Operators

3% Take the derivative of the following variable(s)

with respect to time.

exp( ) The term within the brackets is to be used as
a power of e (exp(x) = e¥).

gn () Natural logarithm of the term within brackets

(t) The preceding variable is a function of time.

Greek Symbols

oy The ratio of dynamic pressure reduction utilized

in the nth operating stage to the dynamic pressure
reduction available within that stage.

am Qe = qDRl
1 Tt
9pr_ _ 9pr
o =
n
qDRn-l - 9

If no subscriptis specified, a refers to the
overall design ratio of actual to available
dynamic pressure reduction to be obtained by
each operating stage.

p Air density; slugs/ft3

6 Nose down dive angle (from horizontal); deg

A The change in the intervening variable which

——n occurs during the operation of the nth stage.
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SECTION 1
INTRODUCTION

A recovery system consists of three subsystems; a
decelerator subsystem, a terminal descent subsystem, and

an impact attenuation subsystem. For the purposes of this
report, the term recovery system will be used to denote the
decelerator and fast inflating terminal descent parachute
subsystems. The impact attenuation subsystem will not be
addressed in this report.

A recovery system designer is faced with two problems
when he is asked to design a recovery system to a given
set of initial (deployment) conditions, final (terminal
descent) conditions, and operating constraints (maximum
allowable design limit load, etc.). The first problem is
to determine whether or not it is physically possible for
any system to meet his specific requirements. If it is not
‘ physically possible, the designer must modify his set of
E conditions and constraints until he has a set that is both
} physically possible and capable of maximizing the size of his
E allowable recovery envelope. Once the recovery system designer
[ has determined that he has a set of conditions and constraints
|
|

that is within the realm of physical possibility, he then i
faces his second problem, that of determining the specific
design details of this recovery system.

The current procedure for solving the recovery system
; designer's problems is a relatively complex process involving
| extensive use of computer time to "try out" and modify
recovery system designs which the designer selects. Some
of the variables considered during this process are the
initial and final conditions, the total number of operating
stages required to meet these conditions (see Figure 1
following), the total number of parachute stages required
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Example Multi-Parachute Stage Recovery System.




to provide the total number of operating stages and the
drag area, cutter times, and altitude requirements of each
operating stage. If the recovery system designer is faced
with a wide range of conditions and a severe set of con-
straints the design process can consume a large number of
person hours and computer time.

The purpose of this report is to describe an analytical
technigue that determines what constitutes a set of con-
ditions and constraints that is both physically possible
and likely to result in a reasonable preliminary design for
a recovery system.

Some of the major limiting assumptions associated with
the analytical technique described in this report are:

1) The vehicle trajectory is assumed to be vertical.
2) The parachute is assumed to undergo step function
increases in drag area.

3) The recovery system is a point mass.

The effect of these assumptions is to limit the application
of the analytical technique presented in this repert to

vehicles whose trajectory is primarily vertical and to that

portion of the recovery system which uses fast inflating
parachutes (drogue and possibly ram-air parachutes). These
and other assumptions and their effects are discussed

further in Section V.

Use of the preliminary design technique described in
this repcrt will result in the identification of a "reason-
able" recovery system preliminary design. The recovery
system designer can then use this design as an input to
his computer trajectory programs for further refinement.

By beginning with the preliminary design resulting from the
technique described in this report, it should be possible for




the designer to substantially reduce the assets required to

arrive at a recovery system final design.

The approach followed in this report is to determine
a general expression for the drag area of each operating
stage, the maximum allowable number of operating stages in
each parachute stage, and the minimum number of parachute
stages required (these expressions are referred to as the
staging requirements of the recovery system). The equations
of motion are then solved to determine a general expression
for the time and altitude requirements of each stage. The
expressions are then applied to the design of three example
recovery systems and the assumptions, recommendations, and

the conclusions are discussed.




SECTION II
DERIVATION OF STAGING REQUIREMENTS

The objective of this section is to derive expressions
for:

1) The drag area and appropriate dynamic pressures
for each operating stage and for the final
operating stage.

2) The total number of operating stages required.

3) The maximum number of operating stages in each
parachute stage.

4) The total number of parachute stages.

Where feasible, these expressions will be in explicit terms
of the initial and final conditions and the operating con-
straints.

During the derivation of the above expressions, we
will make a number of assumptions. These assumptions and
their effects will be discussed in Section V.

A. DRAG AREAS ANL TERMINAL AND DISREEF DYNAMIC PRESSURES

The purpose of reefing a parachute is to allow a vehicle
to be decelerated from an initial condition to a final con-
dition without exceeding a given force constraint. This con-
straint can be mathematically expressed for the first
operating stage as:

E = DLL
max (1)

= q,(CS)g  Xg

where:




F = Maximum allowable force (lbs)

max

DLL = Design limit load (lbs)

dq = Initial dynamic pressure (1bs/ft2)
(CDS)R s Maximum allowable drag area of the

3 first operating stage (ftz)
Xg = Opening shock factor of the first
1

operating stage

Equation (1) can be used to identify the maximum allow-

able drag area for the first operating stage.
1 Fo. "8,

Given the total system weight (WT) including the weights
of the vehicle and the recovery system, and given the drag area
value of the first reefed stage, we can identify the first
stage terminal dynamic pressure (qu)-

For vertical descent under standard gravitational
conditions:

1 P
and
D (a8 ), W,..
1 D Rl Tl T
Therefore, W
Gy = s (3)
Ty Cy8T g

|
|
|
|
|
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The reefed parachute will require time to decay the
dynamic pressure from the initial condition d, to the point ]
where we can safely proceed (disreef DR) to the next stage.
To impose some constraints on the time required to obtain
a specified amount of dynamic pressure decay, we have
defined quantity a as shown below.

Dynamic Pressure,q

(o)
1 o .
o T1

More generally,

q g
DR DR
DR__, T, |
where
i n = number of this operating stage = 1, 2, ....N
i N = total number of operating stages in the |

recovery system.




As can be seen above, o is defined as the ratio of the
actual dynamic pressure reduction obtained to the dynamic
pressure reduction available. In general, o can vary between
0 and 1. As o approaches 1, we are saying we want to get
all of the available g decay and are willing to live with the
time and altitude loss that will be required. As o approaches
0, we are saying that we must have a fast acting system and
are willing to live with the increased number of operating
stages that will be required to obtain the qp condition. Se-
lection of the design o value will be a strong function of
the recovery system application. Recovery system designs
which are driven by a low altitude recovery requirement
(personnel recovery systems, for example) will tend to operate
with low o values while recovery systems with a relatively
low deceleration "g" constraint tend to operate with high o

values.

Equation (4) can be rewritten as:

9pr

1

= g (tDRI =(1 - al) q, + % qu (5)

where qDRl and tD are respectively defined as the dynamic

Ry
pressure and the time at which first stage disreef occurs.

