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Abstract

The key to solve the large deviation of the ballistic performance of the
medium and small caliber weapon is the preparation of high quality spherical
propellants with uniform particle size, controllable size and uniform structure. It
is difficult for the present preparation technology to generate the spherical
propellants with controllable size and uniform particle size. Therefore, the single
spherical propellant and the double spherical were prepared by the microfluidic
technology in this research, respectively. The main research contents are as
follows:

(1) The preparation and characterization of the single spherical propellant.
The effects of the flow rate ratio of continuous phase and disperse phase and
the nitrocellulose/solvent ratio on the preparation of the single-based spherical
propellants were studied by the micro-channel device, respectively. The particle
size distribution of spherical propellants were characterized by laser particle size
analyzer and image analysis. The surface morphology and internal structure were
characterized by SEM. Results showed that when the flow rate ratio of the
water-oil  phase was fixed to 1000puL/min: 100puL/min and the
nitrocellulose/solvent ratio was from 50: 2.0 to 50: 3.0, the stable oil droplets
were prepared in the micro-channel. The single-based spherical propellants with
the size from 250pum to 350um were obtained after curing and drying. These
single-based spherical propellants had uniform structure. The density was
0.81g/cm?, with little change at these conditions. When the nitrocellulose/solvent
ratio was fixed to 50: 3.0, the nitrocellulose spheres with a sphericity of 0.9
were prepared.

(2) The preparation and characterization of the double-based spherical
propellants. The effects of the nitrocellulose/solvent ratios on the preparation of
the double-based spherical propellants were studied by the micro-channel device.
The surface morphology was characterized by SEM. The combustion
performance of the double-based spherical propellants with the

nitrocellulose/solvent ratio of 50: 3.5 was tested by the manometric bomb.
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Results showed that when the flow rate ratio of the water-oil phase was fixed to
1000pL/min: 100pL/min and the nitrocellulose/solvent ratio of the dispersed
phase was from 50: 2.5 to 50: 3.5, the stable oil droplets were prepared in the
micro-channel. The particle size of the double-based spherical propellants was
increased from 260pum to 300um. The density was 0.92g/cm?, with little change
at these conditions. When the nitrocellulose/solvent ratio was fixed to 50: 3.5,
the nitrocellulose spheres with a sphericity of 0.9 were prepared. And these
nitrocellulose spheres had regular shape, good uniformity and good
monodispersity. The experimental data showed that the combustion performance
of spherical propellant is stable, and the combustion curve followed the law of
spherical surface burning law.

Thus the microfluidic technology provides a new method for manufacturing

spherical propellants with uniform size.

Keywords: microfluidic technology; spherical propellant; monodispersity;

combustion performance
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1.2.1 FHLHS

RG240 R AE AR R Y, R LI R I R AR I B AE . KR 24 ) 32
O A RE A o 8k A5 ) S 25 25 AL, mT DL FH SR U 95 Uk S 2 1 A Joe B A
L3R 15 352 v 10 A7) 3o R R 2 ) 58 168 2 e

fiffb#f (Nitrocellulose) M FRIHM A 413, fij 54 NC. THWA 48 T
HEREE RS RESDIY, EHRAFERMEUO L EmMER. MWLM EES &
BREAZEVIRR, ZHMPMRKRKRW TR 1-1 Fix.

x® 1-1 HUREESSRAEXR

Tab.1-1 The relationship between density and nitrogen content of nitrocellulose
NC & & &/% 0 1.7 6.4 10.87 12.68 13.41
EE/ (kg/m3) 1618 1640 1656 1674 1673 1680

FH T 441 48 5 S 245 FR A A A 0 2 R 12.2~13.5% 2 [) o A A A 12k 5T AN A
S, HREAE 40°CUL B, il R, e h ol iR EmE. N T %
RIS A A 38 R RS AAR TN 30% 25 A 1) £ B R B vE R A0 A ) B
SEE . PV A AR AL B T R A B S (1 3). NERAN 4R LRSS
NC I R BRE I 7> T REA R, Ko T EBEFZELFESER /N 7
EIA I NC R &

1.2.2 ASAKEUNEZRAIE

RS ZIERTCAC ARSI R & I FE 0] 0 =N Be: 20 42 30 A4 2 40
EAROR NEBRIE 5 BOR )77 A f kIR s 20 tH 28 50 A H) 21 80 AE AR AT Bk
T2 HER B P & R 3 20 40 80 4R AX H 3 21 B 7E A BR P 24 +52 R il 2 Aa
ER . A KRRIGIES, MR T ZHBERARE . WEsRE 40 7 ks R
e 26 E 457 5K Olsen T~ 1929 R B, JET 1936 F2 H 1 LR ERIE 251
il 3 i B [E] ) & v T AR BT 245 [ | £ 208, 60 AEAR, EE LR AAM T
)+ 07 1 B s ) & AN B 0.3mm B RS AL AR BRI 25070, 1972 4, EE
Tomas F. McDonnell ZEU81 2 T & = ReE 4 M & BRI ERE 25, 1 Bk
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T[] A 4 35 57) ARk 759 2 T AR B N . 1992 4E, SE[H ) Kwan F. Fung %019
RFT — PPl ) & A AR BRI 25 1) 732, 1% 1 204 B R0 1) 30 44 K 5 5 1 1)
A A eI B 7 % SE I I A AR BRE 24 . 2006 4, 3K [ 1) George W.
Nauflett 5520038 i % %5 98 i AL AR 3R B 25 T 203047 otk , 9 il A AR 3K E 245 14 il
FRMET MR R LE, ZLEEGIR A REZ,

] A X BRI A 5 24 A8 77 T2 ol 2 SR A AR B T2, R Bl R R R 21
AE A BRIE 2522212 57 [ (O BF 7T« Zhang X %5 240R) F % 25 180, 3@ i 2 1)
TR B R 75 R FE il A5 ORI BRI 0K, Wl 1-1 Ca) Fion, S5 hSfk
YR IFRAELG, X MEURLE L RS, BRI RGN T 350%, AL 7847
FHEERPEEEARNE, AEFIRZAST, FHREKIETZIZIKE,
ZH T RECIE R NRAE (BB 20 pm) BRI R IEMALER R 25, BRI
Alik 0.89, WK 1-1 (b) Fraxs

S340020.0kV 6 4mm <2 00k SE 932013 1508k ' ‘20 0um
a. B E T HREHI & A NC ffzk ] bR BRI AR & B NC ek
1-1 NEFEHI & B NC Bk SEM [E
Fig.1-1 The images of NC spheres prepared by different process

X BRI R 2 EAT B JRAL B, RT DL FL R BE R e, R/ 5 TE 1 E 1 g
fin 22 o AEBCHS N T, BB 25 ) 2 Oy ks AR A AR AR - ER B 25
KNS BR it 24 BE B RO v B8 3 1, AR 22— AR B2 )5 1 TR Bz K
IR ) S B v 2 L R 2R 2 260 B 2 BEAT IRk I WA be K IR BR e 24 £ IR B
G, AR PR G B IR 1) 5 PR B B R A R e 24 A AR TR IR P O3 AT I
AT SE BTG AR, R P M S T R 28 1) R AR B 2728 ) e 24 RN
NGB RE AT DL AR JE RF AR A5 5 o B 25 TR NN KNOs MBI, o8 1 2R
AN R R, AR SGE KRR rERe, fEm 7 ma I, [
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Iy FEAR T RS 25 1 KA1 2014 45, DAAT SR AH AL AR D9 5Bk £ (00 1k L 45 14
BRI 2500, CLHCAMRAE K BT 25, Wb 7RSO 55 . AR LSRR AL A 1 R
T, B TR PR S GRS
TE PR ER BRI 25 5l 2K i 24 TR A 10 BE & A0 = AR o I R B, 51 N oAt 25 R

i, XERERFAPIVEREA —EME. HBBLGENEREA S D25 KBS
AT I, RILAOGEERTE 25 B B AF e R . AR 4 Dh e AR
AIEEM 2 A, RS 9mm FHESR R I D25 k24 8 H iR R 24 () AT AT
JEH . 90 FFAR, B SCNIZEDBAR NC B MG R T ERE 2, IE X2 Ek
T L5 B SRR R R AT TR . RSB I LA .78 RDX. &8 .
AT S5 h R A BRI 25, WF 7 R BUNEHEBSE A R B G e 20, H 2%
PE e LE B 2l XU BRI 245 I A KM FE I 4 o SRR SR PSR H N i,
H15 7 B Bk R R B R K I (GAP) Bt L ERIE 25, SEM K 1-2
(a) FE 1-2 (b) 705 K8 A BRIE 250 GAP cu M ) S B3R 25 . GAP X
PE IR S SE BRE 2548 SL A R . B G, T HL R o RO W PR IG;  NC
BRIL 2. GAP LA J GAP S§Uk B IR BR T 24 43 Sl AT # o BT 3R AIE, XF B 3 NC
AL — EFEE L RE (2 it GAP B A 1R

a. 0.0% GAP d. 30.0% GAP
1-2 TEIEEM GAP M BRIk A SEM
Fig.1-2 SEM micrographs of GAP-modified nitrocellulose spherical powders with

different mass ratio of GAP

T GL BRI 25 1 % 20, H AT RT 23 9 N IR BOER L 2R A il sk 2,
b AN VL BOR T2 O3S TR V2 R T E MG kR T E . X LR Bk
T2 R 2 A A Ja B2 R K SR ER BRI BORLIN 70 85 . ) Ab B 2520 BRARF] .




