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Effects of Time-Varying Mass on the Dynamic Behavior
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ABSTRACT

Accurate prediction of the trajectory and time of a time-varying mass parachute system
remains essential in the mission requiring a precision airdrop to the ground. In this study,
we investigate the altitude-varying behavior of a cross-type parachute system designed to
deliver a time-varying mass object like flare. The dynamics of the descending parachute
system was analyzed based on the Runge-Kutta method of the ordinary differential system.
The drag coefficients of the cross-type parachute and flare were calculated by a CFD code
based on the incompressible Navier-Stokes equation. Finally, by using a simplified gust
wind model in troposphere, the combined effects of gust wind and time-varying mass
were examined in detail.

= =

ARl et Aol Zhasts ekt Azdel A % g A BN PUd Tt
b aTHE dF FRIHEZ 1 BaHol O AAL Ytk B AT A UE
A =RHES Faer] A% 4G G Azl 51 AFE BHSE A8
Pstgich Fekr Azdel AR B Al HEE 4UlE el LR A
4% Rungekuta 7718 48310 43kt Teln B8 wg4e) 944 U
Aue HAY dekatst xve] g8 ASE 23] A ALRAGG HNe 5
st Ao Gesd Bolad mae gael $9 F40l gk webe

Key Words : Parachute System(<3l4t Al 2=8l), Flare(Z9
CFD(HAHA 98, Trajectory Analysis(#l2 £4)

+ Received : January 11, 2016 Revised : March 4, 2016 Accepted : March 17, 2016
* Corresponding author, E-mail : myong@gnu.ac.kr



282 A9 - Wt -

BB S

.M 2
Hapike W2 AS ol &3t Erle] AEs
FUAA t7] FolMe i HEE Fole
=32 7FA EAY AFFS 2|4 o]

Aol FatehEl A8 o] STHIL Payloade]
FE 5 gl weh thakd Aol el 2
Utk @, 7o) weh de SEst Aol B
gAY, 47 W5E 2dste dIH QTE O
B 5 Atk o HRAN 53 dspate 3

o5ty ¢ Hurt Fo@ 4T Bk IS

i fo uft fo |
=
Y
P
i)
X
e
B 2o

=
rr
)
N
ot
o
r>~ N[O

8= Payload®t 3t & EAst= o F
&ol a5 xS HsHit A= A
olB 17 3ttt Payloade Y4 A 5
o] W3l= EA|] =W Eh(Flare) &=
] A9 g =gArE A
Azrel tisl HE A F& BlAdgH
o] &4 "t

aFoA EAE Aol el Fatal7IL
A s QRel F2 ALEEE gehate 3ol
+ Round, Cross(Cruciform), Circular disk,
Ribbon(Ring) T°l vt Rounde H4E
o] A& ©edhAl olojA AAT AR &
A &FEe TYATIH, VentZ} g A kit
o] 2z fdA FEFE A Ao} Cross= A
2y e JAA e AR Yot F dAse
FFo] Hom Y YR s L7t oF
A% =Y. Circular disks= Round 374
o YR G Hrjy] BEe golgA @
3 FEHE B AoE £y WY 3Y S A

A

713 AFo] X g VentZ2 HF &£Z7} W
Helt, Ribbon & Y34t 7t=td W& 54
Ex4 AA% Aoz Islite] Fyo] W =
o 2 Vent7} Q= Ho] EAoln, 2o A

SHES AEEAT

e
e
a
=2
R

© AFe] fda 7hem, 59
E57F 22 AR (Cross) o
L ES AAE deke gE
Aol BI3l] Reynolds 7ol we &
<= Aol 5] 18 =9
Hapike] &3 AR Het
2 53}

g

)

]

fo )y & o> oot
fo fo o O
O R TR}
29 H
N, e

= T QL

AL
of

on
2

| A

=
o3
2

I ofN

> o
9‘1
kY

- BER g8k AEE
)

fin
1
ok
)
B
o,
)
Lo
oot 3
1
)
¥
N
o

2
[

oft <t

L

o
x
2o
o
“ _IE’

ot
i
M

L SN b N > Moo ob o
1y
o,
au)
N
g
o
E!
offt
o
2
>
e
o=
w

NIO$:‘_‘4

_19_’(1

71

i

2.1 Gatd HSo Sty

gapata zgee s T4
Aol BE mEL U Ao

>

|2819] A7
6DOF(Degree of

S

Freedom)® 74 4 Aok atA T, F3F7]A
FotE = o vE @ele] 74 By 5 We A
U3k AME 87 gte 249 gy ¢ A2
o odee] s axrh Fd o #Ad Ase