Combining Equations (1), (3), and (5) yields:

1 yq + W g
i L R TR LN

1 DLL
X
q [1 + a [WT Sl - l]]
= DLL

Now that we know dpg.+ We car calculate the maximum
allowable drag area for tﬁe second operating stage as:

9pR
(6)

[

e 1 T PO PSR —




provees

T T,

T T i st Bl < it o i e N o i i o i i
(C DS)RZ = - DL}%
DRl S.2
(7)
-1 DLL
qo T XS:l
1+ al DLL 1 XS
2
The second stage terminal dynamic pressure is therefore:
w
S
TZ (CDS)Rz
i (8)
T S W'I‘ xS
cq ——% |1 +a, |—L )
% TBiL 1 | DIL
Following the same logic as Equations (5) and (6) and
realizing the dpr is the 4, for this stage, the disreef
1
dynamic pressure for the second operating .stage can be
written as:
q ={1-a.)q + a, q
DRz 2 Dkl 2 'I‘z
wT xSl
=(1-a )q 1 +u. -1
9)
W xsl
% DLL TR
T l WT sz
= 1 +a - -
q + 1 ey 1 1+ o.z DLL 1
9
§

T

D S e

e g

e
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Knowing the disreef conditions for the second stage,
we can therefore calculate the maximum allowable drag area

for the third operating stage to be:

(€Sl = 3 D‘;‘L
3 DRZ S, (10)
1 DLL
A g i w_ X
9, WT Xs1 T Sz
oty 1| Ix
ko E ey st~ P Y% TREL 5,

The third stage terminal dynamic pressure is therefore:

s SR
T = (€.8)
3 DR, e
Vs T Xs WrXs
- 3 W osn et g I % 2
i M 1°F PLE : %Y “BhL

And the third stage disreef dynamic pressure is:

q =(l-a)q = q
DR, 3’ DR, b i

w_ X W X

(12)




That's enough steps to establish a pattern. It's now
time to simplify the equations. If we assume that the o
values, the reefed shock factors, xS, and the weights, WT,
and the design limit loads, DLL, are the same for each
operating stage, Equations (10), (11), and (12) become:

%
Cogy — - (13)
(DR n-1
n w_X
qXS I +a LS iy
2 DLL
n -1
w_ X
R L R L - G i
3 s DLL DLL
Wr*s ¢
3 4 15
o "% 1 T o ; e

When the last operating stage (N) has been reached, the

equations become:

DLL
(CDS)RN = o Xg N-1 (1o}
q.X l+o)| ——-1
oS DLL
W . X WX N-1
i ™5 ™s
qTN = G, —5r [1 + a [_DLL l]:l (17)
W, X N
& & s
qDRN = G TR [1 + [—_DLL 1]] (18)

where dp is the final dynamic pressure to be reached by this
recovery system.

11
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B. NUMBER OF OPERATING STAGES

The objective of this subsection is to derive an
expression for the total number of operating stages required
to go from 9, to dp without exceeding DLL.

We will begin by solving Equation (18) for N. Equation
(18) can be rewritten as:

dp Wp Xg .
T [1 i “[ n -’ (1)
Solving for N yields:

[qF]

q
i n le)

[ [WT xS ]]
2n|l+a TLT -1

Equation (16) can also be used to obtain an expression
for N

(20)

W X
TS
zn[l + o [_BIT- 1]]

C. NUMBER OF PARACHUTE STAGES

[ DLL
n qo(CDS) xS
N = RN 4 + 1 (21)

Equations (20) and (2]) identify the required number
of operating stages for total system operation. If there
were no lower limits on the reefed drag areas that could be
achieved on a parachute, we could perform the entire
recovery function with one parachute. Unfortunately, there
is a lower limit on how much we can reduce the drag area of

a given parachute.

12
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Each parachute design has a minimum allowable drag area
ratio (DARmin ) associated with it. An attempt to reef a
a

parachute below its DARmin value is likely to result in
a
failure of the parachute to inflate.

Each operating stage has a drag area ratio associated

with it. 1If one parachute stage is used, the minimum drag
area ratio for that parachute stage is:

(C.S) (C.S)
DAR i D Rmin 1 D R1
min (C.S) - (C.S)

o> Ry D™ Ry

(22)

The requirement that the minimum drag area ratio for a
parachute stage must always be greater than a specified
DARmina value results in the following inequality:

(DAR) .~ < (DAR)_, = ﬁi . (23)
a C.S

st

Inserting Equations (2) and (16) into Equation (23) will
result in

WT XS N-1
(DAR) min _i [l + a 5 -1 (24)
a

The procedure to determine whether or not we will need
more than one parachute stage will be as follows: either
Equation (20)or (21) will be solved to yield the required
value for N. This value and the other design parameters will
be inserted into the right hand side of Equation (24). If the

resulting numerical value is indeed greater than the DARmin
a




value for the selected specified parachute design, one

parachute stage will be sufficient. If not, more than one
parachute stage will be required.

If more than one parachute stage is required, Equation
(22) becomes:

(CDS)Rmi 2
DAR_. = (25)
min (CDS)R
max

m=1x1, Zicc«:M

Where the subscript m refers to each parachute stage,

the value M is the total number of parachute stages, (CDS)R
refers to the minimum drag area in the mth parachute stage R

and (C.S) refers to the maximum drag area in the mth

D™ 'R

max
parachute stagé. Combining Equations (16), (23), and (25)

yields:
(CDS)R

min
m

(DAR)minam <) (ORRMg oo e T
max (26)

m
= ) DLL

[ [ ]]
1 +a DLL Fm

Xm and Nminm respectively, refer to the operating

stage number associated with the maximum and minimum drag

Where Nma

areas on the mth parachute stage.

Taking the logarithms of both sides of Equation (26)
yields:

14




WTXS
a m

m (27)

wW_X
™S
= ‘Nminm'” n [1 ot [m— '1]]

or

2n (DAR) _.
min

a
m

IN

WTXS ]
(Nmaxm - Nminm) n l + a [ﬁ- -1 (28)

or

WoXg
Zn(DAR)min i (Nm -1) &n |1 + a I-)T‘L— -1 (29)

a
m

where Nm is the number of operating stages within the mth

parachute stage (N = Nmaxm 3 Nminm e

Taking the absolute value of both sides of equation (29)
and rearranging will ultimately yield:
| 2n (DAR)mina |
N_ < L +1 (30)

| &n [1 + a[g%i{—s— -1]]|

Equation (30) identifies the maximum allowable number of
operating stages that can be put into the mth parachute stage

without exceeding the (DAR)min constraint to convert from
am

Nm to the conventional terminology "number of reefing stages",

it should be remembered that a parachute with two operating

stages (reefed open and full open) is said to have one stage

of reefing. A parachute with three operating stages (first

15
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stage reefed open, second stage reefed open and full open)
is said to have two stages of reefing. 1In general, a parachute
with Nm operating stages is said to have Nm - 1 stages of

reefing.

To solve for the total number of parachute stages, we

must remember that:

M M ln(DAR)mina
N=ZN <Z L + 1 (31)

o L e
m=1 m=1 | T [WTXS 3 ]
DLL

Assuming that (DAR)min has the same value for each

parachute yields: am
n (DAR) .
min_
gn 11l + O.LTL—L' -1
Solving for M yields:
N
ik Tn (DAR) _, (33)
min
+ 1

W_X
TS
n [1 + a[DLL - 1]]

Using equations (20) and (21) can yield:

2n<fg§\

q, /

W X (33a)
ln(DAR)mina + &n l + a _lﬁ - l]

M >

16
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M > [° DYRNXSJ b DLL-I]

W
R,n(DAR)mina + n [1 + a[ g:i z ]]




SECTION III
DERIVATION OF TIME AND ALTITUDE REQUIREMENTS

In this section we will derive an expression for the
equations of motion for a vehicle decelerating by means of a
parachute having a constant drag area. The vehicle will be
assumed to be in subsonic vertical descent under standard
gravitational conditions. We will solve the equations of motion
to obtain an expression for the vehicle's response to a step
function increase in drag area. Using this expression, we will
develop expressions for the time and altitude requirements of
each operating stage. We will then determine expressions for
the time and altitude requirements for operation of the
recovery system.