FRERE R FMEFAIL 50

AN TR T AR VS VR 2 B AL R S TR A AN E B i, BN . N TR
il 24 BRI 25 KL A2 4F 10um~2000um 2 [8], HTZHRAER, WK 1-3,

@H A | Bk |

1-3 RiAERIk T ZREE

Fig.1-3 The flow diagram of inner dissolution manufacture process for the

preparation of spherical propellants

VAL R ER T2 5 WIs R EET, A [E 2 A TE T TRV 12 20 7 75 7 /i he
o, ARG FALHE . 6% BRI 25 KRR 76 2000pum PL R, TIIA I B
BRLZmER, wkE 1-4.

(oo | mm |k s | smzma |

& 1-4 MAERK T ZRIZE

Fig.1-4 The flow diagram of pre dissolution manufacture process for the preparation of

spherical propellants

B % BOER 208 WU VA AR A A AR B R, P ORI O . BE
H & BB 25 B4R A8 2000um BA b, H T2 R, Wi 1-5. x5 T W
Wik, PFHIEREREFIHERRKB D, HITPEd. SIEZH. 477
Ky AR
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Fig.1-5 The flow diagram of extrusion manufacture process for the preparation of

spherical propellants

1.2.3 HtZgEMNEKEKCIZ

RS BRI ACEOR H 28 56 3% 1 [F I, AR & e B BRE AL T2t 72
AWr R Rt . BREAL T2 AN 5835, Dl & th— 23 Y 45 i ) BkOE 24
(36381 it FL R I IX L Jr e W BRI 25, (E— @ R b ol 1 H JFORL AR B 47 7 1
W, $eE TAEAMERE, RN E . EILEPVH NS RDX B/, B
RIEWE LW 5 TR R T MoK R ERE RDX, ZR& W+ RDX B & & .
5% 25 T 6 A5 S0 25 0 o A R B BORE R I TE S 2, A3 H T BRI RDX (1l
HIT TR RN EM . T EBERIR IO & AR (AP) BRIEAL, W H 7EEk
TEALTE R, AP 1 2H 2R 25 /A0 S AR S5 M B A AR U, BRI AL T2
MIA S AP e B BRAL, R R A IR E . SIS ERE AP KL
TRMECH . Ko ma, f£— R ERE T AP W3R % B e .
Wei Ji S50 Th i T HMX/F2602 2 A HER Canld 1-6 fros) , M H 5
TUBR BYRLAR 0 A 28, HMX [ JBE $52 J8% B KM B2 A . AH b T B A 3RO 25 R
AP, EWAEF b RAIF = bR b F — = EE, Afrdt— B A
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1-6  HMX/F2602 & &1 Bk SEM
Fig.1-6 SEM images of HMX/F2602

H LA R IE 250 2% L2 DL R A 0 A 2 50 0 KN AT BROE
e IR BRI RN 25, 3R 208 BB 25 1 % SRl B A5+ 0 2. PR EHOR N
[ Oy SR 1 3L, IR A R B PR B L RAR Y L e A
A AT o AUk, 2 SCORI Bl 42 BOR 70 0 i) 26 B0 3k BROE T S5 24 A0 X002k 2R
RS2, A3y R B R 2 R & R R T2

1.3 fURERARME
.3

1 RESR

i 3 B AR VR T L L & 48 (Mlicro Electromechanical System, MEMS),
MEMS K8 X 2% H 5 AW R S8 SR ECR TR . fmis 2
# (Microfluidic Channel) 1% # Fr 9 it #% &5 v (Microfluidic Chip) Hth
JrsiEs = (Lab-on-a-chip) , Ho I AREAE B uElifl, i BhiOE & 58 B
AL 55 B ) SR 56 = ) — e B AT .

TR BEARAE Nt BH 2 R K R R I, 25 VR 57 500 H 1 e 5 N FH 1 A
FASHLAF T R I A R - Manz A1 Widmer 25 421F 20 tH40 90 4F AR %F F 30
ALK BEAT T OB R OOF T R 4 40 T &2 4t (Miniaturized Total Analysis
System, p-TAS) HIMEZ:. 1993 4, Manz 5 Harrison™ 51k, & K A 35
MR 2R R, I SE R 1 B LK ) B . 2000 £, G.Whitesides!*!!
£ Electrophoresis b /&3 1 3 Z| ik il & PDMS & fr, #5818 i #4 . 2001

1
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%, Lab on a chip 2% & B 8 TR RSN LR A, 51 S F RN BT TE HOR
FERIAR . 2003 5, 5 FEIN N B LR 52 B v H DUR 3V 5 & WDKK AT O LA
AR RO A 4% 1 A EAZ TT AR 45T, 2004 4, B8 — 3R Ml A B i 45 0 T A
(DR s TN NR AT -0 A e o NS 1 Wl | 28 1 VN2 = I o @k A et & S R ) B
WA RN T —S R, 2012 45, 96 S K5 R Hom 74 )
T DRI W R TR BN, BRI SOR R BRE. mHE. K
HAESEAL S T4k, NG @2, R 2 1 SO 257 N B AR
H.

1.3.2 fWURIESHBEIME

TR A58 v B A 5 R L ART 45 0 AR SR T FE N LA R e B € 1. HL Al
RS E M A R R RS TEREY. HhEs 78
GV LLHAR AR O A, TS RO Tk, RS A i AR
Az . H AT T8RS B s R R . R B RLR S
VA R Y R B R K B i 47481 ok & iR AR O e = TR S R
PDMS, BEIHEAEAUTILANAA: OWH. AR, &Y EFE TR @
TR AT, fem R B E RIS O ML, PDMS EM s
[ 44 Jo s H At A 5T 75 v S B AT BN WY B2, PDMS Sy I TE FT DLAR 4
HE RS LI B . @PDMS M 5N v il 18 N BE AT DABEAT 2 B ot 2
i, DA R AEROK M (O/W) R EGHEAK (W/O) -

TUCIR 45 AR 1) 5% B 8 7 A2 ol T T TR RS S JLART 45 4 o B 48l I A 4 AN
F, HBETEAR. @m0 FREWS RN THEARFEZE6 /R E
(hot-pressing ) [30-511 ¥ ¥ 7% (cast molding) 152341, 3 ¥4 7% (injection molding)
[SS1, P e 17 (laser ablation) B0, LIGA 7£P7VRI# %1 7% (soft lithography )
(581, HREEE R & w7 FREYE R, A S HE R omE . H ar 32 2
B E W AR = o TR Fr s BH S 2 TR IR R R e A e
(PDMS) o KM B ZIH AR & PDMS fufi &, L2 EnE 1-7
Fios. S RMCZI AR IR, BB MRAmRBMAR R B, M3
ORI R I B R IR T &2 TR, WAl R EEA RE . B S, K
HREAREE . HE, &T—RELREFI, HEERMMN THEFE—EM
J R, tnfe PDMS [ v, H= Iy, Figh. BAMEH SRR S5 KU
G5 M) 13 38 77 A R B
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Photolithocgraphy E-beam lithography

| |
s S —

l Spin coat h-FDMS

J Cast Sylgard 184

Subsirate

+ 5‘5“93"‘ 184 ]’ Cast Sylgard 184
Sylgard 184
Substrate
l Cure -
Pesl off from master
Coure
l Peel off from master

Sylgard 184 | Sylgard 184
L [ | [ = T e e

1-7  SZIEHI%& PDMS i
Fig.1-7 Schematic illustration of the procedures for fabricating normal PDMS (left

panel) and h-/PDMS (right panel) stamps, respectively.

I A s e AR A T SR T S R R A 11 U R T S A T A
o1, kU, XFFOKEMA (O/W) ik, AT N A SR KRR,
T AKE (W/O) Wi, @iEEEm N A A K. BN PDMS A f Bk
Kbk, A& O/W B A ﬁﬁLﬁW%ﬂ TR AE 1

R A A AR AR [ E TR & TR BB R I
A TﬁﬁmﬁL%MWEmﬁmﬁﬁﬁ\m&%w\%%m%%#;%
BLGAN R N R RSB AT A A A ANLE IR 4k B
EeNE

B 38R A D8 1A 3R T SR K M R T B R . SR 0 kv A 3 ) B S 5
SRR E 2 MR A T, S5 R AR, GRS 5
BATH S, ERASAERTEERK. AMESAFREYRIIES, —EERE
PRAIE LR T 19 . P2

1.3.3 WURIECHLR
(I T N | I 3 S /] b VA 1 o e = QP 3 O T e R 2 L T P
TR O P R AR AR G811 AR O O B R R b R R T R 1 . P R R o
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R AR UM g5/ RECE IS T MAEOEIES>S) (T-junction) , JishEE M
[69-721 (flow focusing ) Fl 3 #h 5 £ 31 (Co-flow ) H1 & B 20 fol 188 i [74-7¢]
(Terrace) o flydE O AR, i 1-8 Fras.

a. THIRNAE (T-junction) b. #EhB &R (Flow focusing)

c. ZHHEER (Co-Tlow) d. S EHAE (Terrace)

