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UNIVERSITY Basic Terminology

Nominal Area, S,
- Area based on canopy constructed surface area
Apex * Includes vent area and other open areas (e.g., gap
Crown area in a DGB parachute)
A + Often (but not always!) used as reference area for
aerodynamic coefficients

Nominal Diameter, D,
* Fictitious diameter based on S;:

Gore Do= ﬁ
V b1 A

+ Often (but not always!) used as reference length
for aerodynamic coefficients and other calculations

Skirt

Suspension
Lines Constructed Diameter, D_
S ion Li ) « Maximum diameter of the parachute (measured along
Corfoncs Point. Riser the gore radial seam) of the parachute
Bridle
Conical Parachute Base Angle, u |-t D,
) A \
Vent Diameter, D, ~
———
Vent Area, S,
« Constructed area of the vent
+ Although related, the vent area and vent diameter (D ) are
not always related by the simple relationship between the
area and diameter of a circle (see following example for a
conical parachute)
MAE 6530, Propulsion Systems 11 * Sy is typically ~1% of S,
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UNIVERSITY Basic Terminology .

Example: Conical Parachute

= W/1+ tan’ p
For our purposed conical and

D, = 430 elliptical parachutes are

7‘ same thing”
V1+tan n

A\
/?

-~ —>| 0 PrO|ected Area, S,
* Projected area of the inflated
parachute

+ Sometimes used as reference area
for aerodynamic coefficients in
parachutes for which it is difficult to
define S, (e.g., Guide Surface
parachutes)

Projected Diameter, D,
+ Maximum projected diameter of the
parachute based on S;:

4s,
T

D, =

Suspension Line Length, L,
* Typically L/D,=11to 2

MAE 6530, Propulsion Systems I1
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F

drag

Drag

INTechSnicS)edrenos S ce)

Basic Terminology o

Engimeering

Drag - Force parallel to the free-stream velocity,

Assuming quasi steady-state conditions (e.g.,
parachute is fully inflated) the parachute drag force

Fr can be calculated from:

:q'CD'SO

k,

rag

q
CD

1

2 . . .
= 5 p-V_~ “incompressible dynamic pressure"

"drag coefficient"

C,-S,="drag area"

MAE 6530, Propulsion Systems I1
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UNIVERSITY Basic Terminology

In general, under parachute, 2-DOF equations of motion are ....
(ignore centrifugal & Coriolis forces)

( drag parachute

V. =V2 +V,

2

V ( drag parachute drag vehicle
r
. m
- Fue) e * (Fi)
Vv _( drag parachute drag vehicle

Engimeering

-sIny — g

e

mg
Lt (Fdr asg )vehicle

MAE 6530, Propulsion Systems I1

v

- COSY

Vehicle decelerates very rapidly
in horizontal direction
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T 1% 0

||||||‘|l ‘ i I"'," | v |

| w
P V[ermmal
AR

“Terminal Velocity™

INTechSnicS)edrenos S ce)

Engimeering

Basic Terminology

.. Equilibrium velocity where
parachute + vehicle are no longer accelerating

Yy = 90°

N Démrachute — 58058 ),

2 _
l I/terminal B

MAE 6530, Propulsion Systems I1

( C S)Pamchute n (CD .S)::;zicle
2Mvehzcle -g/p ‘
( C S)pamchute N <CD | ):chze

Fro)  +(Fp)  =m:
( drag J ,arachute drag J\epicle J

vehicle . g
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Parachute Types

INTecihvanicallGdrAenospac e,

Parachute Types

Engineering

Solid Textile Parachutes
4 * Parachutes with canopies fabricated mainly
from cloth materials
+ Typically these types of parachutes have
no openings other than the vent
- Relatively easy to manufacture

We’ll be using solid parachutes

Slotted Textile Parachutes

+ Parachutes with canopies fabricated from
either cloth materials or ribbons

+ These types of parachutes have extensive
openings through the canopy in addition
to the vent

- Can be expensive to manufacture

+ Most common parachute type used in
planetary exploration missions

MAE 6530, Propulsion Systems I1

alileo Ribbon
Parachut

MER DGB
Parachute
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-80

 Hemispherical parachute:

INTechSnicS)edrenos S ce)