A. DERIVATION OF THE EQUATIONS OF MOTION

The forces acting on a vertically descending vehicle
with a negligible vehicle drag area and a parachute of constant
drag area are shown in the sketch below.

D
—_ —x—
z ALT
WT
tharth (MSL)

18




Looking at the sketch, we can write:

E = z — -
Fz m z “ﬂr D

Equation (34) can be rewritten as:

1 o2
> P z (CE§)

Defining u = z and G = %, inserting into Equation
and rearranging yields,

; wT p(CDS)
u T

_— ——

m  2mg

Realizing that:

Results in:

du

L L

Equation (38) is an expression of the differential
equation of motion. Note that by solving this expresssion
for u, we will have an expression for the vertical velocity
as a function of time, gravity, and the terminal velocity
uT.

B. SOLUTION OF THE EQUATIONS OF MOTION

The objective of this subsection is to solve Equation (38)
for u(t) and z(t) and thus obtain an expression for both the
velocity decay and altitude loss of the vehicle as a function
of time.




We begin by rewriting Equation (38) as:

u (t) t 1

f ty - ae (39)

u 2 2 t u - é

U e o T }
Carrying out this integration, Equation (39) becomes: ;

u(t) i
L ;,ﬁl
[“ ]L | i |

Evaluating Equation (40) at its boundary conditions and
regrouping yields:

- up) (a(t) +uj

2g LR ol
uo +u,r) (a (t) - “I‘

S

t-t) = In (41)

In order to solve for u(t), we must take both sides of

Equation (41) as powers of e to get:

2g(t -t )y (@ -, @(t) +uy)
exp( °)= o T . L (42)

. hao 4-uT) (a (t) -qr)

Regrouping Equation (42) will eventually result in:
u +u 2glt-t )
[_2___Jr.exp(’ 2 ) + 1
u -u a
o T T O

u(t) = v 2 (43)
T [uo +u .exp(l g(t to,)] i
o T b 5

Equation (43) may also be integrated to give an expression
for the change in altitude of the vehicle as a function of
! time, z (5). This may be done by integrating both sides of

Equation (43).
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°-+uT 2 o
t ;—Tr.ex :
uT f o i T dt (44)
o +“r 2 gt
u

t
coof e *
u
2 gt
t [1—1—9_—1'12—. exp (u_g.)]_ 1
i o T T

Integrating Equation (44) and assuming to = 0 will
eventually result in:

o e )
i, | gy S8 L ) R, W ¢
g 2

z (t) = 4 > - uTt
T

Equations (43) and (45) represent our desired expressions.
We have met the objective of this subsection.

C. INDIVIDUAL OPERATING STAGE REQUIREMENTS

The objective of this subsection is to obtain equations
for the time and altitude requirements of each operating stage.
We will express these equations in terms of the parameters
(a, WT' xs, DLL) used in the staging equations of Section II.
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1. Time Requirements

We can write Equation (41) as:

e o ""1) ("DR, + iy o
B 1 1
tDR Sk, e S "y tu ‘u u 146)
i g o Y1) bR, - "T))
Remembering Equation (6), and solving for u,.
yields: 1
"1 ¥,
“or, T % J’ +al['DLL "] (47)
Expressing U, and u, as:
1
2a, ZDLL s
% ® p = VP x_(C8)
- Sl D R
1
2w
1 D R

and inserting Equations (47), (48), and (49) into Equation (46)

results in:

DLL _,
: . {z W i W Xs :
DR," o ~ 2g V P(C Sy T
| § WX +1
.
-
—
\F(x-a) wm;(L g + 1
T S1
. e (50)
DLL
V/ (1 -a) W X » - 3
T Sl E
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Equation (50) can be written in a more general form

as:

tmln 5 tDRn_l :

T
+ [z W, " \/ W Xg .
2g p(CDS)Rn

DLL
/——— + 1
WTXS

-—
V/ (1-a) “fH;? + a + 1
I 5

[ (1-a)

_DLL_ 3

WeXs E

Inserting Equation (13) into Equation (51) results

in:

At =

Equation (52) represents our desired solution for

u

2g

e

x n'l
/w'r s g oil SR viailags
DLL DLL (5

-

DLL

-
DLL

- (1 s a) ——

(\/ W ¥Xs ) (J Wr¥s

+a +-l)

(

DLL

vax:

) (=

DLL

w.Xs

the time requirements of each operating stage.

2. Altitude Requirements

1)

If we insert Equation (46) into Equation (45) we can

arrive at:
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SR 1 (53)

N
]
N
n

Inserting Equations (47), (48), and (49) into
Equation (53) and regrouping will eventually yield:

W
= T sl
“pR, T %o " golC Alg h [1 - al] (34
1

Expressing the equation in a more general form will

result in:

Az = 2z -2
: n DR DR__; 5
' W
T s 1
in| =—m— (55)
i S
ap CDS R 1 o
n
Inserting Equation (13) into Equation (55) yields: i

2
u W_X w_X n-1
i e TS TS 1
Azrl =35 i [1 + a[———DLL 1]] R,n[l = a] (56)

Equation (56) represents our desired solution for the
altitude requirements of each operating stage. We have met the
objective of this subsection.

D. RECOVERY SYSTEM REQUIREMENTS

~

! The objective of this subsection is to obtain equations
for the time and altitude requirements for that portion of
the recovery system operation where our fast inflating parachute

assumption is valid.
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1. Time Requirements

We begin by assuming that each operating stage has
the same design values (WT, Xs, DLL, o, etc.). We then examine
Equation (51) and realize that the total operating time may be
expressed as:

ty T At +AL, +ee... +AL

= W, By : +. + 1
(CS)., - (C,S) (C._S)
CDSRl \/ S R, J D R,
2 W
5 5 pl i AR 57
7" 5 n [A] (57)
Where: r DL 1] l . | DLL e '+l
’-————- - -a) Tw X
s w'rxs waS
-— L] 2§
DLL ) - a) gi— F
WX HJ f‘ W Xs +a o
1 TS L

Equation (57) can also be written as:

1
N = - 2 W
2 1 , ;RN
ty = f (CSg - = i [A] (s58)

1 n

Another form of Equation (58) can be derived from
Equation (52) as:
-l

N w_X 2 u w_X
i o .} /__T_§_. )

(59)




T

W

Equations (58) and (59) represent our desired

expressions for time.
2. Altitude Requirements

The altitude expressions can be derived from Equation
(55) as:

z o -
s o e e
Zy =f oy (CD )% g n 7% (60)

Equation (60) may also be derived from Equation (56)

as:
w X n-1 w X
BT 3 T De o R o R T
L e DLL pg  DLL T-a
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SECTION IV
EXAMPLE APPLICATIONS

The objective of this section is to demonstrate how the
equations derived in the previous sections may be used to
produce a "reasonable" preliminary design of a fast inflating
parachute recovery system. The general thought process used
in applying the previously derived equations is shown in the
following flow chart.