B 1-8  AHEMRETRER
Fig.1-8 The types of two-phase microfuidic chip

T M &5 #)iHiE (T-junction channel) ‘B & PN AH B 1 B &1 LA @EIE,
Gy B A B2 A B, 20 AR AS 35 1 5 N 0@ 3, 7 3% SR A X PR A
FETH I B5 A BY V) 30 R 2 O 7R TR B B AL 4y B, 7R SR 9K D B E A
NIRRT . EEEE N, TR R R A SR AR sy, s i R T
DS B R 420800 R/ o Xu 25077 PMMA RS B ARE, & 7 T B o 2
R, IEHEBEME SO B, HIRE S . ik R 3 vE R A
K HE, HiZEERIHHE % T O/W B W/Oo BIFAWRE. B 1-9 BIR
{140 A2 BR T 0500 A AR PR A 28 ot 8 DA % A s B o A H v /K S T S I IR
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1-9 188 18 P TR o Bk TR R R R R R R B O /K R TR TR
Fig.1-9 Micrographs of the oil-water interface at the intersection channel during the

droplet formation process and the oil plug formation process
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Fig1-10 SEM images of monodisperse PLGA microparticles(left) and size distribution

of the microparticles (right)
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[, S I RIVE R, A8 B S 5K ik LA S5 A B K R 3 SO BT D)
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Fig.1-11 The patterns of forming droplets by three different microfuidic chip
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Fig.1-12 The images of monodisperse microspheres with different materials
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THCRIUREL (8 TR IR RT3 ek 6 2 VA i L A Rl T RO~ B AR R DR/ EAT TR . 7R
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FESMIRFIE RIS, SOEE N B0 R AR, R AEER . BRER. 5
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MRAEASERE RN, RMEAE, b5 A SN AR A 3] HE BRI B0R 0
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Fig.1-13 The micro particles with different shapes prepared by microfluidic technology
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Fig.1-14 The micro particles with complex structure prepared by microfluidic technology
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1.3.5 WARESHMBERANREITA

FEROK i 8, A BRGS0 5 S sk AR A e, 1B g s e R
AN, RS AR AR 2 JZ R (laminar flow) SRRSO, AR TE 0 1E H 1Y
AT AR 32 B & AR S A BAE R 256 R I, &4 FH 0 B0 A o 25 24
AN EENSH KR : FHiGE (Reynolds number, Re) « F1H%L (Weber
number, We) . FR{E%r (Bond number, Bo)  EB41%L (capillary number, Ca).
P AV B0 0] AT 4 ST R e = AN S A R R

Re NIRME S (pUYL) S5EiYET1 (uU/L?) Z U, [ W3 AR 78OS & N IR
B B BN FE B
_oul
o u
A U RFFIEE S [ R IEK R, — KA 0.1 pm~1mm Z[A]; p NE L u
RIRAE B S RG 1 FR

We NRMETT (pUY/L) HRmK iz () 2L,

Re (1-1)

Ul
We=p7 (1-2)
Bo NE NEH (Apgl?) S55mik )1 (y) z b, NAEF Mm% rE,
Bo =220 (1-3)
Y

NPAp NRAR L2, g NE IR . W@EAEMEE S, ApB/NE, Bo iz
INTL, R FEACE DL
Ca Ko M2 0 M 77 5 FH TR 5K J1 B A0 B 2% . Ca BN, B RT5K )
EEEH, RARFmERE, &5 BRI, &R DEESIEMN,
JUIAS 5 A BCER TV LR
Ca:ﬂ
4
W FE 098 R BRI T T B AR UL 428 00 v o) % 3 285 20 HIC ) VR0 I Y0R8 ) A A
fiiz FE SRR BAECA S, HAEYIE Ca /£ 0.01~0.1 Z [H I, K
A E o A S RS W 2 ) ¥ o B AN b AR 8] L5k ), &S AR
A B ARG T 25 A E o OK 0B 8 NORE PE AR ) Re 1/ T 1, We £ 48
RN, 7EBANE Ca<0.002 B, Fimsa itk A mak ke £ FI/EH, &
JIR] LA, eI 5 T A RO R

(1-4)
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FH EE A% ST B B I A 2 1 4% 07 3, RIS BOR ) 4 U R g B, S B IS
()R, RERS AE R 2000 M A R, )& tHoRL AR 5 0 R &)L M AR E 1
Oy BVERER,, AN, Bk Al BORE R5 EEOR R £ 77 0 B N A AR
fEARLSEBL DI REAL . PRI, AR ORI T BBt 42 08 Fr ) 26 BROE A0 245, JF
WEFC 7RG ATk J0 . PUAH R EE « o BEORE A L S X R ROR Y R

1.4 BXZEFNBEN. EXKREEARAR

1.4.1 BXEHFEHNEIEENX

BRI K ST 25 R AR KN Je FL 0 A 0 38 3 1 52 e 5 AL 90K B 7, iR
X H /N 17 R B B B P RSt — E IR . AR 8 DM LU & R AR Y —
YIRS 6 24 o R 428 AR AT LUK A 42 o) B 4 O O R~ RS, TR
Peog. Rk, FABMRE AR, $l&HREE—. A0 1KERE
IR 24, R R TR R AL AT AT 5 3 PR T 4R B A A I R T e 2

1.4.2 BXWEEARR

(1) BRI b2 A Seam 42505 1 BB Rl B0 T8 1R T L AT 25 46 IR e B8, il &
HH 7K T 2R R

(2) FIH T BIGOR 320 il & L BRE R 8 25 . W L IE SR M 5 40 B
LR b 2 B R o s T AR T SO R S 2 BRI B S e o 6 )
PR IEBRTE K AT RWIE S . NS . KR oA . MERUE B 1 3R AE

(3) R T B kim0 7 il & ROEBRTE RS 25 . BF 50 40 SO Vs i & =
X S ER R P 52 ) o G 1] 45 0 B3R BR T R S 25 I SR M T30 . MERR 25 B L R e vk
Ae AT RAE -
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2 WURESRAZITSMI

2.1 5|5

A AR 28 AR ] 6 B A 2 I, 8 Sl AR 5 e vh NI T Ak i £ 8
Fro T I B FRD S P AN AR AR S 6 B R, PRI 7 ) 5 B S
AT FEXS MR Bk S BL RO TG VA BEAT BT AT

2.2 SRIGERGY
2.2.1 SLWEMBEMNEEE

F2-1 SCEERTRRRAIR

Tab.2-1 The experimental materials and reagents
EA S kS AR
R M 1% 0.3mm.0.5mm.0.9-1.1mm
BB 25.4x76.2mm (1"x3") I AE R BT A
Sk B £ 19%#. 21# —
Sylgard 184 X % [E & K7 (Dow corning) A
14y BEAR I B G

®2-2  THEAFTRAEEMNEERE

Tab.2-2 The main equipment used in the experiment

&L UERE TR
T A% 5/10/20/30ml VO 1] R 7 = P 48 44 A PR 2 7]
T 5 LSP02-1B TR 8 22 4% 1H I 2R A IR A 7]
R, AT i S X T e A DHG-9097A T ROBE S A AR A IR
IV AL104 RS (R HIRAR]

aiKHL UPT-II-10T EME IS R %A PR A
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2.2.2 fUORES R

fil & RAL I — BRIBEE S ST AR BRI 45, /32 & 2 AR i 3%
SR EENAERARIYE . KA — YRR E R - 12 00 10 A
B g T om0 v W 8B S5 0 S 5T, BRI A s B0 ) LART AL A 0 T 0T B4 AR i
TRk, ERMRESEF, WK EER, BB 7 N3 B AR
AT E M, BEAE KRR T 2 P LA 25 48 B foimt 458 65 R AR i« B i
O RIRGEE U S50 FE B 4 M T B 308 I8 (T-junction) it 8 58 £ Y (flow
focusing). L £ (Co-flow). & B N IIH 1E (Terrace) . P AU 81K R
il £ BT A SR AL AN B 2-1 P .

(a) (b)
l ||
7 M
= I
(c) (d)
<

2-1 AREBPHRIETH T BHEBIE; b)RINBER,; o HMRER,;
HEMXMEE.
Fig.2-1 The different types of microfluidic chips a)T-junction; b)Flow focusing; c)Co-flow;

d)Terrace.
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THGE TE RSP O BOK 2, J8IE WAR K/ &) Sk 3% 28, AuEim 2. Jl i
xof b iR DY Fef i e JE L AR G5 A BEAT B, T B ARE TE L AR S5 R R B AR DT AR
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T TE W AAE By iE B, T H OG- T 2 25 4 ) A BROW 10 38 1 BRAR A 0 LU R
DRI o S 490 3 ) T 25 e 3 i AT S 56

Sylgard 184 U 4H 73 ik #% i 7T #E 25~150°C f 76, 5 5 BBl o4 [ 4k, EL7E & 4k i
MRS, S5 TR KT 48 NEE, #7746 [ 46 &, 100°C
55 35 /0 db: 125°CHS 75 20 408 : 150°CHHY 35 10 20 8h . 3 — R mE U e 1
TS A 5 1] A 770V & T 46 B R AR T AL S B, R Bk R A RS B IE AP G
B R IR, ARG R N B W 000 B s . A I B B A 7 AR
FEW), AFmREL, IORVEGE o [ 4 s ) g AR AR % PR AS TR AT T R e s vk
59, HiEgetasE, B AENRIR s @ G 3 5% SR T R
JeEstE . N T E A R R A SRR AT A, TR W R R e iR 1
XEEAR p, SEZBR Ik Sylgard 184 XU4H 70 M G AE it A A kL.

