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ABSTRACT

Hypergolic propellants have been widely used for space propulsion systems based their
long-term storability and high ignition reliability. Since conventional hypergolic propellants are
highly toxic and carcinogenic, handling and operating costs are significant. To overcome the
drawbacks, numerous studies have been actively performed to develope new hypergolic
propellants, ensuring that the combinations are high performance, low toxicity and low
environmental impact. In the present study, a comprehensive survey was conducted to summarize
the research and development of green hypergolic propellants involving hydrogen peroxide, nitric

acid, and ionic liquids.

AEHR FAAE 47 A we W5 AHNYL Mo $F wAA F Az 9
g #gHo] Ak J1E ASH FAAE B4 Fou Wy BAD BRsC AFH 25
ge v gol 208t o]de /1% BHe IR SAstel, 454 Tl AN 14% WEH
s 324 x2Fo] @ ATE WS FAH gk o] EEAMNE 1A AEHYH FAAY )
A U B 2AE WMHOE HusEL, AN, ol BAL TPW AR WEYH F

Key Words: Green Propellant(:137 F%14), Hypergolic Propellant(3 &3} FZ1A4), Ignition

Delay (% 3% A A7), Space Propulsion($-5 %)

Received 12 May 200 / Revised 4 July 2020 / Accepted 8 July 200

Copyright © The Korean Society of Propulsion Engineers FAA AL 5 F3 FofillA FH7] 4
pISSN 1226-6027 / elSSN 2288-4548 =2 718 AAY AZRAHolgt & 4+ Yok =R

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http://creativecommons.org
Jlicenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



80 Gy - YSH - UBH - 05 HEEIELR
Ar Aol gEl, A% PE, 24 S mek s)Fe] gl Felw, HY AT AUEe] 4
SeFe FR7F Atk of Aol erd 1 A 8 4Y 2ol % th2y] WEd $9
AL % A5 hypergolic) FAA S AT B @ FAA x@olehE 4Y B met HHA
ol thal a7l Bk AEUE FAAD 9 Azkel Aolshl vebd ok whebA] thep
A FAARA, 9% 49w A5 42 glo] @AY BHS AHAANNA AuAo Ay
Amel AsAY BUAY AEWOR $-54  Aom wa WY 4 glvhe @Al Aok
ms oluol WEs} HE FUAE ofuATh Fg  2golE BT, dHds AWe ANze F

12 A8 AFAE "olmd T HEH3S W
S #=3 Aot Az 2s AV HET o]
5 AE3 wkgo] st M. olH 3 F
A HEHE AL F3 Al2" H4s
7199gd = e, A AHEe FEANE F
Atk olel HEHE FAE ¢F HPA Y A
Hol g AAAe], AA 2aAAKill vehicle)
A A 2"l 5 TRt EokolA FEEI U
71E HAEAHE FAAE e 28&HE o
23 (hydrazine) AIEe] A5 Agtstold
A(dinitrogen tetroxide, NTO)& W=4 EA=E
EREM 4 FA8E 7HAL A o]
ERQo= st FAY HuEH &
A dol mEY, olF #Hstr] & F7t
o] WAYsHA ®rt 2000 tH ERMEE =4 F
AA7F op71skeE EAMES Hekstr]l e vl=,

¢

[e]
=

N b

—

o]

Iy

Z g My
oo rlo rlo

© A8F "AEH3} FA0 o
T EY 2=AE MRoE AY AT AtdES
2 ok A7 A AEkAel wEk 2F
stom, HEHS FANA Fo% A5 &
A0 AR AA 2 (ignition delay, ID)S A =4
AxE A HwsATh o] =EolA AA
g ASAAAIS HAgst A (droplet test)
< ol §3std ZHHH AFARESolth Fig. 204 =

At o] AL e

= sls
Aol Hadse BUHE

1 ARAA GG AY AHNE HelFn
sk QAo A3 ] WEEE AHA
NN FAINE ol gdte] THE WMSEE Wol
3 AF Ae B =
>

v
°
1L
0
T
_0|L
>
fred)
ot
oM
o o
=
o
Wl
i1
o
=5

AA z3e A&43 A5AHE #HAdAY A

5 542 FAskrlel W AH AP Pl
. olo] Be AT ABolNE dHe} AHL

Aejste A1 AEHS A4 DSk

Collision spot Reactive vapor

) T 2N
= G
i - e

_
1=9ms t=10ms

Stock 3 il i

Flame kernel

Fig. 1 Hypergolic interactions between Stock 3
fuel and 98% H,O» droplet(1].