INITIAL/FINAL CONDITIONS
STAGING CONSTRAINTS
TIME AND ALTITUDE CONSTRAINTS

4 2

Degree of

Staging Back Ok %o Physically Possible Possible to
onu?t:qmm to Back Ot to Meet Both Meet Time
Meet Conditions on Staging Conditions and Stag- and

Altitude
Constraints

Constraints

Acceptable ing Constraints

6 7

Reduce Staging Reduce Time and
C to Altitude Constraints '—1
Maximum Acceptable To Maximum Accept-
Level able Level

Backoff Required
1o Meet Staging
or Timing
Constraints

to Back
On Time and Altitude
Constrants

*Design not possible using this technique
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As can be seen from the preceding flow chart, the recovery
system initial design technique described in this report con-
siders such items as initial and final conditions, staging
constraints, and time and altitude constraints. The flow chart
depicts the general thought process we will go through to
determine a realistic, physically possible set of conditions
and constraints for our recovery system design. Once we have
established that the conditions and constraints, staging, timing,
and altitude are within the realm of physical possibility, we |
can proceed with the preliminary design of the recovery system.

It should be realized that the final determination of a
recovery system design will require consideration of additional
variables not specifically addressed by this report (nonvertical
initial trajectory angles, allowable recovery system weights
and volumes and density variations during recovery system
operation, for examples). To assess the effect of these con-
siderations on the final design, the designer will follow the
current practice of a computer trajectory program for numerous
"fine tuning" runs. However, by beginning with the "reasonable"
preliminary design resulting from the procedures discussed in
this report, the number of computer runs required to arrive at
an acceptable final design can be significantly reduced.

In order to demonstrate the application of the previously
derived equations to the preliminary design of a recovery
system, we have selected three example sets of conditions and

LR ——

constraints. The selected example set of conditions and
constraints are typical of Remotely Piloted Vehicle (RPV)
recovery systems, a hypothesized "low g" recovery system and
a Crew escape recovery system.

A. EXAMPLE DESIGN OF A REMOTELY PILOTED VEHICLE RECOVERY
SYSTEM

The objective of this subsection is to use the equations
derived in Sections II and III to obtain a "reasonable"
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preliminary recovery system for a set of conditions and con-
straints which are representative of the Remotely Piloted
Vehicle (RPV) environment. RPV recovery systems generally
are required to be capable of recovering a wide range of
vehicle weights at a wide range of initial conditions. RPV
recovery systems will usually require a large (80-100 ft
diameter), slow inflating terminal descent parachute, will
not be strongly driven by time and altitude requirements,
and will make use of existing parachute designs.

Because of the above considerations, the example we have
selected requires that we design a recovery system capable of
recovering two classes of vehicles, selects the dp condition
on the basis of the maximum allowable dynamic pressure at
which we can deploy the main parachute, places more importance
on the staging rather than the time and altitude constraints,

and asks that for vehicle deceleration we use an existing
(CDS)RN = 100 ft2 parachute (15.3 ft diameter ribbon) if

possible.

The example RPV recovery system problem is defined as

follows.




TV T T e Y R E—

e

ety

T

Class I Class I1

Initial Conditions

q, (psf) 748 371

wT (1bs) 4500 6000

ALTo (ft) 10000 10000
Staging Constraints

M <.1.0 < 1.0

N < 3.0 < 3.0

(DAR)min .22 22

a

DLL (1lbs) 16800 16800
Time and Altitude Constraints

t * (sec) <12.0 <12.0

Vi = i

zy (ft) <7000 <7000
Final Conditions

dp (psf) < 50 < 50

ALT, (ft) > 3000 > 3000

*This constraint is based on the longest reefing cutter

time delay readily available in the designer's inventory.

Additional Constraints/Assumptions

(CyS)y = 100 £t2 (if possible)

¥p » 1.5
_ Po *Pr _ 001756 + .002177
Bl 3
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In the case of a vertical trajectory, the requirement to
cover both the Class I and Class II envelopes means that we have
to design a recovery system capable of recovering a 6,000 1b
vehicle at a 9, of 748 psf. To determine if it is physically
possible to meet our initial and final conditions while living
within our staging constraints, we use Equation (20).

[EE]
£
- & qo
. W'I‘XS
£ 1 =
11[ +a DLL 1
Inserting the proper values into the right hand side of

the above equation yields the minimum number of operating stages
required to meet the initial and final conditions.

50
2 50
g |—748-|

in [1 " (.6_010_@_5_) 1)]

16800

Since we know from our staging constraints that N < 3,

we conclude that it is physically impossible to recover both
vehicle classes using the same recovery system design without
some change in either conditions or constraints. At this
point, we will assume that we are willing to back off on the
requirement that the same reccvery system be capable of
recovering both classes of vehicles. The scope of this
example is now limited to designing a recovery system for

the Class I vehicle.

We begin to design a Class I recovery system by again
assessing whether or not it is physically possible to meet
both the initial and final conditions and the staging
constraints.



La [_20_]
748 e

i Fsoogl. 5)

16800

In other words, it is physically possible to design a
system to meet initial and final dynamic pressures as well as
the staging constraints. We now ask if that same system will
be capable of meeting our time and altitude constraints as
well,

In order to calculate our time and altitude requirements,
we will need a numerical value for a. We obtain this value
by solving Equation (19) for a and rounding N to the next
highest integer of 3.

1/3
50
748

W_X ~  T{4500) (1.5)
= 16800

-1

Solving Equation (59) for the time required before
discreeting the 2nd stage yields:

2
= z + a
n=1

4500 (1.5) ] 1 2(748)
[l *\/l i wsoo i ]2(32.2) y . 001967 °

16800 \/ 16800
e ,f 1-.99) ————— .99 1
J 4500(1.5) 2 ] V4500 (1.5) ( ) 4500 (1. 5)
% 16800 ; 2506
/ 16800 ‘/ 3 1 - ad 2%
4500 (1.5) 3 4500(1. 5) :




Since the time constraint (tDR2 < 12.0) is based on the
maximum available reefing cutter time, we can't back off this

value. If we assume that we are not willing to batk off on
our staging constraints, then our only remaininoc option is to

back off on the initial condition, q,

We'll now determine, by trial and error, how much we'll
have to back off cn q,- We begin by solving Eguation (19) for

da"

= qr

qo w_X N
1 +a 0 . 1
DLL
Since we know o must be less than .99, we pick a = .8
and solve for 95+

A .50

B 7 .8 [4200.5)  17°
& 16800

352.68 psf

That's a little bit steep for a 9, penalty; are there any
other options? We remember that the above equation assumes
equal o values for every operating stage. Yet our time con-
straint is based only on the second stage reefing cutter

constraint. If we assume that Ay = @3 = .95 and remember
how we arrived at Equations 12 and 18, then the above equation
becomes:
I
%o 2 1 W_ X - w_X
1 +a it 2 -1 |1 +a - S, -l]
i DLL N DLL
s 50
B 1 2
4500 (1.5) _ 4500 (1.5
T T § R A T T et

425.99 psf
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According to Equation (59) this will require:

o+
1}

4500(1, 5) 1 [2Ga25.99
1 +‘/ - " —_— _(_’_}
DR, [ 3o 8[ 16800 1]] 64.4 .001967

4500(1. 5
. ﬁao—) . 4n [3.44]

13.80 sec.