Parachute Shapes

Engineering

- Deployed canopy takes on the shape of a hemisphere.
- Three dimensional hemispherical shape divided into a number of

2-D panels, called gores

Hemispherical 6

panel gore

//
—

20 40 60 80 100 120 140 160 180

\
\\

Gore pattern for 6 gore 252mm dia hemispherical parachute

MAE 6530, Propulsion Systems I1

» Angle subtended on the
left hand side of the pattern
1s 60 degrees

* When all six gores are
joined they complete the
360 degree circle.
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Parachute Shapes
e Conical Parachute |t Dy

- 2-D Canopy shape in form of a triangle /ﬁ \

|
=cone — &L
a 2 j

+ Dy = 1.008 D

<« DO = 1.03 DC

v DO — 1.07 DC

MAE 6530, Propulsion Systems I1 9
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UNIVERSITY Parachute Shapes 3)

e Conical Parachute Gore Shape
- 2-D Canopy shape in form of a triangle

L(T ‘N_,;r:_ ! _
i e

€

» Higher drag coefficient than hemispherical parachutes, but also less stability

MAE 6530, Propulsion Systems I1 10
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UNIVERSITY Parachute ShapeS 4)

e Elliptical parachute:
- Parachute where vertical axis 1s smaller than horizontal axis
- A parachute with an elliptical canopy has essentially the same CD
as a hemispherical parachute, but with less surface material

1.0 hir Hemispherical
0.7 her Elliptical
0.5 hir Elliptical

e ]

_\
x2/a2+.v2/b2:l / \ T

S\

)
/i N\

663499
< r >

-80 -1 -30 -0 -2 -30 -0 o 30 2 o s0 m 20

Canopy profile for different height / radius ratios

MAE 6530, Propulsion Systems I1 -
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UNIVERSITY Parachute Shapes ¢

80
Hemispherical 6 panel gore
5 0.7 Elliptical 6 panel gore -
0.5 Elliptical 6 panel gore
40
20
0 .
20 40 60 80 100 120 140 160 180 200
20
40
-60 —
-80

Comparison of gore shapes for different height : radius ratios

MAE 6530, Propulsion Systems I1 -
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U N I V E R S ' T Y Engineering
Parachute Types 2
h 4 h 3
Solid Textile Parachutes
Constructed Shape Inflated Drag Opening Average
Shape Coetf, Load Angle of General
Type o - D, Dp CDO F?:ctor Oscillation Application
an rofile — —
Do Do Range (Inf.XMass)

67 75 +10°

F!at —— 100 to to ~1.8 to Descent
Cll'CU'&r l | -70 ABO 1,400

he- 0, +

93 .75 £10°

Conical @ ,‘—/—\ to 10 10 ~1.8 to Descent
o+l o5 .90 £30°
.90 75 +10°

Bi-Conical @ == to .70 to ~1.8 to Descent
s, 95 92 +30°
90 .80 +10°

Tri-Conical @ = to 70 to ~1.8 to Descent
e 95 96 +20°
62 +10°

Hemispherical @ /A g1 .66 to ~1.6 to Descent
a, ] 77 +15°

- -x - o
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Engimeering

UNIVERSITY P h t T
arachute Types @)
u
Slotted Textile Parachutes
Constructed Shape Inflated Drag  Opening
Shape Coef. Load Average General
Type c Factor Angle of Application
Plan  Profile € O D, Cx Oscillation
O, O, Range  (Inf. Mass)
Flat A5 0° Drogue,
ﬂ_; . 1,00 87 to ~1.06 to Descent,
. J .50 +3° Deceleration
o‘
Conical 95 . 0°
- e, to .70 to ~1.05 to Descent,
Ribbon @ (B 97 .55 +3° Deceleration
Conical ) 55 1.05 0° Drogue,
Ribbon @ -L':‘—‘-' 97 .70 to to to Descent,
(Varied Porosity) -0 65 1.30 +3° Deceleration
=, : L 1.
Ribbon o 00 Cl Supersonic
> L—J 62 82 to to +2
(Hemisfio) o, o 46 1.30 Drogue
67 .56 0° )
Ringslot wans wm 1.00 to to ~1.05 to Extracllqn.
|4 R ’70 65 250 Decelef‘lion
— 75 +5°
Ringsail @ H 1.16 .69 to ~1.10 too Descent
% .90 +10
52 +10°
Disc-Gap-Band @ F":l 73 .65 to ~1.30 t0 Descent
il 58 +15”
*Supersonic
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Engineering