2DOF E+ 3DOF (¢l, Two Rigid and Linked
A"y mdo] FE AEHU5, p. 27]. 53
2DOF E9AS Knacke?] Y3}4F Al2El MA uf
Faplol AMEH AN & F URe], 5+ A
Zolg ©@9e A%F B Zg&doz L
T Ae 7P ol AgEE Edolth I olf
ZE Ysl 1% Wl 2HA dgFs FE
A2 st &9 A, Payload AE ®3ly
=4, 2DOFZ £43l= o] Alx=H A
oA Ho JZg&ZHol7] wjFolth =7 IFF7
FE 352 uo zHe v 279 B3
ot =AM F4E FE A Adkel
g Alzke]l 2FEHE A, dskab Alxde
Porosity?} Added Mass &3 7QFe] ojH{&
o7 wed v, 2DOFY 3DOF7} £ o
v ZAzel d8A4o o =] wEolztn &
Atk o]H T o]ffE B AFeA= 2DOF =
< e E FHsty ndg Ui
2.1.1 X}s<tst 724

Afst F3kolA =HEe] A= dir]
3o wel FFe gHol vA Hr} ol AT

o] olyr] wiEo| AA tir] 43t

F20) 9le A
of WE AAE dZsr] oldth Hehy zUw

3

e

o 1o 2 o% i B O



44 B F 4 %, 2016 4. A Aot et A 2" 4 1% W3l wAE 23 283
. e Y AFE Uehlie AL 1)F 2ol &
X APt TE 28l vige] Eoes AdlE 0k
P ° 4 @ zd@sgh 4 QoA ue xF 9
- ¥, wy £ 2% 9FS YEiY
,l —
”, - C’d(’y) C’dmin +(C’dmax - C’dmin)lcos ('Y)l (1)
'
; / o i—u, o
cos(y) =
H / \/(xfud)ZnL(szd)2
I
1 Afte FRENA Y L5 ma= Y, FORY
' { B oldlst e x, 2 BP9 SEEE RAEG
> cHEsduE g (Sp= =Bue] 712 AF < vehdn)
- - > : ZHHO| 0O]5 W
= . 11 ,
T = *—EP(Z(t))[(:v*ud) ©)
+(z—wy)cos (v) Cy(7) S
Fig. 1. Trajectory and attitude of ! Rt
a flare during free fall - 11 .
9 z= g*HEP(Z(t))[(:E*ud)Z 4)

Z-_W[f

Fig. 2. Free body diagram of a
flare during free fall

o] Afrdstel mE AAE D=dtetr] st
Fot A A TE Hsiito] BAHAZ] A 7HA
o AAE 3 AAE BAHAA, Fob AR A2
wRE F571e] L= o3 F=(x-=) olFe st
Hets 2Als Wb e Aoz 7t
Areet ke =HRe]l A4 B AF 2
Fig. 1, ¥l &3 A-FEAE(Free Body Diagram)
+ Fig. 29} #o] BARE &+ Ut

st AN A2 Y A &
WF(Fig. 291 D)° Hwd S LEHEF
@)e HYlgk Aelz2 ZHAsiad. o F W3

2

.2
()

L

ke
L

Of

fag

aQ
2 L

T

o

Al Tl

+(z—w,)?Isin (v) Cy(7) Sp

(v=z,a=v=2)

19| Folt

CHIEE B

had

po = 1.225kg/m®, g = 9.8067m/s”
L, = —0.0065 K/m, R=287.05 Nm/kgK
T,=288.15K (0km < Altitude < 11km)

|

S RPN R

(3), @)= otzst

2]
Zo] FHHM, Runge-Kutta 71H[11]S & &3}
of SN 5 A
dy dy
=Y T =Yy s d_tl:ysv d_tZ: Ya (6)
dy
d—; =g——5ply) g —u,)’ )
1
+(y1* (1)2]2(111*1”{1)0(1(7)5}7
dy, 1
- Eﬂ(yﬂ[(yz uy)? 8
1
+(Z/1 wd)Z]Z(y27ud)Cd(’y)SF
{yl(tzo) =2y yZ(t:O) =Ty
yS(t:O) = Wy, y4(t=0) = Uy