2.2.3 WURESRBMI

2.2.3.1 HIFILZRE

SO R AL YEVEH % T T A PDMS B IE S Fr o T B0 I8 O A i &%
A
(1) LR W EmE L NE ), LN 500y 300pm. 500pum. 800pum
FIYE RIS MBS, EEIEA DSk EREE, fl& TRMRESH. ¥
500um. 800um [ ¥ERLVE H A /E N L MhimiE, HH 500um (158 kE 1 ik 4k
FH I E 8 E . 800wm (1) BERL AR oy thad i, AE 3 hod aE 0 — I [ AR
9 300pm PEERLE, fENSBUHM R EE (K 2-2 () Fis) o A TR
FF 8 B B TIR, AT 43 A A A B N AN B EE /N T OE GE N AR P Sk B

(2) FH3HE T) K B3 R B BT 7 0t 45 6 v B e E 30 10 808 it
ITRMFEDE:; HHELN 17mm (XU R RS VYR E B, EfmEA T
PP BR — o K BE R RUTH JBe , I  JHCOR LE 2038 T 35 (B 1k 7E B 5 1 23 - T T
RARB,WE 2-2 (b) Fin) « HERSEEEKHAGHTHBABERE CnE
2-2 (¢) A7)

(3) KR - H RS (PDMS) TSR A AT 46 771 3% 5 & L 10: 1 8
G5 EREWAMNRGRBEEIHATHAERLE, HEIEEEERK LT
PR 43 BE T B VR R = B R AR R — B, IRA WL BT T IE R R KB
BIERBAEZR A0 NHE 4 M, HIRASBRRY P EA W E RN
), 7E 60°CA& M NGk [ 5, B E I e i B F K LB
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A, BOHAE T, BABAUKIBE S, AR THT, BI15 3
i 7 B T BGEE (il 2-2 (d) Pra) o ZET S EE IR RO, &
T RERLAG, Sy i, Tif8 54T, JC 5 fifk B sy i s 45 (AT KL R B o

k-

aTEEES R ~EE bR BHERLYE

cABFHEASIME d.T Bl E S A AL R S E
B 2-2 TEHRESHB&ERE

Fig.2-2 The process for the T-shaped micro-channel device

2.2.3.2 fREHRRNESR

RO 35 T2 AR ) 2% R B TR £ B R s TR R G i 2H 3 R ER
TR

M EAR R EBEH =W D31 RS, BHiE S E RN 75
O s 2 AR RO 0 32 28, A4 4 UM (Dispersed phase)ifii& ,
% 4 M (Continuous phase) il 18 DA & i O 188 s Q=3 E . o
i) 2 TR 1) s = B ] 2-3 B .

Sy HOM G IE , A AR IE , o G EN R A 30ml VE S #8 4H K, 30ml
T S 8 [ e AR O 2R A SR AT A, VRS SRR AL HESN Jy, R ST E% R R AR
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BN N E B . ESEAHIEE, R SRS A 30ml ST AR A
fid WVE S 22, R I A v 01 DR 7 S I VR o N B T N B B TE S T B AT
WAIE . X T T RARE, FEEE B M A EE, KT EIEN RN
— I E S RN ETE WAl R T S 2 o O P AR B UME A,
T B O WO, 2t B Rl BURE AR o R B ORI B KV B e
PR, X PR T 2R K PR BCAE RT DA L VBB DR 55 A R BRI

-3 WREBAFEHMHKNREREE

Fig.2-3 Schematic of microfluidic device for preparing microspheres

Segd RE R, PUAR B 9K B I g Y G A R B IR S R SR A, AR R
MRS S AR L . AR R 5 R ok WA RSl IR 0 Z HIAR K,
R AL R I JZ U, W AN BENUA 25 B o VBT 2 R 3 2 AR T 32 82 A1 X 0 1
AR B D) 3 AP AR T 5K 7 KA 20 SR I S 3 /A IR JT i, R
A RN R Hds s WO AR TE TR I s I, W0 N S T e A X, A R
DL, ESARVE R I BRI AT DA 3 i o R DR TIE VB0 1) ARE

2.3 KRB

C1) Al P AR S e Dy ) 26 1 TRL BRIt 4% 8 Fr o
(2) PDMSE Fr il iE N BE B AT BRK R R, SR 7KB 1 )5 w] H 3 1 26 K A il
RLYBCRG 8 S P VR HE BRI R
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3 BEKEANGFSRIE

3.1 5|5

IR I W AR AR I N, SRR R T SRt eIsh e . R4S
P R/NATHR L A GG B 50 1) R o O R A 2 REAE AR KRR b 4 v
FUBTE AN 3 /) AR B i A B S E I RE 22, EH RTELA BB 251 & T2
e DL S BRI R M AR AR T i & . AR AT R BRI AL R
TR 3 A A 0 T R RO A R B R BRI R 2, I T FE P AR A L X R
WAL B B RE0 VA B HE RS L BRI L REAR 7 Al LA e R IR 350 B 52 1

3.2 LIS
3.2.1 SWRNBEEES RN

%= 3-1 LIS PR EE(UEE &

Tab3-1  The main equipment used in the experiment
AUARAFR RSy RS
HLF R AL104 AR (i HIRAF
IR AL e R 85-Z ] AR A PR A R
1 7 0 #4452 DF-101S SR BRI
21k UPT-II-10T JRAME AN A B A PR A ]
SRR T G TM-1000 H ~7. 2 7
LAV S XA DHG-9097A SRS PR A ]
BRTRL LGJ-12 AL AR A BR A 7]
2 TH 7K 0 %€ A K100 Y EE A T /A
BOGRLEE 73 Hr A 2000 IR
7N BB IR A SBC-12 B 5T BRI BR 2 7

o R — S50 H
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*3-2  SEERTAERIAGR

Tab.3-2 The experimental materials and reagents
ESTLEZY N s G 3

AR D 2 FINAETT A A A PR A

3.2.2 BEIRKFANFE

(1) sy ECH B & . % D FAEA AR 57 2 Bl i &tk (S/AND + 50:
2.0, 50: 2.5, 50: 3.0, 50: 3.5, 50: 4.0 ic BVEW, HHRIEFH D HMELHE
I FIRN 100ml FEr e, 7B E&AE T, W B2 B 60min, 2
fift 56 4%

(2) FELMPH & KA IS BAKZEREL RN 1: 100 FEERK,
3 B DR AP R TN AH B & R 4K L 60°CK I IFa i, L&A .

(3) IR AGMSE] % BALRERIE NET, f&LZRENHE
3-1 Frvs o T B G B R AE VA V2 M 26N 30mil VE ST # A, IR 4 8 43 S [
SEFIH G VES R B Y RNE R B 88 S 0 A v D E R, R s
O A I B B N AR08 Tmm B 38 B 40 E T . 4 i BB SV ST
FEMWE, N EH, W dEer, BORAEE SR AH 58 AR W
EE, KosoEMEN: FRFERBHREE, BRBERERmRANIEGTEE
BEAR A U S E T, WY . ARSI R O B M RGE W i,
TG AR IS B, AT AR S B A L, B B R R S IR B

(4) BIEIRLA M TR WRHEAAE, BRERIEAUIRERAM K, ¥
AR b B0 43 1R S T B B VA TH P % SO AR A R, A e M RS ) BR T 24
FBAK 2 RIGEERE 25, BrERmERENRI I 76 85°C/KIB &M T 7%
30min, BRE NI MK BB ZIEIL G, 7E 60°Ca4F T H B
Mt ah BEAT TR AL B, A B AR T
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Fig.3-1 The process chart of preparing single spherical propellants

3.2.3 HmAIFRIE

(HJES 5t

) 14 B 2 UBE (SEM) XA (R 3R T 30 . J00RE K /N S SikE Py 30 &5
MFITRIEE e HTRERIE KN AAFHE, #1417 SEM MK 2 /1, %6
BN FE il EAT W A0 T K ) A8 B R S TBON /N BB DR SR S R AT O
TR, fFETEEEE, B4 30s, DEimiEd £, R T AR .
i 4 AbFE S EE, FEON I R TR, 3EAT TR S W 5 K G R A T .

()KL B 4 AT

SIS SR FH PR b 7 V0 RLAR 40 AT 3R AT DK, B R BE A A AR o ATk

PO KL FE AL R AR H5 Mie B R, 38 o I & B 4 A a] BAI s R AR
KT 0 1pm PRRL . IO R FEACIN R0 A% I #5456, T L B 75 i) (8] 962
WM, EEML. AR (DS0) EERBURE RN, ZEERRE M
Rtz i, — B HZAEAK . R FH BOGRLEE 20 A A0 A 46 i BR T 24 1) kL A%
IS, BCRE AEAR BT G HE 2 n=1.51, A SE58 SR FH IR IOGARL B ACRT I i R AR Y0 N
0.02um-2000pum, (HR 28 B HCKESR KT 100pum) B, W45 PR 2
M —EiRsE, PARNEEDNAZHENE. TR0 R IEERIY 2550 81
A K, IS & B WROSOR A L ERE 5 R K P e A A B, BERIRIE A
IRV, WORRLEE AR 48 ' B A R, HEE HRLAR B R .
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ARSI K FH I B AG ik, RRE AR . SR B 4 B i R
o FURLAR I, E R E MG BB R B I , BENLIEE 200 AN B0RL N #
A, FIFVRLEE 0 M BCAE, 0o il AT & B A R B R ST R AT T
%, tricse e )a, B EE @I Origin BOHF, Mol iR 1. BG4 vk I &= %
BEAMKR, BARRME, SEOCK EACZEE 7 kL 5 e R AERL L .