We're closer, but not quite there yet. Let's try reducing
o to .75:

50
q = 2 w_X
o
4500(1.5) T S
2 . .95 =5
[1+'75 16800 l]] [l hed [ DLL
= 381.03
and
tDR = 11.13 sec
2
We've got our design point bracketed. Selecting o = .77

results in:

a 398.12 (psf)

t

- 12.11 (sec),

2
which is close enough, checking on our altitude constraint via
Equations (61) and (56) results in:

zN = z3 = zDR2 + Az3
=l ¢ +.77 4500(1.5) -1 e : (398.122
16800 32.2 .001967

4500(1.5) [ 1 ]
* T 16800 s 5 e

404799 2 = | B
+ T2 (40) (547 m [1 95]

oS S S




5714 + 2201
7915 feet;
which exceeds our altitude constraint by 915 feet.

If this performance is unacceptable, we can further reduce !
o until we meet the altitude constraint. For this example we
will assume that the performance is acceptable and we will
proceed to determine our preliminary reefing system design.

We can determine the drag area of each stage from Egquations
(2), (7), and (10) as:

16800 2
“atle, 34 TmEmaEl 200N
16800 2
(CDS)R = 4500(1. 5) = 52,16 ft
2 (398.12)(1. 5) [1 + '77[_16_866— -1]]
(C,S) = 16800 5 =96.70 £t
4500(1. 5) ]]
(398.12)(1.5)[1 7% [ T -1

We can now determine what the effects of using a (CDS)N =
100 ft2 parachute are on our recovery system performance. Solving
Equation (16) for q, and inserting (CDS)N = 100 ft2 indicates
that if we use the existing parachute our 9, will be:

Y = 16600 S 384.98 psf
4500 (1.5) ]]
100(1.5)[1 +.77 [_1_16800 1

The larger (100 ftz) drogue chute and the reduced d, will

reduce the o, value required.

N

We will need to know the o value to determine the time
and altitude requirements of the last operating stage. We can
determine what the required Oy value is by solving Equations

(12) and (18) for the last o value in the equation, i.e.,




Ip

2

e % DLL e

N 3 i * . .
W X

DLL

We can now proceed with the detailed design of our recovery
system using the (CDS)N = 100 ft2 parachute. We do this by

using Equations (13), (51), and (55) to calculate the following
table.

(C.S) t z

Operating & i Rn S tn EAnt 4 %n 22
Stage No. _n  Egn.(13) Egqn.(51) n Egn.(s5) “n
1 e Ch 29.09 6.87 6.87 3589 3589
2 e« i 53.94 5.04 11.91 1936 5525
3 +925 100.00 7.10 19.01 1840 7365

The last remaining check is to see that we have met our

(DAR)min constraint. Since we only have one parachute stage,

a
this is expressed as:

(CDS)R
min _ 29.09 E

We have met this last remaining constraint, the design is valid.

In summary, we have designed a system for the Class I
vehicle which is capable of being deployed at e 2 385 psf,
uses the existing 100 ft2 drogue chute, provides the required
final dynamic pressure condition of 50 psf and meets all of
the constraints but the altitude constraint (which it exceeds
by 365 feet). If the failure to meet the altitue constraint
is of concern, we can reduce Ayr Qg and dq slightly and repeat
the above process. For purposes of this discussion, the altitude
loss is assumed acceptable.
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At this point in the design procedure, the designer can
refine his design by using his computer trajectory program
for further analysis. An AFFDL computer trajectory program
was used in the case of the Class I vehicle with the additional
stipulation that the maximum RPV dive angle at drogue chute
deployment was 25° nose down. The recovery system final design
resulting from the numerous computer runs is presented below
and is compared with our preliminary design.

9 (CDS)RI oy Atl (CDS)RZ a, At, oN zy
PRELIMINARY DESIGN (technique from this report), 6=90°
385 29.1 77 6.9 53.9 277 5.0 .93 7365
FINAL DESIGN (AFFDL computer program), 6=25°
430 26.9 .91 5.6 59.1 91 6.4 .73 4040

Looking at the preceding table, the effects of the
trajectory angel variation becomes evident. In the 6=25°
case, the g decay is more rapid and we can begin with a
higher q, and will obtain higher ay and a, values within the
same t = 12 sec constraint. This will leave less energy

DR

to be re%oved by the fully opened drag chute and oy will be
lowered. We also should expect a lower altitude loss in the

p=25° case.

The objective of the cdﬂputer program runs was the same
as we have implicitly assumed in our design effort; that is,
to maximize the 95 capability at the 10,000 foot initiation
altitude. The resulting envelope for the Class I, 60 =257

case is shown below.

i
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Altitude

//Maximum Altitude

Constant
q q_ Reduction Due to System
B i T SR Timing Fixed at Low Altitude
/Constant q,

max
S~ Minimum Initiation Altitude

atg =25°

o
Velocity

If we wish to increase our velocity (qo) capability for

the higher altitudes, we can do so by determining our operating
times and drag areas at the densities associated with the
higher altitudes. After determining the required operating
times at the higher altitudes, we would then determine the
effect that the longer operating times would have on low
altitude performance. A rough sketch of the anticipated change
in the envelope due to this procedure is shown as follows.

Altitude

\
/\ «——Design Altitude

Old Envelope

----- New Envelope

Velocity

Use of this design procedure and realization of the

physical consequences associated with the numerous assumptions
will give the designer both a "reasonable" preliminary design
and a rough indication of how to modify his design to meet
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additional conditions and constraints which are not directly
addressed by this report. It is believed that, once the design
procedure discussed in this report is fully understood, the
process of arriving at an initial recovery system design may
require less than one person day of time. Based on AFFDL
experience, it is estimated that use of this technique can
reduce the assets (person hours and computer time) required

to establish a recovery system final design by 25 to 50 percent.

B. EXAMPLE DESIGN OF A "LOW G" RECOVERY SYSTEM

N 2 PR 4B SN o N LR 1

The objective of this subsection is to establish the
preliminary design for the recovery system that was originally
requested in the previous RPV recovery system example (i.e.,
one capable of recovering both Class I and Class II vehicles).
This time we will address the problem without imposing any

R e N B

constraints on the number of operating stages, time or
altitude. We want to determine what is required to provide
a system having the following capability:

Initial Conditions

R 748 psf
W, = 6,000 1lbs
ALT = 20,000 ft*

Staging Constraints

22

(DAR) _.
mlna

DLL

16,800 1lbs

, *We need some initial altitude to determine p. This initial
! altitude will be increased or decreased as required by Zye
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Final Conditions

T i 6000 =

Ap i = b /¢ it 67 psf
D 50
ALT, = 3,000 ft

Additional Assumptions

R i i
P PPy 001567 & A0ZTT . earwas 3
o = —— = > = . slugs/ft

Our first step will be to determine the minimum number of
operating stages (N) required to meet our d, and A conditions.
Using Equation (20) and inserting o = 1.0 yields:

q
qo
X
gt T8
DLL
in [_Ql

748 3 - 2,41 5. 87

—— -

’ Ly [9000 ] S - .62
16800

We'll need a minimum of four operating stages, Solving
Equation (19) for a and inserting N = 4 indicates that this
will allow a system o value of:

4 M
(o]
3 W_X = e
- .

DLL

a
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Which according to Equations (59) and (61) will require:

3/2
2 _| 2(748) 1 ’
ke e B e (.73)64'4 n [3603] $(.55) +.55 +V.55 +1

=101.97 sec
and
¥ ., . 6000(1.5) 748 . [ i ]
N F 16800 ° (.001722)(32.2) ° * |1I-.9%8
3 2

Repeating the above procedures for an increasing number of
operating stages and using Equations (30) and (33a) yields:

N o tF zF Nm M

4 .98 101.97 56653 < 2.5 5 1,1
5 .82 50.44 29585 < 3.2 S 9.2
6 71 41.52 24676 £ 3.8 513
7 .63 37.54 22385 2 4.4 S s
8 56 34.64 20767 < 5.0 51.3
10 .46 31.48 18964 < 6.3 S 3.4

One thing that the above table points out is that our ALTO
value may have to be greater than 20,000 feet. For the purpose
of the calculations associated with this preliminary design,
however, our design density will be maintained at .001722
slugs/ft3.