284 A9 - Wt -

%

BB S

$1 ANA y, s, U Ui S Ak L= B
Hold =9dd welth agal vl Alz=H"
o ALgH —,—X] 71He] AZF (Verification)—%
©6)-®)2<e DA M EAFEE
=3 ofefe] =l AlzHlol] Z g3}o] OHOHi
o}

dy dy

—r =Y =1

2.
yl(t)zlln tanh“a—1

2 tanh*(t+a)—1’
Y, (t) =tanh (t+a)

_<'>_
ok A ol F gkt =Hwe] AA=
ol nhghe] wit) el e os ASs)
= 42i i P o i e i e B

s ﬂ]EE Fig. 33 #th.
AW R Qe AW TAHR AeH
TE A ARl A= G #e 2te A
H AAS FHE ARG, AW BAT] 5
z Tanh &< FE, Tanh(z)=1°] 7|

sge
Aehs 2B

47 JHASIAY. AFoE 1
AN RE ZAa7F AZEE FAF

anh(4z/h)Z2 EdE F Yt} B AT
40mol M F-E HAASE HE3EE Tanh
(o 2)2 AA3HAT

a4k 7] ol F, Payloade AlZbel wet A

o] Mtz SF A4S ofgel Bt
d(m(t)v)
g =)F ©)

Drag X

Z-_W[f

z

v

Fig. 3. Free body diagram of a parachute
system after deployment

GRADIENT WIND 100

GRADIENT WIND 100

GRADIENT WIND 100

Altitude {(m)

Wlnd speed (mls)

Fig. 4. Boundary layer near ground [12]

2 9)F Ikt 2 ZHEO R o] R0 Al
ol H83 &, 2, 2z WFY HEERE YA
o3 2t

b= Pl 10)

[(z—uy)?+ (z—w, ]cos ¥)
(Cd,PS}ﬂL C{LPSF) (( ; x
E= gy ela(0) )
(z—uy)®+ (z—w, ]sm v)
(C(L PSP+ C{L PSF) (( i z
2 10), @neld  AHgE  sEA P

ParachuteE, F& FlareE YEPATE A -fdstet
= 2y dskih, 2He 47 dgol 7]|H8]
o 2o &8 AFE =2 AT JE Wy
U 741*” gahat 160 m?, 0833, =B@
0.0121 m% 0927322 7}43tgt).

m(t)e 2Bee] Aol o3 AF Hahs v
g3k Iatak @A A|2Ele] Aeke] AzhA W
S Ytk A gage Azt wet A3
o7 Wil Aoz Mt wEtA z=Hw

r
n,

n,

L J

T

Fig. 5. Mass variation of a flare over time



44 B 4 R, 2016. 4 A 720} et A2"le 817 1

285

o Awe 4 (1299 2ol w¥Y 4 vk

m(t) =m1—wt (0=t=T) (12

2l 12)A m& AAT7E ARET] o]

a9 zggtoz FAR AA AlxEle] HA

el Zlel, m,e 2HEe] divt g8
A

dgS JEPATH T 2HEe] di
7 }_‘:51

o
»
o>
i\,L
o2 1f
fo
N
{o
o \1
2
>
B
J}L
i,

i, 39 EH@.% %’4 s zﬂ*&EH‘
9} ICEM Z21¥8S A3}
e 279 = 5
3t7] 91t Yshat ko] A
RS é#«l ESRIASE %

gatite] &8 AFE 3] Y8 s A
4 Z=<2 ANSYS FLUENT V16.1S AH&3HS
o} Yshite] B 7 £EE 14 m/s AER
A g0l S FE o] Hd=A Navier-Stokes W4 2]
o B3 Cell 7%k #3 AFHE AP &
g.&% ZAgte] tigk o]4tsl= SIMPLE %}iﬂ

l'l
1ru

2} F471HE A TH13]. &6}*& 2t i‘%”%_‘r
FHANA TS B3 52 NS A3
RNG k-¢ 4F2d3 Standard Wall g+= 3
&3 TH10, 13].

Fig. 6. CFD grids around a parachute

Table 1.