(3)HERA & L

XTERTE K25 S, MTMEREE- KRR ERMILEEEN SR
— o HERUBE AL T BERIE 25 N LA S BROE 29 ks < 1] 1) 25 B o 04k B R 2 40
JoT fE B L R S G RN H TR R CE TR IRSIM S AR 2 E . £
SEMAMET, T R AR R, TH 5 H R 0 3 AR

(4) B FE BRIV 25 BR T JEE 1) R AiE

WKL ) BRI B BB i ) L B A ME AR R . e R I, ORI ERTE FE
FEIERHGERI, (R IR XK R R ROk X 4 ki B B K.

YERURL I ERTE A DL P A E X

a. Wadell 3RJE FEww  ww A UKL S5 R B0 3R 4R 1 26 i AR 5 500k 1Y) 28 1 X
2, RARPURLANE S ERARFRIFER . B

v, =(d—VJ (3-1)

— RSB R F, VoSl BORONERIRE, BRB AR ORE 1.

b. Krumbein BRJE gk , XEMERZPHERKRTKE L 51THEEHR
PO b BRI R EON he — FRA BRI IR wi<1.0. 45 UKL 4 BR A4 B 1E 7

,TZ'S7 )H\U\I/K:l.oo
AN
=212 (3-2)
Vk (bj(zj

b 2
<)
Y SR 1) B8 BT DL A T L RE, B b=h B, BRIKE AT UL AL FE N L,

X BLARYE Krumbein BRIE By o F 55 5038 BROE 245 O BROE 12, € 80532 1
KRSKE L, 5 1TEBERRS N E b B E N he BT BT RAL KB
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TSR, ORI S B A T B, B b=h, #RERIE BN (1 .

3.3 ZHRISUTiE

3.3.1 TURITELHH

TR SR E ) oy TAESR T K I IAVE T B 3l de 1%, DASE i
MR EME . WO B AR E R 4ERE, B T B SER, 0T D& & 1 R T 1
A, IOV AR FR R B AR E VE o S KPR BB 1) 2R TV 1 R A M T 4R KR K R
T CO/WO TR 1) R 78 1 o 1) 28 BROE 56 25 I, 8 2 il 4% 10 =2 /K ALl B CO/w)
¥, HLB {H (Hydrophile-Lipophile Balance) 7E 8~18 ZIEUEI’J?LHZ 71 e 1% 15
0t PR R R R e A, XA Y TR PR T R R AE K R R E B Bl0E
We N T BORE BB R K JT, D& BB K52, Mok H ReiE T /K&
[TTRGNEAI

PRI AT DA BRI AR rh BRI 24k R, AR R P IRPRN S &
NS IKE ] 0.5%~2% . ) F G0 45 B il 8 BRTE KO 2505, 8 1 RE% IR
ARG, T HARAS RS E V0RO VR BD B T 9K ) 7R D TR S Sl
T8 18] ) FE 5K Jg, I PR AE I TR A 5% i 7K VA S P AR . DRt AT Tk
PR TR W AR N o BOAH, KAE R IESEAH . | T 40 B 1 36 T 5K ) b KR4S
Z, ﬁ‘ﬁ?@@%ﬁﬁﬁﬁ/ﬁﬁ-‘%??%i@@%ﬁEI’JMMZI—‘J:@}T N T FEARAE B
T PR A ST 5K s BRI R VRO I AR E M, SRR K RN R A R B BRI K
) 2 1 5K 77 o

3.3.2 fRITHEHE

il % B L BRI 24 ), V5 70 I 5 R MR R i PR S e BROE 24 () SERE
DRI I 77 B e R R 08 . IRABIE SRR N, S KN AR SR
[P 35, A R AR U o

Tl A0 A AE B2 24 AN XU 24 TR 3 AR R BE B o RLIK R S 5 7 1) 6 3R Ik 3
2, Eﬁﬁﬁ‘ﬁ'@ﬁﬁ%(ﬁﬂ:ﬂ(mﬁ FE R BRIE I 245 1 [ 4k 53 ﬂfﬁ‘:
F—0, fEisdEEy, SaEay R ES Y AT B P,
Wi R E /Tﬁ/%q:‘ﬂ%ﬁ/]{ﬁ TR R 2 K VR T 5E A [ AL
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3.3.3 MHEMELL X B EBKF 2R UA 5BV 521

I FH AR e 1 B R ) 4% B SR BRI R S 25, e AR R B R R A
IR IR . 20 SO PR L &, LA L BU R 5 25 1
FRBRAE T SR BE . R T W 58 1 A T T G R R SR S, S8 [ 5 VA A LE
N 500 2.5, 3 SEH R E (Q0) N 1000uL/min,  F3 BUAH K (Qa) IR W E N
30pL/min. 50uL/min Al 100uL/min. 43 % 7F 1% = R 45 £F F F) FH A0 42 3 & 1)
B BILERIE K B2, IERERE R HEAT SEM TR, 75 B B IR BRI Kk 52 I £ 0
TESUERAE « JUAT TR S BB 454 . & 3-2 v i = i & 29 il 22 o I 3 EE 4 1000
30, 1000: 50 A1 1000: 100 2% 1 il % B9 & ) SEM K&,

a.0::04=1000:30 b.0c:0¢=1000:50 €.Q::0q=1000:100
3-2 AEIRZFLLH D RAH LB EKE SEM
Fig.3-2 SEM images of nitrocellulose spheres at different flow rate ratios

M A 82 3, 43 BRI O 30uL/min B, 6 & ) B3R BRIE R G 24 R 42
bhae ) —, (HIESM B 2 o X 0] B2 RN 61 T AE R BN, T
FUHT B FH S TR 2, Y AE R 5K U AE N R ERIE I & AL . 4 B
IE B 30pL/min 34 0 2] 100pL/min B, BRIE 245 R4 IR K, HoR A2 M
270pm 4K 2 306um, JUAAT IR 1038 7 A8 45 B0 8 . X6 bE kB AE I i EE o 50:
2.5, PHAHAHIRIE L N 1000uLl/min: 100pL/min B, 1] 75 0 B0 35 BR R 24 1 200 R
w®IF .

TEAN A 254 N ) 45 B B IR RO R 24, HL B o B AR AR B, fE S i i 72
Hh U %2 B DA I 7 A R H SRR e s 24 4 B A 42 7 B 100puL/min
DL BB, VA AR E, X2 H T 0 8O 2 2 8 = A B Ul 15
T B 0 HOORH AR A DR M, YRR AR R T S R R R AR O R . DR, JE R AT
P AR L BCE Y Qe Qe=1000pL/min: 100pL/min.

Kl 3-3 1 a Al b B4 Bl i B A 1000pL/min: 100uL/min- ¥ A% Ll 50
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2.5 IS i) £ () B R BROE R G 25 1 SEM &I K AH R I R HBCR B, ¢ B Z kA
N EBE R ) SEM

a fHIL R ERE 24 b. FER K c. RN BEREE I [E
3-3 HULRIR T AR BER A E R AR 19 SEM
Fig.3-3 SEM images of nitrocellulose sphere and inner structure

H I 3-3 Ca) A nf A %2 B 7E S E HE A 1000puL/min: 100puL/min. 545t
50: 2.5 254 A% B BRI BROW S 245 I SR T EL OB, aE— PR BRI
Fm, WK 3-3 (b) fion, ATLLRIRTEA WS4l /N LR . X 42 TR
FE B A I R, I BRI 24 P9 S BT IR DR 700 S8 46 B R TFLIE TE s VR AN
B 25 F TH AT H B 5008 HL 3 50, 23 76 BROW UKL 2R 10 Y 1553 A7 35 51 4t /N FLBR .
R LREEAERRBNA T ENGIR, MEFELEENSNHEWE
Ko BESLRIBKIYL R 25N EE M L%, R T LT8R A 2 25 B
WFLEEH . 2T ERIL AN R GRS, AR EAERSN R BT
RN VLEE IR ERTE 25 1) N BB S5 40, 4 ok BRE 25 34T ) v b 38, x5 90 T 4T
SEM Wllisk, MKl 3-3 (o) Hnf USR], BRIE LW o 255, s
S

3.3.4 BEKFEAMTFIEAR

BRI RS E TR TR R M T A, LR ELMET, AU
M AETE. KIBZAT =M AT bE£. ALK KA SEM X [H
AR & . ANE T TR ER I RS 25 30T RS, W 3-4.
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a. A8 4T bR T 1% cIKBETF
3-4  AEFBEHFXATEELRMIKA SEM [E
Fig.3-4 SEM images of nitrocellulose spheres under different drying methods

Hi SEM BRI 2], fEIX =M AE T, T HRAF 2007 Y R I T 105 3%
Xt BEAR L I AT R KFE W, 3K A AT RE S (K] Dy i) 46 1) B0 3k BR324 P9 T 25
I LER 0« T EROR 25 2 2 =00 T 2218 BIAL IR, BORL A 38 (10 9% 571 5 4
KA e A, A RAW R T BT8RN T YRS, & TET7
e, EARNERK. BAFRE R BEEMAER T R IEAR T YR
FEIRAR, BRIE UKL TR J5 25 5y B3 B 5 6B, 10 HL %2 VR AK, TR K
W PRET IR 2 MEHE, TR, ARSI TRy SR KR T