To obtain some perspective on how the above table compares
with an "ideal" case, we will allow N to approach infinity.
In this case, we are effectively maintaining a constant
deceleration force equal to:

Deceleration Force = pg s [-D . WT]
S




Since the change in kinetic enexgy is equal to a constant
value, and since we are using the largest allowable force (DF),
it then follows that the altitude loss is minimum.

2
A Kinetic Energy = % m (uoz - uF ) = DF ., dist = work done

e o[BE . TT] L.
xs min

We also know that
A momentum = m(uo - uF) = DF * time

The same logic used to explain the rationale for Zin applies

b tmin
DLL w
A momentum = [X - T]ot 2
S
We can solve for &t and tmin as:
- 2 2
& 4 SRS > o I
me T afEE aflE -]
T S T S

min g[ DLL - ; [ DLL .
w 8 l ®
Xs wW_X ]

Inserting the proper values into the above equations gives
us our absolute minimum time and altitude requirements (when
N approaches infinity) and gives us a basis for evaluating
the relative performance of a finite number of operating stages.
The previous table therefore becomes:
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Be o ¢ O ¢« OOV

a tp Zp N M

.98 102.0 56653 £ 2.5 o
.82 50.4 29585 9.2 S 1.2
71 41.5 24676 3.8 2103
.63 37.5 22385 3 4.4 2o
56 34.6 20767 < 5.0 2.3
.46 31 .5 18964 < 6.3 > 1.4
0 23.4 14171 < o 5 9.6

Several things become evident upon examining the above

table. The major conclusion is that the higher we go in

the

total number of operating stages, the lower the payoff in

terms of t_ and z_, reductions. The cesigner must look a

F F

t the

above table and determine at what point the further improve-

ments in performance (lowered t

P and zF) do not warrant

the

complexity associated with the addition of another operating

stage. For this example we have selected N = 6. This was

done

for the following reasons:

1. It is obvious from the M values that we will ne
at least two parachute stages, therefore, we se
M= 2,

2. The maximum number of reefed stages that anyone
currently put on a drogue parachute is two. We
not willing to push the state-of-the-art past t
point, therefore, we select Nm =3

3. We are willing to live with the t_ and z_ value

F F
associated with six operating stages.

We now proceed with establishing the design details

associated with our recovery system. Use of Equations (
(51), and (55) results in the following table.

ed
lect

has

are

his

S

13),
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1 14.97 10. 77 10. 77 8948 8948
2 22.34 8.82 19. 59 5996 14944
3 33.32 7.22 26. 81 4020 18964
4 49,70 5.91 32.72 2695 21659
5 74.15 4.84 37.56 1806 23465
6 110. 61 3.96 41.52 1211 24676

If we are willing to live with this kind of time and
altitude requirements and if we have the hardware required to
reliably produce the specified time delays then the next
step would be to establish staging g values and then finalize
the design either by further hand calculations or by use of
recovery systems designer's computer programs.

C. EXAMPLE DESIGN OF A CREW ESCAPE RECOVERY SYSTEM

The objective of this subsection is to obtain a "reasonable"
recovery systom preliminary design for a set of conditions and
constraints which are representative of recovery systems used
by personnel ejecting from high-speed aircraft. These recovery
systems are usually "g" constrained (due to human acceleration
tolerance limits), have to operate across a wide range of dq
conditions and are strongly driven by their minimum time and
altitude constraints. These systems also have a high reliability
requirement, a relatively large payload (man/ejection seat)
drag area and a low terminal descent rate requirement. The
example selected reflects the above regquirements/constraints.

The fact that man/seat drag area is not negligible results

in a requircment to rederive the staging, timing and altitude
equations developed ir Sections II and III. This has been
done and the results are presented in the Appendix. Note that

the form of the equations makes it impossible to derive an
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explicit expression for N, the total number of operating stages
required. To determine this value, the calculations continue
until the required final dynamic pressure is achieved (i.e.,
until qpo < dp- .
N

The requirement for a low terminal descent rate (compatible
with human tolerance limits) requires that a relatively large
(28 foot diameter) parachute be used for the terminal descent
phase. It is this author's opinion that the inflation time
for such a parachute does not meet the fast inflating assumption
used in deriving the equations. To assume otherwise would
introduce significant departures between the analytical pre-
dictions and the real world. The A condition for this
recovery system example is therefore based on a rough estimate
of the maximum allowable dynamic pressure at which we can
deploy the terminal descent parachute and therefore this design
is only concerned with the man/seat deceleration parachute,

the drogue parachute.

Initial Conditions

ALTo = 2000 feet
L = 1200 psf
WT = 400 1lbs

Staging Constraints

M < 1.0
N < 2.0
DAR .. = .30
a
#g's = 30 == DLL = 30 + 400 = 12,000 lbs

Time and Altitude Constraints

te < 2.0 sec

v

Zg 1000 feet
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Final Conditions
dp 250 psf

ALTF 1000 feet

Additional Assumptions

X = 1.5
drogue

PP .002242

+ .002310
2 ¥ 2

= .002276 slugs/ft>

(C,$) M/s = 7.0 £t2

To determine whether or not it is physically possible to
design a system to meet the above conditions and staging
constraints, we examine the equation

qDRN K1 K2"'Kn

where Kn values are mathematically defined in the Appendix.
We now attempt to determine if

qDRN

WX

DLL + g, (CpSTy g Xg = 1)

400(1.5)
12000 + (1200) (7.0) (.5)

WnXs

DLL + q K, (C_8)

(400) (1.5)
12000 + (1200) (.0370) (7) (.5)
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It is physically
this system. We
possible to meet

(.0370) (.0496) = .0018

.21 > .0018

possible to meet the staging constraints of
must now determine whether or not it is
the time and altitude constraints.

From the Appendix, we know

(C.S) =
D Rl

and assuming a =

(C.S) =
D R2

but our DARmina

p. . CpSlyys
9o¥s Xg

12,000 Fiai
1200 (1.5) 7.5
2.00 £t2
1.0

BEL - Splp
qulxs XS

12000 L

1200) (.0370) (1. 1.5

175 ft2 -

constraint means that the maximum allowable

full open drag area value is really

(C.S)

F

DAR .

(CDS)Rl 2
= 6.67 £t

[(RIN)

Using this value in the DLL equations means that

T T TRy ¥ AR s

PEPE S PN iy




DLL = Im, ((CDS)M/S + xs(cDS)RN) |
or i
i " DLL o 12000 | 4
- ~ o= 14
DR, (CD")M/S + xs(ch)RN 7 + 1.5(6.67) j
= 706 psf
the dp value is
1
R Wy S 400
T, (CDS)M/s * WDS)Rl T
= 44.4 psf
The o value is therefore
1
q, -4
i S
R I, 1200 - 44.4
|
The g, value is %
2
W
T 400 |
q = = s———= = 29,3 psf
T, (CDS)M/S FCH S gy 7 + 6.67
The a, value is
q - q
e s i Sty OG- DR
2 qDRl - qu 706 - 29.3

At this point we should note that it won't do us any good

to try to select identical values for o, and ay because our

1
o values are based on our dgr 9pr and DARmin constraints (we
a

can't go to a larger full open drogue chute). We will therefore
calculate what the performance of the resulting drogue chute
portion of the system will be.
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The K, and K., values are:

1 2
& 400 (1.5) . ] =

By = L% 4275 [12000 + 120000 (.5) ~ ! = 5082
i 400 (1.5) d ] N

Ky = 1+ .6739 [12000 F 100N (.5 ~ T % e dod

We now use the Equations from the Appendix to solve for the
times required for drogue chute operation.