Syringe pump

o< HTP oxidizer
droplet

Hypergolic fuel pool

Fig. 2 Schematic drawing of the droplet impact
test[2].



X243 HN4Z 2020. 8. g

S¥st FEA A7 MY S 81

b
N
I
o
P
et
o
N
o
il
[y
2

Fas it e & A

W A 71E AvlA thepsl BgHo gk
T BHe HEHSH FUARA W #9
A AePel= By sz WHY F2
Al wa gxol wol F =

2 9 A s)&o] N&Fo T "
gholl wel ksl AAA] AMFHL Q)
on, A A7 A WEWH F=IF EETFF
Aol FFEthe AT A EuEHAT
[38]. FArleaze S A= 29 B2

s 5
< g HAdseas W £3E = &8l FH ol
A= R =2 E EeEd ¥EE
asty] wZoll ARdeol AdE ¢ Ao
Fpatstpa 7IRke] S48 FA= dutA
o2 ol W2 Heln. olE F&Hs] ¢
sl Aol HIAE H7lbstol HAH e AMA

e ol ARgEY dEe A

Faol g ol we WA A

fuel) o} Sl A S (catalytic fuel)Z F&

Atk wA, A d5E A5 U TFE
A 7z & o]

 ASATE Baseac AAA 4SS
WS Shm A ws Wye] HuEnh Ev)
dut HHAZ EFE S0 Aases
Sl Balste] meo] wAuSo] o,
$ eEsh Ao A wagel =UEwA
7} ol2ojnn) Hod: HEd YL

el skl glo] HAatsteiel HEAS)
7hedt ARl tig AUt FAHT T o
o]24 ¥X(ionic liquid fuel)g} 3t o}
T 27 GAE AT 18 SHoA A
UAT, F7]gte] ol Fr2 A7 J

=
oo
N2 ot O o 2 (T oMt ox o 3O

A3 YTk
1% HskeEa ZRke] XAl g of
FHQ AT 7I#eE v= HF e (Purdue

University)¢} o]t & ofnlH o) gl (Tel

Aviv University), 345 &3 T4 (Warsaw
Institute of Aviation, IoA)7} Ut} 7 o
ATE2 2000t E=REFEH AgbsigEs 7]REe
FAA e WY dTE FHsAeH, HIZ7HA
oheFe A7 1A Folth 2A7ele ol
A Ao FHA4tEes A EME £YA
Ay A8E AFsta, Ftsteiet HuA
A5 HEH3 e THGAT4]. ol %,
A d=
Al zyste]  HsHA AR EL
A"l Ag 7tsdE HIFEATH5]. Table 1
i ol s st Ay Aol
. F43He AU EF(sodium borohydride)S 7
dA 2 ARGst] WA Aol FHatstLo
A AT SH8AT & 15 ms ©]sf
2 ZA59on, gudzEoluto] =(dimethyl -
formamide)7} 9.12 msZ 7} 2 H3IAAA

ol
ok
rﬁ
>
il
AN o
o
)
=
o
ox

il

rlo

e et & opulE gist A7 o] 24
Age] A FEet T =9 ol
<A dBY nEx Jstei] JFH5 v
ol g ATE FA8EATH6,7]. Table 2= ©]
24 AR H7ME(Culls 1-4)2 10 wt.% H7}
g F oy EAL Bud Aotk g Fe A
SHA AN 14 msolH, & L= d3

de AU F AT FHE FFAT

do M1 fr 2

Table 1. Drop test results for reactive fuels with
sodium  borohydride[5].

promoter H,0, Avg. ID
Fuel
(w/w) (wt.%) (ms)
Triglyme 8% 88.5 10.6
Tetraglyme 10% 88.5 12
Dimethyl
12% 88.5 9.12
Formamide
1% 87.4 -
Dimethyl
5% 87.4 96.5
Sulfoxide
10% 87.4 14
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Table 2. Physicochemical properties of the hypergolic
fuels with and without CulLs[7].