3.3.5 Atwtbx B Rk AN EE

] A4 RIURE K /N FURE A% 73 A1 15 0 55 PR 3R 5% Wi BR R % 5 24 R 4 PR RE . 7E Tl
AR R JLART &5 R [ E ANAZ . PR AR EE DY 1000 puL/min: 100uL/min B, 5%
M) f, 35k 2% R ) R 3R 32 02 20 BSORE A A B . BRLIG, R RO KL 0 BT AR 5
[F4) 425 00 032K 20 0l R AN T ¥ i B 2% A1 T ] % 1) B0 RO 24 (R K042 BE AT Tt

3.3.5.1 JNUTHIEME

WOt KL FE J3 A O K A A B K TR 2 (0 R AR I, EURE A0 A 00 3T Ol Fi 2
n=1.51. 7EFAHEL N 1000uL/min: 100uL/min, & LA 50: 2.5, 50: 3.0
FAE T & BRI 25 0F SO TE VRO AR O AR E . RN AT, R X
PRAS S5 AT T 45 1 B R BROE R S 2 AT R AR 20 e B 3-5 TR i) Cad A1 (b))
Iy MR RIEREEL A 50: 250 50 3.0 IR 23 A
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a BtREL 79 50: 2.5, WELLA QOc: 0¢=1000pL/min: 100pL/min

g
5.01 0.1 100 1000 10000

1 10
Particle Size(um)

b.iAMEL A 50: 3.0, REELA Oc: Qe=1000uL/min: 100pL/min
3-5 D 18 W Bk KL 15 53 75 &

Fig.3-5 The particle size distribution of nitrocellulose spheres

HH & 3-5 %0, WABLEE N 50 2.5 FIEREEL 9 50 3.0 5 Tl & R ERE 2
[ R A% R Ak S22 o0 A, A5 PORLBE 0 A LU o, BRIB 25 R AR SR fE A
7 (D50) Fir. BT3Bk EACEN & KR Z (100um)  Bh_E (1) F0RL B A7
fE—ERwE, BRI ER—ENSHENMN, dithn] DL 5§ ki K
N Fe oy A g B

FH WO R FEE S B 1) HR A 2 B R 3-3 T, AT LA VAR LE AL S0:
3.0 3G 0 2 50: 2.5 B, AR P AL 4R KL AR B 343.720um Jik /) 3
305.922pum,

®3-3 HABEEKHPAE

Tab.3-3 The median diameters of nitrocellulose microspheres

B (o) ¥4z D (0.5)
D Zi#H 50: 2.5 305.922
D 2% 50: 3.0 343.720

W WM RLEEN Qc: Qa=1000pL/min: 100uL/min
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3.3.5.2 EZgotEMNE

F G 23 # i 0] 5 & b o A B0 R RO K 3 25 kL AR R A2 o A g oL,
1% 53 B 2 2 B L % B — 5 H i 0 B B BR O 24 Wk i 4T SEM Mk, M A
BE AL ELRE A 200 BRI Z5R0AE, FEabAT 2882, A A origin FAFAEE .
) EAZ 43 B 924 i %k s AR EE 9 500 2.00 50: 2.5, 50: 3.0, 50: 3.5. 50:
4.0 %A% T I 2% 10 SR BR T R 25 B R AR AT AR, 45 R W 3-6 B . VAR
Eb A 50: 2.0 B, BRIEZG AR R S R AE 240um~260um 2 (8], X A4>Va [ P 5
Rk B 7K 90.6%, FHE Gt 15 W BT ER Y 25 (1) ¥ k42 O 250um. IR
FEEL N 50: 2.5 IF, KifREE R LE 280um~300um M) BRLL S| T 84.0%, FridEk
TE 245 107 ¥ RT3 K042 O 295um,  Z AR 45 R 5 B0 R AR 45 B A 7F
WHIEE A 500 3.0 B, RIARTE 340~360um (K HURLIE B T 84.4%, “FHkifeik
345um, ZMNR 4R 5 BOCR G S5 RAHRF . Rty 50: 3.5 1), i
By A AN EE R, B AR VG B E 340um~360um, AT 15 BRIE 24 /) °F #ki 42 4 349um.
WRRLEN 50: 4.0 B, KifR5046 56, K20 A 7E 320um~390um Yl 1y, “F1
FEARIE 350ume  XF AN [F] ¥ A EL 2% 44 T il £ 0 B8 R BR% 5 24 1E A7 0 L 4 A R
B, RS B LA 5 A 1] e AR, K I P AR IR EE %) 08 1000pL/min:
100puL/min B, 34 00 7 SO SO GRS 00 & &, BRO% B0RL = 9 16 R 4% Bl 2 3%
WK, (HEMEAE 50: 3.5 DURE, BRIER SR A K/ AR, ki
BT, X REENERELAE 50: 3.5 DUNE, Aok vE R, BT R
A 0 B0 B Ay BOME VRO AR O R AN E . A E, WAL R ERE

RLAR I3 A7 A2 5E

o
o
B
o

Volume(%)
- N w
o o o
Volume(%)
- - N N w w
o (3, o (3] o w0 o (3]
A M S

022 023 024 025 026 027 028 0.29 0.24 0.25 0.26 0.27 0.28 0.29 0.30 0.31 0.32 0.33
Particle Size(mm) Particle Size(mm)

a.BHREE 50: 2.0 b.iAREEE 50: 2.5
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204
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e BB 50: 4.0
3-6 D RIBHIKRLEZE D E

Fig.3-6 The particle size distribution of nitrocellulose spheres

3.3.6 imtmtbxt s Bk 25 % E RS20

XERTERK M S, RTFREREE- KRR EERRILEHEN SR
—o NI, ARG [ g % 25 AR A2 O O JAE EE DY 1000 puL/min: 100 pL/min,
SR 2 4y [ € AN AR, 38 I Y Y 43 B BV N B A T A [EDRLAR 1 A A A
HRIEZ], FEEXIEERE RS G AR B . ] 3-7 BRI RARIEMIL T
i1l 45 (0 TR 1 A A 1 HE AR 5 1T
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~0.814
ap]
E C
< 0.804
bﬂ r
~ 0.79-
M i
%30.784
% 4
410.77+

50:2.0 50:2.5 50:3.0 50:3.5 50:4.0
VR C S/N)

3-7 TEIARLE THIGHHEURKEANEREE
Fig.3-7 The packing density of nitrocellulose spheres at different S/N

BB o BT vl 0, MR EEAE 500 2.0~50: 3.0 Z A Ky, 45 1) IR Bk R
25 HERL B FE bl 0.77g/ecm? B K B 0.81g/cm?, J5 K 7] GE 2 VA AE EL A 50: 2.0
I, o ECH AR ARR E D, O AL, 3 BORTE R N B A f ks, HE
R LI, A VA A EE IR0, VB0 RE A AR DR, VRGP T R BT O R ek 2
WAk J5 T I BRE 25 Ri 42 3 50 . NS M B0, HERR B REtA P s g
M EEAE 50: 3.0~50: 4.0 Z [A] I, i 2% f) B B 3R E A 5T 24 B HE ARV BN
0.81g/cm® T B3] 0.78g/cm3, X2 K 9 LL 1 50: 3.0 98 /NISF, 43 B R 4
K, BYY) I AR XA B B o> B, VRO AE R AR E . B E, Bk
32 BRI 29 R AR A AR T8, PR HERUR L T % . VAT LDy 500 2.5~50: 3.5
O R N ISE, AE AT BN AT A R R A R A R, HAERX AN
BRI N, YR A 38 ST RRE -

3.3.7 BRI R EBKR AT E RIS

SR ) BR . 5 B 2 52 ) LI SO RN HE AR R . PR IR 0 L AR & A [
E, MIEE N Oc: 0s=1000pL/min: 100pL/min B, F) RO 428 A 6 % T
WHAEL A 500 2.5. 50: 3.0. 50: 3.5 X =Fh %M FHIRIEERIE K125, FEXR
H Krumbein 3k B yi M 2 11 500X 26 B L ROk Bk B o | T 1) 4% 1) JR 2 3k

b 2
a0
W51 SR, BRIE B AT 45 8 7 1) %, gL 3-4 Pig. AEH

BAE T, VEHBELAE 500 2.5~50: 3.5 VBN, BRIEEHAIA 0.90, X2 H
THEZJa N H &R A Fa e, BISERIEZ . B ar . 5.
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*3-4 AEFHTHREMKOKTE
Tab.3-4 The sphericity degree of single-base propellant under different conditions

B (o) BRI JEE
50: 2.5 0.90
50: 3.0 0.90
50: 3.5 0.90

3.3.8 AtREEIT B ETKFL AT MAZ IRV F2 M

FI) A AL 42 B ) & BRI BRI R 24 N, 4 R AR R T L R A
WIS R . AR E . 2 B VAR LLSE . O T AR A SO VA L
X RS ER R S R e, AR S I6 K A U BE [ 2 N Qc: Qa=1000uL/min :
100uL/min, 38 3 8 45 43 B 78 A EL #1) & AN R AR R AL AR BRIE 24, 9F
Xof i) £ B FE S 34T SEM AR, 15 B B JE BRI R 5 2 B R R SRR AE . 1 3-8
b ) TR B 4 R R IE R B Y 50 2.00 50: 2.5, 50: 3.0, 50: 3.5 1 50:
4.0 251 T il & B A S ) SEM K.