S 12 1 Z00(1.35) '
At =Yz1r002278Y 322 \[;2000 + 1200(7) (.5)

2000 +1200(7) .5 12000(.5883) + 1200(.5883)7(.5)’
(V 3061157 1) <\/ 700 (1.5) o 1)]

1005 * 1) (d : Z00(1.5) = =1

n

3.0687 4n[1.1309]

.38 sec

e J 1200 ' 1 400(1.5) (.5883) :
2 2(.002276) 32.2 V12000 + 1200(.5883)7(.5) - d

( 12000 + 1200(.5883)7(.5) _ 1)

L 400(1.5) )

(d 50T ) e 0

( (.3540) (12000 + 1200(.5883)7(.5))
400(1.5)

(Q 3 400?1.5) ; . 5 l)

= 2.4904 ¢n[1.2889]

+ 1)

= ,75 sec

1.13 sec
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We now use the Equations in the Appendix to solve for the
altitude required for drogue chute operation.

= 1200 400(1.5)
1 .002276(32.2) 12000 + 1200(7).5
12000 + 1200(7).5 _
o 400 (1.5)
.5883 (12000 + 1200(7).5) 1
400(1.5)
= 606.44 n[1.7468]
= 338 ft
' ARG 1200 400(1.5) (.5883)
; 2 7002276(32.2) 12000 + 1200(.5883)7(.5)
12000 + 1200 (.5883)7(.5) _
b 400 (1.5) ,
(.3540) [ 12000 + 1200(.5883)7(.5) 1
; 400(1.5) ;
= 399.40 2n[3.0670]
= 448 ft
AzF = Azl + Az2 = 338 + 448 = 786 feet |

In summary, we have established a preliminary design for
the drogue chute portion of the recovery system which requires
1.1 seconds and 786 feet of altitude to provide the required

e O O i

dynamic pressure decay from 1200 to 250 psf. The system meets
or exceeds all performance constraints levied on it. The
| next steps in the design process would be to set the system
timing at the maximum initiation altitude and then determine
the effect of this revised timing on the low altitude

SRS ik
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performance. These steps could be performed either by
further hand calculations or by insertion into the designer's

computer trajectory program.

The objectives of this subsection have been met.
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SECTION V
DISCUSSION

The objective of this section is to briefly discuss (1)
some of the assumptions that were made in the derivation of
the staging, timing and altitude equations, (2) the effect of
these assumptions on the resulting design procedures, and
(3) some areas offering potentially high payoffs for future
work.

The discussion is not intended to be a mathematically
rigorous examination of all of the assumptions made through-
out this report, and no attempt is made to extract every
possible recommendation. The purpose of this discussion is
to acquaint the reader with some of the larger assumptions we
have made, their effect, and how to remove or reduce this
effect. It is hoped that by this process, the reader will
acquire additional insights into the current limitations of
the design technique and will be able to extend or modify it
to suit his specific requirements or goals.

A. ASSUMPTIONS

Some of the known assumptions made throughout this report
and a brief discussion of their effects are listed below.

1. Vertical trajectory. The design technique presented
in this report assumes a worst-case condition where
the parachute is deployed from a vehicle descending
vertically. 1In this case, the velocity decay versus
time is minimized and the time and altitude required
are maximized. If the designer's recovery system
does not have to recover the vehicle from a vertical
trajectory, use of this reports' design technique will
result in a conservative estimate of the recovery
system's performance capability. If a less conservative
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estimate of the recovery systems performance
capability is desired, the design resulting from
this technique may be inserted into the designer's
computer trajectory program for further refinement.

Step function increases in drag area. The technique
presented in this report assumes that the time

required to proceed from the drag area of one operating
stage to the drag area of the next operating stage
(filling time) is essentially zero. A better physical
picture of what we are assuming can be obtained from
the figures below.

X5(CpS)x

c.s)
c.s (CpS)y

Force

Time

As a result of the preceding model, this design
technique is mosc accurate when dealing with fast
opening parachutes (drogues and possibly ram-air
hi-glide parachutes). When the design technique is
applied to a slower opening parachute, it will result
in a conservative (pessimistic) estimate of recovery
system performance. The designer will have to
evaluate when the zero filling time assumption intro-
duces an unacceptable degree of error, the point in
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his system design at which this occurs and the
conditions (time, altitude, dynamic pressures, etc.)
at this point. These conditions will then be used
to establish the required final conditions for that
portion of the recovery system design where use of
the design technique is acceptable.

Negligible variation in air density during system
operation. The design technique presented in this
report assumes that the air density, p, is constant
during system operation. While this assumption may

be acceptable for those systems experiencing relatively
small altitude losses, it becomes increasingly suspect
with increasing altitude losses during system operation
(the low "g" recovery system example in Section IV,

for instance). An initial approach to resolve this
problem would be to select a p value at the maximum
initiation altitude and then modify the p value in
accordance with the altitude losses calculated for

each operating stage.

Identical design parameters for the operation of each
stage. The equations derived in Section II and III

of this report assumed that the X5, DLL, WT and o
parameters are the same for each stage. The design
examples presented in Section IV and the Appendix
indicated that it was possible to depart from these
assumptions when desired but that the equations became
a bit more complex. In using the design technique

the designer will have to assess when it is to his
benefit to depart from the assumption of identical

design parameters.

Subsonic recovery system. The design technique
presented in this report does not automatically
check to make sure that the subsonic condition is
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not violated and indeed, we have violated this
assumption in some of our examples (the low "g"
recovery system example). The reason for stating
that the use of this design technique is limited to
; the subsonic regime is because the applicability of
the technique has not yet been evaluated for the
supersonic regime.

B. RECOMMENDATIONS

There are several areas where additional effort offers
the potential for significantly increasing the capability of
the design technique presented in this report. These areas
are listed below and are generally keyed to the previous
subsection on assumptions.

1. Solve for a more general form of the equations of
motion. It can be shown that a more general form
of Equation (35) can be written as:

where u and v are the vertical and horizontal
velocities respectively. It is the author's personal
belief that a solution can be obtained for the above
expression. Such an expression would remove our
dependence on the assumption of a purely vertical
trajectory.

2. Consider other mathematical models for increases
in drag area. The current technique assumes a step

function model for increases in drag area. This
assumption limits the application of the technique

j to fast opening parachutes. If the staging, timing
f and altitude equations can be rederived using other
‘ mathematical models for increases in drag (some
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examples of which are illustrated below), it may
be possible to extend the application of this design
technique to slower opening parachutes.

) i

Time or Time or
Distance Distance

Time or
Distance

Consider using a mathematical model to express the

variation of air density with altitude. In Section

IITI the air density (p) was assumed to be constant

throughout the altitude variation experienced during

the operation of the recovery system. This assumption
introduces increasing amounts of error with those

systems experiencing large altitude losses during %
recovery systems operations. Insertion of a mathe- %
matical model of p(z) into equations similar to those

derived in Section III would reduce the effect of

this error source.