UNIVERSITY

Example Calculation: Drogue Chute
Terminal Velocity

hapogee — hagl + hlsclltbénch
W
Y (1609.23+240)  =~1850,,,..
papogee = 10218 kg
I First deployment 3
t
7 apogse 3.9860044 x 10°
g="1= e = 9815
r° (6371+1.85), . w
Maximum mass at apogee :m,,,.., = My — My =(14.188—1.76) = 12.428 ke
Moo " & = 124289815 =121.975,,

MAE 6530, Propulsion Systems I1 15
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U N I V E R S I T Y Engineering

Example Calculation: Drogue Chute
Terminal Velocity )

* Descent rate under drogue, 50-100 ft/sec

* Go with minimum value ~ 15.24 m/sec (50 ft/sec)

First deployment
I at apogee

“Vehicle Drag Area” ..
Rocket 1s broken into two pieces

/

(CoS0) e =27 (Co) i *(Ary) . |=(2:035-0.01589) <0.0111 ,

“Double up” nominal rocket drag area

MAE 6530, Propulsion Systems I1 16
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U N I V E R S I T Y Engineering

Example Calculation: Drogue Chute
e Terminal Velocity ¢

 Parachute Drag Coefficient

First deployment
' at apogee

* Elliptical Parachute .. Take median value
Solid Textile Parachutes

Constructed Shape Inflated Drag Opening Average

Shape Coef, L.oad Angle of General
Type D D ( Factor Oscillation Application
Plan  Profile D—C 59 b, CX
o o Range Inf, Mass)

Y3 75 +10°

Conical <> o .70 to ~18 to Descent
ol 0§ .90 £30°
fl .62 10

Hemispherical : WA .66 to ~1.6 to Descent
g+ 7 +16°

(Cp), =0.76%0.115

MAE 6530, Propulsion Systems I1 17
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U N I V E R S I TY Engineering

Example Calculation: Drogue Chute

Terminal Velocity o
e Calculate required chute area:

2 — 2Mvehicle . g / ’0
terminal arachute vehicle
(CD S)op T (CD 'S>ref
1 - g - (CD . SO )vehicle
2
(S ) Ep . ‘/terminal
— = =
0/ parachute (CD )pamChme
121.965 00111 b _ \/4 . (Soj);amchm _

G 1.0218-22.862)

0.5
| 3378 m? (4-1.33783) 3937 _ 498 ft
T
0.76

12
MAE 6530, Propulsion Systems I1 18
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UNIVERSITY

Engineering

Example Calculation: Drogue Chute

Terminal Velocity ¢

Drag Chute Areas Versus Terminal Velocity

Constructed Area

Area, Drag Area Drag Area

@ |

Area, mA2

I I
15 17.5 20 22.5 25 27.5
Terminal Velocity, m/sec

MAE 6530, Propulsion Systems I1
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U N I V E R S I T Y Engineering

Example Calculation: Drogue Chute
Terminal Velocity ¢

Drag Chute Diameter Versus Terminal Velocity

Diameter

I I I I I
15 17.5 20 22.5 25 27.5 30 32.5

Terminal Velocity, m/sec

MAE 6530, Propulsion Systems I1
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UNIVERSITY — Parachute Opening Loads

Largest Tensile Load on Vehicle ... often the Ultimate
Design Load Driver

Accurate calculation of opening loads are critical for:
- Stress analysis of parachute
- Stress analysis of entry vehicle
- Calculating acceleration of payload
- Specification of on-board accelerometers

Three opening loads analysis methods are discussed
here:

- Pflanz’s Method < Design Tool
 Inflation Curve Method < Verification Tool
. Apparent Mass Method (Direct Simulation)

MAE 6530, Propulsion Systems I1 -
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UNIVERSITY . Parachute Opening Loads o T

Inflation Process

< a) Opening of canopy mouth (start of inflation)

mﬁ;ﬁ’;;-
< b) Air mass moves along canopy

c) Air mass reaches crown of canopy

d) Influx of air expands crown
/!& \ e) Expansion of crown resisted by structural
.' VN tension and inertia