d.i&#aEL 50: 3.5 c.AMREE 50: 4.0
3-8  ARIRMRELHE) D KR HIKE SEM
Fig.3-8 SEM images of nitrocellulose spheres at different S/N
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FH AT 0, A S 6 ) 45 HH BRI Kk ST 2R AR 4R AR 250pum~350pum 2 [A],
H oy g by, TESUMRE o % B2 20 4y [ A AR, BE A& 0 SO T A L IR oK
] & I BRTE & B 25 ORI AR I /N o TR EE AN 50 3.0 FRAKF 50: 2.0 B, HE
BRIE R 5 25 (k042 N 250um 3 0% 350pm. B a BB N 50: 2.0
IS ) 2% ) SR BR O 245 1) SEM B, B EIAS H H R AR 8 250pum A4 Bl b BoR
I E VAR LL A 50 2.5 Bl & IS ERFE 25 1) SEM K, MRS HHER&EN
300um £ 45 B ¢ BRI AR EL A 501 3.0 B A A B SE BRI 25 1) SEM A,
S H RN 350um 4. B dFl e 252 &ML 50: 3.5 A1 50: 4.0
BB BRIE 2519 SEM B, B o o] W0 52 313X PR AS 2% 1 1 il £ 1 LR BRO 245 1
KA —, KRB THAeRSEER, 28R K, sy vER 7
AR HE A8 Y0 T R TR O S - R, R DA ROIR AR G, BT SR S S PR 2

XFECR I, 2 A I L fE G R ST B E AN AR, AR LEAE 501 3.0~50:
2.0 YU A B ERE RS R o A A2, BLISARLL R/, B3 BROE 24 K
PR K, T ELAE 3K AN V8 PN TR R OIR A, B AR ROV 3 S MR
R, EHEABEE A 500 3.0~50: 2.0 o [ P9 38 i 3R 95 4 BOR 0 b L 1) 4%
BRI BRI K32 .

3.4 KENG

(1) ) R 25 s D o) 2% HH A o 1 7K v 28 AR o

(2) FFHTAIPDMS i #2585 v B Dy i) £ B JE 3RO K 5 24 o] 4% B L 2K
TE RS 2 B AL 4 . PIAIRIE L Qc: Q4=1000pL/min: 100pL/min, 43 #H1
FH R EE A 50 3.0,

(3) WML N50: 2.5, ESMAFE (Qc) N1000uL/minf, 4 BUAH I
H (Q4) M30pL/mind¥ K F100pL/minitt, #5524 5L 3R & 5 25 1 kL 4% Bl
FH Qaff BE KT B4 KB, H270umY K #306um, RWESE T HE. 4
Quid 100uL/min, R4 BAFRE , KA 5 A 5 .

(4) P FHRE N Qe Qa=1000pL/min: 100uL/min, ¥ 45 EL 7£50: 2.0~50:
3.070 [ I, ) 00 B R EROE 5 24 I R AT I S VA A LU I I B R
P42 B 250um K #)350um, HILRMILIME, WMWY E . KEHAH
AL B . BB /N TS50 3.08F, R CAS R OT R4 A, TR A R
R, KRAMAREEE. B N50: 2.5~50: 3575 I, #1450 64 10 18 3k 24
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4 WMEIKF ARV &F SR

4.1 5|5

SR ZGML, XMEEGRPE R BIEAR, el H s DR RE e E
PG RIS 0 il 2 00 T BRI AR v, JE T 88 = B R
T BT il 2%, AEUE A T B O 128 A8 Fr 1] 2% XUEE BRI R A 245, T A 0 VA A
EU T S AR T BRI B A 5 Wi DA e 0k 1R AR 24 (1 B8 Jo8 1 e

4.2 SLIGER4y
4.2.1 TLHEMBENI TR

Fa-1 EEERTAERIAR

Tab.4-1 The experimental materials and reagents
i AR FkE G
TR -2 PMAETT e DA BR A A

F42 LHEFTRAEEMNERE

Tab4-2  The main equipment used in the experiment
XA LEes) CE I
HLF R AL104 AR (D HBRAT
IR AL R 85-Z bR SR A PR A ]
a7k UPT-II-10T AR AL A B A PR ]
EE RN G TM-1000 H 372 7]
ot o — S5 = 1

4.2.2 WEIKFZHHIH &

(1) 43 HOME ) ) &« R OU3E R SO A A 55 9 77 o il 4% s & B (S/ND) = 50
2.5, 50: 3.0, 50: 3.5, 50: 4.0 FCE W, 15 PR EF 0 803 WA Al 771 TN
100ml BEdp e, fEFEFMT, MW B2 60min, RIFEMTA.
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(2) HELEMPH % BRI RSBAKIZRE]DY 1: 100 B H R,
R T ORI N A L B R 2K, 60°COKIR AR A i, LA AL H]

(3) XA AHH & BAOSREARIR THET, & LZhENE
4-1 P o R P B 3 19 PR V020 a2 N 30ml JE S 4% 5 IR B 4% 20 i [
SE R G EES IR b I ZEREE R R A S B S R, AR
O R i A HHE B AR D9 Imm 1) 3508 6 40 B FR T R . 20 9 W E A B TR A
RN, 4% N R sh i, JPaREEm, BN, RIS A 58 IR I 1
85 ER o O HEN AR B AR E T, R R B R S R AN BT 5
A o> M A A o, W . ARSI P LS M B B A A, A
SR AL s DL, AT ARAE LS B A DL, B U R S AR N, B AR R
H o

(4) XU BRA LG0T 4 W0 [ AL Je XUk B 25 TURRAE B AR IR AR, s
JE A B I BRI T S TR VT )k o R AR, SR R IR AR BRI 2.
ARG ERIE 2538 Ve 2 Ik, BRERERE MR, # 85°C/K 7 30min,
B 25 AR SR AT (K 73

o .

-  (E)
‘ﬂ%ﬂﬁﬁ
S8 733 AT
reak L R
R &
— | GEZAHD %
oK - '

‘ m&AER | TR | EkEER
=t B2
& 4-1 WEIKE % HAH & T ZRIEE
Fig.4-1 The process chart of preparing double-base spherical propellants

4.2.3 MHmBIERIE
()B4 0
) A4 B S UE (SEM) ST B 1 R WS 50 . B0RE K /N J 0K N 34 485
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P HEAT RAL 5 20 M o XA BROE B 24532817 SEM UGl , i Ak 207 30 &%
BAFLRE 5 SCE 3.2.3 LRI RO 24 1 Ak B D5 A R RAE T I A TE]
(Q)HER 5 [

HERR A5 1 B 245 N A DA S R IE 24 UKL 2 18] (1 23 Bt o 0 X E R 250
JoR B XU BR R R S 245 (W UL B R DOAR IF CEL T e IR 3h (K C AR AR A B 1
FERLE W2 AF R, E BRI AR AR, oF 550 HH R i RO HERR S
(3) BUIE BRI 24 BRI T 1) R AL

X HEARYE Krumbein BRI Ly g tF XU BRI 25 O BRIE T, R0 0E 8052 1 %
KRSKE L, 5TEBERRS N b B HE N he BT BT RAE KB

b 2
a0
TE5R e, ORI 5 T VS TS B, B b=h, WOERTE IR LN L),

(4B 7 M

A S 58 A SR €8 38 (GO AU A i o 9 51 1 5 B IR L i AT #E AT R AL 5
T SR EAE 1% NN I AT & R, AT SR M. SRR S Bl 1%,
YOI AN B R AT 5 g 0 o
(5)%E B IR b 1L g

YR A BEWIF T 1D A R S 245 1Y RE BB RO A DA S IR R RS e . AR M E R
KN LG AN 2 R AR K S R TR o) M B AR A A I A 1) U BROE R
IR~ TS AT Cu-p) it Z R P Il S 26 R 58 (R A e 1, 190 K 4 1) 500 1 g
RIda e 1k, O R I 24 1 SOt 4 AR 3

P R A R T K 24 B R D0 1 2 38 4 5K

fA

" 1-aA (4-1)
favly Po—55 P8 2 4 NI4T 1 85 K 775
AN—5 R R A A K 24 ) 2 SRR
J—RE MK E T, R KGR 1 fE
o— R, WARE, RHEMEEKR, Mm@k,
DA R s DR R R R, ) T T P B e A 2R R
ui=ei/Ix (4-2)
X er—KEEZEERE, mm
L—& 14 &E, MPas
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T M S5 25 )RS RN, BRl R J1 b &t 2 2GR I R I 25 6
iR

MR AT 21 1 PR E SEFm b2~ S BRI -

WAIE v 20 U=U 1 *P, (4-3)

Ui—#RE 22, mm/(s-MPa);

P—¥AKER K 77, MPa;

n— & JTHRE, RAE KRR A K SR FR o &R ST, XUHE 25 AN o fi
By, nfETE 0.5~1 Z [H.

K25 BRI 5E 1 W B g b i

Le=ei/u; (4-4)

LA PLE W, Mk —E, KAMNREEEEZEMYIE— e, XT3
—E PR KA R, Lo — ML B P & TR & — 2 i .