T4 P K Isp ID

Fuel | CulLs [g - [g -
em®] | em?] ls] [ms]

[C]
F1 No |247 10980 | 19 269.0 | >1000
F1 1 220 | 1.018 | 42 264.7 | 37
F1 2 221 |11.021| 48 2613 | 36
F1 3 219 |1.025| 50 2639 | 24
F1 214 | 1.023 | 55 262.3 | 38
F2 No |263 |0.930 5 266.6 | >300

IS

F2 1 161 | 1.005| 80 2625 | 30
F2 2 162 | 1.007 | 87 2591 | 23
F2 3 160 | 1.010 | 82 261.7 | 14
F2 4 158 | 1.008 | 89 260.1 | 28

T4 : Decomposition temperature. p * Density at 25C.

1) : Viscosity at 25C.
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Table 3. Oxidizer compositions including DI9).

H,0, | H:O0 | AN | ADN | ID
% | % | % | % |[ms]
H,0, 9% | 90 | 10 | 0 0o | n
H,0, 80% | 80 | 20 | 0 0 | 2
VW05 | 72 0| 20 | 18
VWO06 | 63 | 7 | 0 | 30 | 26

0

0

0
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VW 07 54 40 25
VW 08 72 18 10 35
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VW 20 64 16 10 10 32
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Fig. 3 Demonstration of 500 N scale non-toxic hyper
—golic bipropellant thruster with stock 3 fuel
and 95 wt.% HO[11].
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Fig. 4 Representative data  for  ignition—delay
measur-ements  with RF5 and 90 wt%
HO,{13].

Table 4. Physicochemical properties of the [BPl-based

HiLs[14].
d
IL| . [g: |[mPa| [K]- WEN
1| 5 - N0
cm™] | -s] | mol™] A
11214 | 092 - -322.20 - -
11 149
2 (147 | 091 | 173 | -63.15
0.2) | (3.3)
2.0 19.5
31170 | 0.90 | 16.9 | -188.43
0.2) | (3.5)
1.0 421.1
4185 | 094 | 47.7 | 117.01
0.1) | (63.4)
58 | 3433
51140 | 097 | 383 | -160.61
(2.0) | (69.0)
31 | 3519
6| 63 | 098 | 54.6 | -168.77
(0.3) | (41.0)
21 | 3733
7151 | 0.89 | 388 | -263.37
0.4) | (49.0)

T4 : Decomposition temperature. p : Density at 25C.
1) : Viscosity at 25C. AfH : Heat of formation.

ID : Ignition delay values are given as an average of six
hypergolic drop tests with the standard deviation in
parentheses. * Ignition delay with WFNA. " Ignition
delay with N;O,.

A A e ¥lagk Zo|th bis(borano)hypo
-phosphite 28715 717l o]2A dA5E AT
739 ARpEElo)| A AE AT XA BT WA
AHE ASA 2 AESE FRA] HBER A AT
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Table 5. Physical properties of IL oxidizers and IL

fuels[19].
T p U] AHg
Reactants [°(;1] [g - [mPa - | [K] -
cm’] s] mol]
I o1 535 | 1.50 17.8 -518.6
o o2 558 | 144 183.3 | -6254
X
(O] 50.8 | 1.48 303.7 | -531.2
o HNO; | r.t. 1.50 0.81 -174.1
X
NOs | r.t 1.44 0.40 -19.5
- F1 2009 | 0.92 1725 | 1475
F2 2068 | 0.91 264.6 | 1229
fuels
F3 [1909| 095 | 24984 | 379.8
MMH | 875" | 0.87 0.96 541
Fuels
UDMH | 64.0" | 0.79 0.49 48.3

Tm: Melting point. Tyq . Decomposition temperature (onset).
p  Density at 25C. 1) : Viscosity at 25C. AH; . Heat
of formation. “ Boiling point.

Table 6. ID tests of the IL/IL combinations (Drop

test)[19].
Oxidizers 1 Fuels

[ms] F1 F2 F3

Ist 101 247 234

o1 2nd 98 680 499
3rd 120 304 341

1st 659 494 626

02 2nd 499 880 211
3rd 917 794 641

1st 952 Smoking 648

03 2nd 627 > 10 375
3rd 716 Smoking 288
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