“' M)

Fig. 7. Flow pattern

(streamlines)

around a parachute

different Reynold

s numbers

Drag coefficients of a parachute at

Reynolds number
(velocity m/s)

Drag coefficient

1.83e+5 (1.0 m/s

0.775

2.75e+5

0.809

3.66e+5 (2.0

0.823

4.58e+5 (2.5

0.826

5.49e+5 (3.0

0.832

6.41e+5 (3.5

0.835

(
(
@.
3.
(
(

7.33e+5 (4.0

0.835

%17}«1 BT IE 2,000 ft

g 94,213 Pa, E’:l_‘x:_ 1.1549 kg/

Qg zto g AL&3tAT)

71

A

sxol Wste] e 3

A%G Zole B2

A 7711 2] T2 Reynolds =il thaf

222 =HE 3 3|4

tlo o of

2 A4S I Table 12 YERA AT

ZHES Zo] 0914 m, 274 0124 mY

HE|Z Fig. 8% Zoh. 2Wgk 9A 34
Asl Gkt Aok fFAE Astrdd

Sayatgch

471
34

I+



286 459 - Mg -

|
I

li

Fig. 9. Flow pattern (streamlines)
around a flare

Table 2. Drag coefficients of a flare at
different angles of attack

Altitude

Re) AOA Drag coefficient
5000 ft | 0° 0.9391
(4.90e+5) 90° 24189
4000 ft | 0° 09232
(6.47e+5) 90° 24346
3,000 ft 0° 0.91195
(7.80e+5) 90° 24577

o] 38 volHe st A7) ol FH
o gehakel AA o] d7ARL At g ol A
t Fasith kM =mEe] 39 2 1%
6,000 ftoll A3E] 1,000 ft# &4 wjuirie] 3
o wE Frle 542 A 2oz Vst
A, 71 54 AT ymA &y =0
Ykt 5UsHA st Table 25 2 g
9 sy A3 gos nmo wet A Aolvt

AslA 7V 88 A4S stEE O AF g
o] Aol vlg Fasith A FAERAE T

g olHg H& &ASIATHS]. Fig. 10014 &
T Uxo]  dsHike & Bl (Hemispherical,
Circular Disc, Sphere, Cross)oll wet & HE<
Ho & By olyg), Reynolds 5 W&o et
AT AR o= HIlE HAESES & F Jdu. &
3] Cross Y34t &8 A 4% Fig. 10004
Reynolds < 1.0e+5°14 ¢F 08E A]Zs}od
Reynolds 7} AZFE wv|stA|¥F AX & 7
Fol BAS g F Utk B AFNA FI
H 93F4H(Cross_CFD_Present) 9] 749 9A| &
A -2 Reynolds ol whet wlw| sk gL A A
3] FUleheE AEFES BHo FATH

Reynolds ¢ W3to] m& F&Fgo] o3
o2 22 AL 50e+5 o] FHolt5, 6.
Cross 3tk 79, Cockrell®] A7 [5]°llA
40e+5 ©]de] Fde] #I dlolEE EAEHA
%oy, gatite] 9 Al Reynolds ol &
FEFE WA kol 4.0e+5 o] FYoME &
LIRS = A2 FAsAT.
TFoAA g 93H4H(Cross CFD_
Present)¥} Cockrell®] Cross Y342 &8
X7} AEgsiAl YA A= ZETh SHAIRE CFD
71wkl 233 Fluents &8 Al4te] A 2

——% — Hemispherical
—=& — Circular Disc
1.2 M ——br ———A ——# — Sphere
& ——0 — Cross
A’/

1.0 —-% ———% | —®— Cross_CFD_Present
€ x*
@ x
] # * *
£ 0.8 ﬁ—ﬂ OO0t -0
[
3
o> 961
g
a e

0.4 1 v

\
|
0.2 P it
0.0

T T T T T T T
0 1e+5 2e+5 3e+5  4de+5 5e+5 6e+5 Te+5 8e+5

Reynolds number

Fig. 10. Drag coefficients of the present
and other parachute types [5] at
different Reynolds numbers