Consider other criteria for staging. The current
design technique assumes that we will proceed to the

T T T Ay g

next operating stage when an a percentage of the
available g decay is obtained. The equations derived

o e e
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in Section II and III also assume that we want equal

o values for each operation stage. If ocur recovery
system design must be strongly oriented towards either
a time requirement or an altitude loss requirement,
then it may be possible that a design technique
oriented towards optimizing either of these parameters
would have different o values for each stage of
operation. One approach towards determining what
values would minimize the time or distance require-
ments of a recovery system having a fixed number of
operating stages would be to plot either the momentum
versus time (for the time constrained system) or the
kinetic energy versus distance (for the altitude
constrained system). Once the plot was drawn we

could attempt to determine the maximum slope for
staging and still meet our constraints on the number
of operating stages. Once the value of that slope
was determined, it should be possible to determine

the o value associated with that slope for each
operating stage. The following plot of kinetic energy
versus distance may be of some assistance in following
the logic for the vertical trajectory case where we

are attempting to minimize the altitude losses.
w

q
/—\KE =l — 2 o _T_o
o 2 o g P




If it turns out to be possible to carry out the
above steps, we should be able to mathematically
identify the a values for each stage that will
minimize the altitude or time losses associated with
recovery systems operations.

Evaluate the applicability of the design technique

discussed in this report to the supersonic regime.




SECTION VI
CONCLUSIONS

1. Use of the design technique described in this report
will result in "reasonable" recovery system preliminary
designs for fast inflating parachutes.

2. This design technique appears to offer potential for
modifications that may result in preliminary designs
which come closer to final designs.

3. Until such time as this design technique can be
expanded to include consideration of the effects of
the variables which it currently ignores, the
recovery systems designer will have to rely on his
computer trajectories to refine his recovery system
preliminary design into a final design. Nevertheless,
use of this analytical technique will significantly
reduce the assets required to arrive at a final
recovery system design.

Obviously, use of the equations and procedures presented
in this report must not be a matter of blind faith. The
recovery systems designer must have a good working knowledge
of the numerous assumptions made, their effects, and when the
assumptions invalidate the application of the design technique
to his specific problem. The design technique does appear to
have resulted in a powerful tool for use by the designer.
Presentation of this tool and demonstration of its use has
been the reason for the preparation of this report.
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APPENDIX

STAGING EQUATIONS FOR PAYLOADS WITH
NONNEGLIGIBLE DRAG AREAS

Eepmeam

Rewriting Equations (1) through (5) for payloads with
nonnegligible drag areas for the first operating stage yields:

DLL = q_ ((ch)M/S + Xg (cDS)Rl)
DLL
4, | 0w
c.S = L2
D°R, Xg
q = e
T (CB§7R1 ¥ (ch)M/s
DLL (c S)M/S £ et
q Xg Xg p°'M/8
i WpXg
o DLL + qo(ch)M/s(xS - 1)
Ty = oty
3 o qT ; qDR qo(1 3 oLl) * qua
1
W_X
IGr, = %1 = 8} * g0 g% Y’FS? X, ~ 1)
1 9 M/s s
! W_X
' ™8
| = q [1 + a[ — - 1]]
! o) DLL + qoic SjM/s &}
It
e qo Kl |
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And for the second operating stage:

DLL = + X_(C.S) )

qDRl ((CDS)M/S s D"’'R,

DLL

(C.8)
9pr D

M/S
DLL

qoKlXS

DLL
qulXS

Wk, Xg

q
o DLL + g_K, (C_S)

M/S(XS

gq =
DR1 DR2

o
. 9pr, ~ 9p

i 2

q (L - a,) + g,
DR1 2 T2 2

WK, Xg

qul(l - az) + g

WX

o
o 2 DLL + d,

Ky (CpShy s (Xg

q K [1 + o [
ol 2 | DLL + qul(CDS)

quIKZ

: 1]]

=17
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And for the general operating stage:

Note:

K 1 + [
n [ DLL + g Kl 2"'Kn-
i

. (CDS)MZS
Xg Xg

DLL
9pr

(CDS)R
n-1

WhArS [ DLL
Xg |9 KKy K1

WrXg

(CDS)M/S]

W

o T
n (CDSTM/S + (CpSig

W XSKl 2° ..K

-1
e D ]]

n-1

q _-_—-—————_——-——-
o DLL + g K K,...K

qDRn Nt L

Solving for n or N is impossible.

Equation (46) can be expressed as:

TC S)M/s (xS -

1)

n Tn

- uT )

oy * )
< r, o)

e i e e e R




!
1 ,‘/q Whgr g + = <Ry
\/2? g o DLL + qulKZ...K (C S)M/S s ~ 1)
e vq WTXsKle “*n-1 )
. g Q -
n-1 o DLL + g _KK,. _1(LD0)M/S(XS 1)
EE TR bl wasxlxz...K o
DLL + q K K,... 1 (€ S)M/S(X -1)
( T o ‘#; WTXSKIKZ"' o8y )
V OK1K2 o DLL + q_K,K,...K _ l(CDS)M/S(xs-l)
ViR = _ \[q WszKle n-1 >
Ba n o DLL + g K;K,...K _; (CDS)M/S(XS-17
1
P J WszKle ¥n-1
n 20 g DLL + g Kl 5e--K ol (CDS)M/S(XS-I)

12-0.

waS
DLL + q_K K (c S)M/S(xs—lT)

n

r————————ﬂ
T T e

il
+‘/ WTXS )
DLL + g Kl ge e K (CDS)M/S(XS—l)

)

l(CDS)M/ATX -1)

DLL + q_K; Koo K
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i 5 lJ wasxlxz... e
n 2p g VDLL + q_KK, (CDS)M/S(X -1)
NDLL + q K K, K —l(cDS)MLS s~ 1)
W X
e T8
(\/Du+qxl 2... 1 o)y KD 1)
WopXg
| (\/ELL KT qulKZ...Kn(c'DSSM/S(‘ 1) 2 1)
! : WX
(‘/DLLK + 9 KjKy. . K (CpS)y /¢ (Xg-1) -1)
W, X
i
Equation (53) can be expressed as:
2 2 2
Up [ Upr Up
AT = B ' g Lumt_ o
n 2g o 2 = 2
L "DR, T,
2q [q _.q
3 ; 1 DR__; o
p2g q _ g
- DRn Tn
f q_g WTXSKIKZ"‘Kn-l
g DL+ 4 KKy ee n_chDs)D,VS(xS-D
1 e & i waSrlxz...K -
! 2 o172 n-1 o DLL + g Kl g+ K (CDS)M/S(X ~1)
‘ 53 & W,I,XSKle...K ol
‘; 97172 "0 7 % BIL ¥ qKiK,...K ) (CpST - TX=T)
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og DLL + qu1R2‘"Kn-l(cDS)M/S(xS_l)
Nt s SR
DLL + qule...Kn_l(CDS)M/S(XS-l)
' WX,
E - S -
n  DLL + q K K,...K _, (CDS)M/S (Xg-1)
r i E_O_ waSiKZ':'Kn-l
n pg DLL + qOKiKZ...Kn_l(ch)M/S(xS-17
W X
n o (O X-1)
DLL K+ q K K,...K (C )M/S s o
WpXg
g
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