5 1) Enlarged inlet causes rapid filling

g) Skirt over-expanded, crown depressed by momentum of
surrounding air mass

MAE 6530, Propulsion Systems I1 -
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university  Parachute Opening Loads o) e

- At subsonic speeds, inflation is often modeled as occurring over

a constant number of parachute diameters (i.e., multiples of D)
for a given parachute type

- Parachute is “scooping” a given volume of air to inflate
- For the most part, experimental data supports this assumption

- Thus if inflation occurs at a constant velocity, V, the inflation
time, t, ,, can be estimated from:

D, n = canopy fill constant
tin =n-— - .
: V*  k=decceleration exponent

wnere n aepenas on tne paracnute type and geometry (typically
nlnf ~ 6 tO 15)

- If V varies significantly during inflation, the equations of motion

must be integrated to obtain the inflation time for a given inflation

distance
MAE 6530, Propulsion Systems I1 23
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universiTY - Parachute Opening Loads T

—_ ) 20000 + ,' ', ; g : ;
i : . Peak opening load
15000 - : : : : : |

10000 - .
End of deployment

vl
LQ&d (Ib)+

5000 & start of mflatlon
< \ 0 i
+ ~
' ) S
! ; : : : \ : -
\ Ty \ -5000 i Start Of deployment (mortar firing) ¢ ...................... T
\v/' | / Mortar recoil foroe -
.4 -10000 i . t 1
- 0 2 3 4 5 6 7

Time from Mortar Firing (s)

MAE 6530, Propulsion Systems I1 24
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untvERSITY . Parachute Opening Loads ) B
Infinite-Mass Inflation

- If inflation is of the infinite mass type there will be little deceleration
and reduction in the dynamic pressure during inflation
- Peak opening load will occur at full inflation

- Infinite-mass inflation can happen when inflation occurs so
rapidly that there is no time for significant deceleration of the
entry vehicle during inflation

- Parachute inflation in thin atmospheres at supersonic speeds is
often of the infinite mass type -> Mars!

- Infinite-mass inflation is difficult to obtain at subsonic speeds at
low Earth altitudes - this presents a challenge to the qualification
of supersonic parachutes at low Earth altitudes

- To obtain infinite-mass inflation at low Earth altitudes:
- Payload mass must be large or,
- Test must be conducted in a wind tunnel

MAE 6530, Propulsion Systems I1 25
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UNIVERSITY  Parachute Opening Loads ) T

Finite-Mass Inflation

- If the payload has “finite-mass,” there will be substantial
deceleration and reduction in the dynamic pressure during the
inflation

- Peak opening load will not occur at full inflation

- This is the typical situation when parachutes are inflated at low
Earth altitudes

- It is more difficult to accurately predict the opening loads in a
finite-mass inflation

MAE 6530, Propulsion Systems I1 26
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UNIVERSITY Pflanz’s Method

e Pflanz' (1942):
-introduced analytical functions for the drag area

(finite mass inflation approximation)

e Simple, frst-order, design book type method

-Requires least knowledge of the system compared to other
methods

-Assumes no gravity acceleration — limits application to shallow
fight path angles at parachute deployment

- Neglects entry vehicle drag

- Yields only peak opening load

- Allows for finite mass approximation

* Doherr (2003) extended method to account for gravity and
arbitrary fight path angles

MAE 6530, Propulsion Systems I1 27
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UNIVERSITY Pﬂanz’s Method (2

(finite mass inflation approximation)

g, — Dynamic Pressure (@ Deployment
=q, ‘(CD 'S)O -C - X, —| C_— Shock Load Factor

Engimeering

peak
X, — Opening Force Reduction Factor /
(CD -S) — Nominal Drag Area @ Full Inﬂw
0

- 2:M, |
n — Inflation Curve Exponent| 4 _ ¢~ — Vo,

Xlzf<‘4’77>_> - C .S\\, 1.
A — Ballistic Parameter D)o P71 (Tima

~

Fpeax - P€2K Opening load

g, -dynamic pressure at start of inflation

Cpo -Pparachute full-open drag coefficient

S, -parachute nominal area

C, - opening load factor (from test data or tables in pages 24 through 26)
X, -force reduction factor accounting for deceleration during inflation

inflation curve exponent (dependent on canopy type, see
acke: Parachute Recovery Systems Design Manual, p. 5-58)

p, -atmospheric density
V, -velocity at start of inflation
-

-inflation time ' gee | ater Description)