44 B IE 4 9%, 2016. 4.

287

Aol 2T, dREd wg 237t =A%
o mEgkA] B AFelA 2 F ISk (Cross_
CFD_Present)®| &9 #Al5 3t 08359 23k A&
£ Fig. 109 FAIHA 4.0e+5 o|Ae] =3
g A @ vusas o, 58 As A
of AMgSE FHe ASE #ATEATE olH g
48 Fa et Alz"lo] #3F 2DOF =d
o AZFoA 71 F23 YAE A= H)
2ke) &8 AlFE Cockrell?] HlolE 9} H] w3}
7% (Validation) 3} 9t}

zHete] g Ay Afde 1= mE
W37t & 2aF B E A oA ol 3
TS AE3AY. 2oz FHs A2
e Bag FY dvolHE Ysiit &Y AF
0.835, W& ¥ A HEk 0925 HAR
24375 A3ttt
224 siatel Zo &5

at4tkel T4 & E(Terminal velocity)® 314
of EglEl= 9F9 Ar|E JPEs=d Has)
o 9% AY) FY HEny 2 AHe= A

s% WY A dskatol A shAdEA dAd,
s A Al Hekate] T8 WEFoR FAHX
FHE AW HIZske T HIFAA] AHE
UERiTh mEbA 9jFe Al TY SEEG
22 ez dAste Zlo] g Folzt T < 3l
o L S5 Us o= tds Feid
A .

2myg
V=
Po ( Cy_pSpt CdjSF)

n. 23 & 24

31 =He Mg

CFD A4 4o &e A% e ol gk
8 w2l a|H ZES ele] ALy W
22 740 zYwel g3 EHBe
® uiRel Wl gt =RAle ol ot

& AZrol Aty weba ZEH &

& Fig. 113} 2t}
Zzeke] {45t 7 6,000 ftoll A 3,000
fto]m, Jakake 3,000 ftollAl dAlEHA Aok =

3,000 ft Y

<
<

Ot 1 & (500~1,000 ft)

0 ft

Fig. 11. Operational concept of a flare

A7 sk FAlol A2E T
mel g,

a5 o] o gt
32 dlM IHALE

zggo] egHE Ao iyl dee W
0] A0 Heol A7) wE
dlZo] ol ol@ o] F4e)A
&g TS olE BV} A =

shrel AgatE 95 wesiA

B

o
I
of

Lo
ret

~

ya,
aC ofd

22 o
AL ofd o o
o

a7t 2l

ﬁd
>
=)
o

OE" of
ot

0 m[o
il

B2 o o 2 i
e
[e:

e 2w ATl Be dsiAd 2 39
A B3 AT 9, obeh WPl HFL A
WE et Aol 2 G Fof =qwe 2
15g ;s Fa% A4 "

= 1
t2n A o Fo] Brbssith meba oWl
Mo e A =He Flo] odiEE A4
5 =% "H 999 AHAJ] &3 A¢E =
stk Yoyt g8 &£xo Ar|E 1B
HFHOR 0, 05 1m/s2] F wehs 1233
. Aoz B Ao 939 ¢, ok %
3



288 A9 - Wt -

B T B

3.3 sl Azt

iy A =HEe] T2 15 kg, Hshite]
T 2 kg2 7HAsY. =8 Al= 85 kg,
2 AZEE 250%, 94 FEHE AEH gam

SR ol

Sk Hapk A A, Skl ) At
2Ase =79 EolWE MR daka 9
5 o 05 kgo AUk BeHw, dakatel A
AR 122 FPYSn. 2w B8, Bl
e 1E¥ =Y A 3 di 9E ATe

Table 3¢} Zo] 4S5 AT
Table 3914 olFHdo=z 7R B
TE YEidH, O F 3Ae
M AEE AYA ALV E
A Ao FE BAE BB
EUA e HdHz A4
BT Holl A ho] A
o] I AE ZHEHS
vl ghe}.
Table 4=
Ak 159

o7 "3

rlo
(o]
0,

B4
o A dop

e
oo pi, SN T o X X

T rlo tr

Y]
&

B>
N
ot o o
i
3_15

g

2

o = ¢
do

Kue:)
>

N

o
o
of
o
N
2
o

tlo 4z o fo T M K
i

o
ol
kl lo
ol
)
NIEY)
>
o
< b
3
B
o &
it
e
2

&2
=

b
il

o ©
o g
OH-IH
Ach
oK
]
4@ g

off

MR S Xy o

(mUNE:)
Olt_)vl_‘
(A
o
i ot
to
N
e B iR e b
4>Eué 9
>
9
SElm
ﬁm¢
£s
)
;;Jl;g
VQL_Q
L
O ko
L
S