A S0 ) FH 5 P AR R 2 R U G BROE 24 1R AT R S B R I e 1 I A
MRS, S o RO AR K A%, H— € 2 AR AE A K 25 a3 4t v i
WEE, BIRABKRIE RS 25, RS ZBRER P-t H& vl 4 3R15 . H B A HEE
A 50 ml, BEIHZEE A=0.12g-ml", RIGIHZ &N H IR 20°C,

4.3 HER5TR

4.3.1 fURIE S EUE

SO FE R N 2 AT A I . BERRTR S SR Ol . XL k24
IR RS AR . RS AL R R R . LA R I 3 T K A7 i A T K
FIHKF7.

43.2 AIREEXTWETKAZ R 57 A M

SR, XGPS . BIEE, Brol B ard s 02 RS
B NIEL . KA SIS R T Y8l 4% ) o BOM P E AR EL A T A
[ R A58 PR U BE RO 24« R FH A 428 5 R o) % U KO K i 24 I, o VG 2
R FEERRAROEE NSRS BAHRER .. B0 ERLSE. N T
Tt 940 HORE V5 A LUORE B BR 8CR I 52 ), A SE2 36 s 4 HIORE R 522 482 A 119 3L T4 L (]
5E A 1000uL/min: 100uL/min, 6 & 7 A [FVE A & AR B XL BRTE K 524,
X H AT SEM RAF, 1321 0EEERIE 41 R WIEIUREAE . B 4-2 1, a 4%
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BN 500 2.5, b BRI ZEMLIL A 50: 3.0, c FIZMHEAEMLILA
50: 3.5, dMIEKMRABEMEELA 50: 4.0,

c.iAMAEL 50: 3.5 d.iBREE 50: 4.0
4-2 NEIB L B W E B2 2580 SEM B GRZEEE Oc: 0d= 1000pL/min: 100puL/min)
Fig.4-2 SEM images of double-base spheres at different S/N

I FH A5k 45 B R 1) % XL BRI R ST 25 ), 3 SR A0 Ay SO 5 ) 30mL
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T I L BRI A 245, HRi4R 4 260pum, MR 2, K b RBEMEL N
50: 3.0 Bl & P XOIEERE K S 25, RifE~ 300um A4 XFEHORBL, [HE
PR A AL LL,  FE GO T8 RSE [ R R, WEAREE A 500 3.5~50: 2.5 VR
[ 4k 75 2 BRI 25 R0 42 0 A 48, BEE VAT LL IR IR0/ il & B9 KB 24 1 R 42 3
K, B AEZE N R AR, SRR AT AR TRAE 50: 3.5 DA
NE, BERRBRIE K G2 RIS . KA, Xl Tzt e
UIE 3 A 2 VAT S0 108 25 23 B0AE B0 USRS iR AR B, B BT 15 0 35 5
P, B, FIEEVEMEL N 50 3.5~50: 2.5 ¥ [ Py 3 i T 4 HORE I VA R
B ok 42 il XU BRI R 559 26 TR R 4%
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4.3.3 mFREbXTEBKF 25T % E 8520

XMERE RS AME, MTREREE-RRARERMRLLEEENSH
—o Ak, ARSI [F e % S AH A 2 B ) A 1000puL/min: 100puL/min,
TE A 53 ] E ANAR 3k I 2 B (R VA B A T A RDREAR (RO Bk
TR 25, FHMK 7 XK KSR E R . B 4-3 A [ L&k 1
I A R U BR T S 245 ) HE AR % R 22 1A

09204 W

[ |
0.915- - e

0.9104

HE R JE (glem®)

0.9054

0.900 [

5020 5025 50:30 5035  50:4.0
HHitL (SIN)
4-3  TREIFZFHTHREMIKEREE
Fig.4-3 The packing density of nitrocellulose spheres at different S/N
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He LB Al IA 0.92g/cm®. H AP EM LA 50: 2.5 B, MERIEEH BN BEN
0.90g/cm?, IX 1] G2 K 91 4 AF 1 il 45 BV LL s o AR, 5 Rk
BRYEANUT o AR ELAE 500 3.0~50: 4.0 S5 Bl P9 I, il 15 10 X036 BRI 8 3 24 1
T PSR FEAE 0.913g/ecm3~0.917g/cm® YU N, ERIE AR ki12 23 K@EH . &
LR 50: 4.0 B, MERUE FERS A T B, IX 02 BN o BORRG 1 O%, BT U0 0 1R
A0 0 T B8 2 HOME VR AE BOUR AN R E . SIS E, [ B BRI 24 kL
B AR, SRR E TR, F, 20 BUE % iR e 50: 3.0~50: 3.5
V0 [ P R ) A M AN A B R . AR PR LT I XU BRI R A 2 .

4.3. 4 BRI WA TR E IR0
H BB R TR Z R, B LA SE56 R ) Krumbein BRI 5y il
B UE AN RV R LU 26 F T AR 00IE Bl sk (18 BROE JEE o ] 6 X002k B 245 (V0 S M 2
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bz
v=(7)
BRI B W] 45 8 = V) ¥, s ins 4-3 fior. IR HN 50: 2.5~50:
3.5 EE A, B KA IRIE AR E S, Bl 0.92, X2 M T
W e E N, BN BaRE, EE B B2 R,

* 4-3 PEFHTHNEKE AR E
Tab.4-3 The sphericity degree of double-base propellant under different S/N

B (o) BRI JEE
50: 2.5 0.85
50: 3.0 0.92
50: 3.5 0.90

4.3.5 XEBKI R BRER 14 e

BRI 1 B AE 50 14 72 R 5 24 1) e B R TBORR e DA S A e e v 1 o A Jos 1 i
KRR EMAAERRK KR, Wity ﬁMW@E%WHmuﬁwﬁk%
2R~ 7 Cu-p) HE 22 0R 0 W7 R 5 25 R e i R e M, Tl o 28 1) o o 1 e
A e, RS 25 0 et B AR 4 . XA AR EE O 50 3.5 S5 I il 4% 1 XL
SEERIE R B 25 34T B SRR e BB A, T B R SRR - IR D i 2k, A EE
e A 2 AR dh 22, ] 4-4 Prox. BRI R 4-4 Fios .
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The explosion test curve of double-base spherical propellants

F44  BHAREEARMNENSBERE

Tab.4-4 The test date measured by the closed bomb
F Pm Tm Tpr P'max P13 L U, I

n
= MPa ms ms MPa/ms MPa/ms 1/MPa-s mm/MPa-s MPa-s
S 0.
156.79 1.46 0.65 227.84 203.84 19.1 2.23 0.07

5| 9
F: BERAR U=U1*Pn Pu=31~86MPa
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FHRE R AR R, EOREMRA W I RE R T 2%. B A
W45, F T 5% PR A4 Mk 3K i 2 B 25 &0 0. SR 50mL %5 P4 1%
Ras, WA B OP-t th4k, 23 i P-t i 28 a] 753 H R A 2 1 5ok
J£ 77 Pm /& 156.79MPa,ix 2| & K & JJ B0 6] Tm 24 1.46ms, RI#EAN 2 B A
fRIBS 184 1.46ms; H@dP/dt-t fiZk 75 H, £ Tm=0.65ms, J& 773K %14 | &
KAH 227.84Mpa/ms, “F- 13 & 774 K % 4 203.84Mpa/ms ; @ i1 F L=f(P/Pmax;)
& oA it HAR 2] L=19.1 (Mpa.s)'s @M BHE-2 BRI 245 T-P it 28 ] 75§ #F
v ()3 AL P BE AN B PR R . HH 2R 0T DU R S I T-P il £ A R AN B B
FFABANER . T IRIER, WA AR N AL, 1S
BRIE 2515 % VAR I 4 BRI, MIUE BRTE SR 40 UL B8 3G K i BRJE 25 9 51
SERII LI, AT TAE AL 4G A be I B I B (T AT BB, fEwh
0.13 I}, T3k 3 H KA N Twm=29.82(Mpa-s)!; #E N 25 R RERY BN, 3RIE 25 &
IR RE, BT ERIE AN AIMEE — BRI ZE MR be % 2, TR
FRBOCHE WU B B IR TR A 1R 5 e HE T SRR A e T 1Y K 2 . AT
FKIHT N . ©H & /8 dh 28 dp/dt=f(P) 7> #7143 i « % K JE S 86 F 250Mpa,
SRR JIEGEE 150Mpa; © K25 /184 0.07Mpa-s; 24 n=0.9 B, BREE B RFE
PRIE Ui 4 2.23mm/Mpa-s; 24 n=1 K, FFAEBRHE N 2.27mm/Mpa-s, #AkEH K
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HH % P R 45 R 50 20 Je dp/de-t BRI B AN w-p BRI G LU £
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B (0D /ADNT 1, BRE-E &R SMETTH BT, 28Ry
24 ek T R Joe it %

4.4 KEING

(1) TZIPDMSHII 455 Fr B8 F D) ] 25 XUHE BR Y K 43 245

(2) PiM R E E N Qe: Qa=1000uL/min: 100uL/min, ¥ #f Lk 7E50g:
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BB, RUWEHAE, HEER, k092, HEME/NT50g: 3.5¢
If R PSR 7 AU G, RO AE R . RN AR E o VA EE A 50g:
3.0g~50g: 4.0g 6 [l P9 BT, il £ 00 X002 2R OB KOO 24 1 ok B R u R T A
0.92g/cm3.
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