MAE 6530, Propulsion Systems I1
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Pflanz’s Method @3

Engineering

n— Canopy Fill Constant

k = Decelleration Exponent

2> n=1
>2n=2 <

Ribbon/Ringslot
Solid, Elliptical, Flat
Extended Skirt, Reefed >n=1/2

RIBBON RINGSLOY CIRCULAR EXTENDED =
/‘* FLAT smr,/
2 7
20 v /'
7 =7 L~
—_—t— —— et ey —

Typical Drag-Arce-Versus-Time Increase for Various Parachute Types.

MAE 6530, Propulsion Systems I1 29
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UNIVERSITY Pflanz’s Method @)

Load Reduction Factor, X,

1.0
0.9 nn=2 .
0.8 +
0.7 — 1 CURVES II
0.6 n=1
0.5 —1/2
L= 04 T
S 03 -
= il ;
Z 0o CURVES | ]
< 0.2
= n=1/2- =
3 - ‘
S 0.08
St o
(&) )
2 =5
= Ll e = 2
2 003 U 2 \\ Bf 4 =
Z | (C,-S
& 0.02 [ l \\
-
1 L1l | |
001— L o - WO M 00 O e (g | o "
S S S 383333s :‘@' S
| | | 1 111U | | L 1L1LLLU | L L LLLLL
- c o T werwog S 8 SR8S88E = = S ssssss
CURVE II - ’ T e meee
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Altitude MSL

h, target
h, Drogue

Altitude, meters

o -
HHHHHN T

ER— -

]
-]

l.---l‘l_;g_.l

10 15 20 25 30 35 40 45 50 SS 60

Time, sec
Atmospheric Density

Density, kg/mA3

] ] I | ] I ] ]
10 15 20 25 30 35 40 45 50
Time, sec

MAE 6530, Propulsion Systems I1

i i
55 60

Airspeed

Velocity, m/sec

-100-]

100-
80-
60-

INTechanicSfGdrRenospace)

Pflanz’s Method Example

SRR
N
N
e e et e
[

10 15 20 25 30 35 40 45 50 55 60

Dynamic Pressure

Qbar, kPa

Time, sec

EhiE S

e R e e et

e e R R R MR
LR R R R
N AT

L

|} I |
20 25 30 35 40 45 50 55 60
Time, sec

Engineering

Deployment
Altitude, msL
Meters

|4251

Deployment
Time, sec

I31.4S
Vl, m/sec

|62.864

p1, kgm'3

|0.797675

qi, kPa

|1.57616
Vtmninal, m/sec
31.5532
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UNIVERSITY Pflanz’s Method Example (2) T

Desired Terminal Velocity = 31.55 m/sec ... Get Nominal Parachute Size

4251 _ N
V \—A ‘—52 vehzcle '8 / ’f
terminal ~— parachute vehicle
Sras C, S) +(C, .S)ref\
Mvehicle g (CD . S)::fhichez
[1 p ) I/tjrminal] T
S éaarachute — 2 ;

/ ) Xj pamchute

10.1151-9.80716
315532 ~0.3415:0.036305C _ o 264745 12
0.59.29767591.5532>

Final Vehicl
Ml::s keg e Parachute cb

0.85
10.1151 ) G}pamchuw 58 0589 >
Vehicle
Vehicle CDO  Aref (MA2)
j 0}415 j 0.036305

MAE 0350, Fropulsion Systems I
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Pflanz’s Method Example (3)

Subsonic Inflation time ...