3} J=eRY 294

I
2
I
N
e
o
Kl

Table 3. Reaching time at various altitude
for different wind (up or down)
conditions
(combustion time = 250 sec)
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Table 4. Altitude with completion of
combustion and additional altitude
necessary for safe operation for
different wind conditions
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Fig. 12. Variations of properties of the
parachute system with respect to
altitude

EE o)Fd FREHSA A & 5 Aok

o 2

au)
lo
ook
)
2
¥

o] FAF skt g =
Hl w3t AZstEth CFD &40
Navier-Stokes W4 24& AM&3lH 1,

o o it do ox o 4 oMt o

(]
il
o
2
R
9‘1
R
£
2
AN
i,
K o
i



444 B 4 9% 2016 4 A Aot et A 2" 4 1% W3l wAE 23 289
A bH 1% FIHE FolA A&Vt $EEHE Engineering, Vol 11, No. 1, 2006, pp. 52-56.
AL & F AAT =3 Gshake] ATt wE 4) Oh, S. T., Park, J. G, Lee, J. G, Ahn, S.
1%, 3t &%, 7HEE, #F¢ ol mE YA K, “An Experimental Study on Decelerating
5o BEE o] &st] dF LA Hste ¥ Parachutes,” Journal of The Korean Society for
2ol &%, g3 A HIE & & AT Aeronautical and Space Sciences, Vol. 29, No. 2,

B AT AdE wHEe 2Hed 22 2001, pp. 110-116.

A A7t e TFEEFE FRkste 9tk Al 5) Cockrell, D. J., The Aerodynamics of
2®o] 27| AA Slol 95t AFE dS Parachutes, Advisory Group for Aerospace
g FAe EFEA ZYA 282 4 Atk & Research and Development, AGARD-AG-295,
T FHEQ AFE S AA dirlel EAlskeE 1987.
kst gelo R nuzs B AHEstA Ak 6) Knacke, T. W., Parachute Recovery Systems
g S JEE A QU ot Design Manual, Para Publishing, 1992.

7) Taylor, A. P, “An Investigation of The

= 7 Apparent Mass of Parachutes under Post

Inflation Dynamic Loading Through The Use

B ATE s )7l Adas oAl :flAjh;Oci) 3_255227’:121533. Interaction Simulations,
dEo 2 FHHAUFU 8) Tezduyar, T. Osawa, Y., Stein, K, Benny,
R, Kumar, V., McCune, ], “Numerical

References Methods for Computer Assisted Analysis of

Parachute  Mechanics,”  Proceedings  of st

1) Im, J. C, Kim, B. S, “A Wind Tunnel
Study of Directional Control of Cruciform
Parachute,” Proceeding of the 2005 KSAS Fall
Conference, 2005, pp. 157-160.

2) Kim, H. M., Goo, B. ], Chea, H. G., Lee,
D. H., “A Wind Study  of
Aerodynamics Characteristics of Parachute,”
Proceeding of the 1993 KSAS Fall Conference,
1993, pp. 54-59.

3) Je, S. U, Jung, S. G, Kwag, S. H,
Myong, R. S, Cho, T. H.,, “A Numerical Study
on Aerodynamics Characteristics of a Rotating

Tunnel

Parachute in Steady Descending Motion,”

Journal of Korean Society of Computational Fluids

International Conference on Numerical Methods in
Continuum Mechanics, 2000.

9) Stein, K., Benny, R., Tezduyar, T., Kalro,
V. Potvin, J, Bretl, T., “Fluid-Structure
Interaction Simulation of a Cross Parachute:
Comparison of Numerical Prediction with
Wind Tunnel Data,” AIAA-99-1725, 1999.

10) ANSYS V13 FLUENT Basic, TSNE, 2011.

11) Lee, G. S, Methods ~ for
Engineers, Won-Hwa, 2009.

12) Plate, E. J., Aerodynamic Characteristics of
Atmospheric Boundary Layers, Argonne National
Laboratory, 1971.

13) Wilcox, D. C., Turbulence Modeling for
CFD, ond Ed.,, DCW Industries, Inc., 1994.

Numerical