A=

(C,-S) p, V-7, 0850.264745:0.79765-62.864-0.0687522
0 1 1 infl

MAE 6530, Propulsion Systems I1

Engimeering

D, n— Canopy Fill Constant . t\
T =N parachute ___
" Vlk k = Decelleration Exponent — D 0 =538.05 890,%
Solid, Elliptical Chute — n~4 Vl =062 '864m/sec
k ~0.85
0.580589
4 Cgg 006875 sec
62.864
2-M, _ 2-10.1151

33
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Pflanz’s Method Example (5)
q

Engimeering

1.0
0.9 nn=2
08 =
07 — CURVES II
0.6 n=1
0.5 —1/2
= 04 T
S o3[ "
~ "
S CURVESL_| 1
L .
z n=1/2- o
S SRE= '
S ook
=Rt il |
=d )
< 0.05 L-/ |
S 0.04 2-M
= =2 A= v = 26.0767
2 003~
Z e (C 'S) .IO 'V'T.
. 5 D 0 1 1 infl
;0'0-' l l | I 11
1 ' W X =0.9816 I | |
0.01: o e —_:-2:'__“2:;_:: o « 1 1 o vy O x:E
- S CURVEI
| | | 1 LLLL | 1L L L LLLL | I L LLLLL
- N M W Noreeg g K 2 FI2RXRET = = 2 2=22EEE
i = S R T IRIIIIRS
CURVE II <
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UNIVERSITY Pflanz’s Method Example (5) T

e 1576.2-0.22503-1.8:0.9816  =626.614N

Xl — (0.9816/| Near infinite mass

MAE 6530, Propulsion Systems I1 35
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UNIVERSITY Pﬂanzﬂs MethOd Example ) Engineering

Pflanz’s Method Example (2)

MER A - Spirit

q,=729 Pa

Cpo =0.400 (at M = 1.75)
D,=141m

S, =156 m?

Cy=1.45

n = 2 (for DGB parachutes)
X, =0.98 (i.e., very close to infinite mass inflation!)

A

6: 64,641 N (within 10% of best estimate>

MAE 6530, Propulsion Systems I1 36
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Parachute Force, F

Verification Tool nfl

tSI

t—tg

— qCD,OSOCx( ] +ym, 88Ny g <t<ty

qCp oS, M, .8 sin ¥ >ty

Direct Simulation T T *

INTechSnicS)edrenos S ce)

ethods

Since direct Sim accounts for
deceleration
No X; used in this method

Engimeering

—— Peak Opening Load

Time, t

Fo = QCpoS, )

37
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UNIVERSITY  Thflation Curve Method (2)

20

1.8 ¢ <> PERSONNEL GUIDE SURFACE
O RINGSLOT CANOPY

O ELLIPTICAL CANOPY

O SOLID FLAT CANOPY

Q 10% EXTENDED SKIAT

14} V RIBBON

1.2}

(CD .SO )t 1.0F

INTechSnicS)edrenos S ce)

Engimeering

Inflation Data
from Doherr

Ribbon/Ringslot 2> n=1

e
Solid, Elliptical, Flat 977:2/

Extended Skirt, Reefed >n=1/2

MAE 6530, Propulsion Systems I1
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UNIVERSITY ramearng
Inflation Curve Method
 Chute Deployment
I | | b Iil 11
—
Jo.85 R
- /
4082 ‘¥62.864
g
40264745 n E
A B of 4251 /* EQUIVALENT DIAMETER */
‘ D = sqrt( Aref*4/pi);
Chute Deploymienty
Conditions /* inflation time */
X £ laﬂ AAAAAA DE Tinfl = Ninfl*D*( (1/V)**Einfl );
/* total drag area */
CDA = CD*Aref; Chute
] Output Data|
N /* current drag area */
131.45 a Dogue Deployed? Ttest = (t - tsi)/(Tinfl);
- I if( Ttest> 0 && ideploy > 0)
o {
4315 u if( Ttest < 1)
] CDt = CDA*Cx*( Ttest**n); .
| else CDt
m - CDt = CDA;
0727248 | o } |
o else
u CDt = 0.0; Ttest
I i N I I D X A I Y B
—
m v‘“.lIﬁ"uf'-lil'\’|u[u'l'| n tsi u

MAE 6530, Propulsion Systems I1

Parachute Inflation Parameters

Deployment Time -

T _JoE
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Engineering

Inflation Curve Method )

Direct Simulation Response, compare peak load to Pflanz Method = 626.614 N

Load N

Acceleration
15-

~10- @ E—————

Acceleration, G's
1
v
1

1 | 1 |
0 25 50 75 100 125 150 175
Time, sec

MAE 6530, Propulsion Systems I1

Load, N

] 1 |
31 31.05 31.1 31.15
Time, sec

—))
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Questions??

MAE 6530, Propulsion Systems I1




