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#REE HD-01 (43X U & 0O 1% — 4 & & 99%) 5 QC,
4 fF 99.5%,

{45 : JA3003/0.001g ¥5 % WL F K%, g 5000
IR A PR Al 5 DZF-6050 7 B 28 T4 4, Jb 503k
LA AR B A PR R 5 Super BUFEUR T 46, AL
SOKTFE () A BR 2 F) 5 NDJ5S U Jie % R B2 A,
i B MBS A PR W] s ET-320 B F e E I, b
SRR LT R A BR A A .

2.2 BRMH &

ARSIk SR Al R X Al NPs 3 T HE AT i
PEACEE, PO R 5 Al NPs Jiif [ 0.1 15 BRI
BROBLSE AR AR T B4 e & 40 oK 48 i
T HCR 5% RERLEL (AL/HD-01 Fi AL/QC)

23 HMKESRBMNN RS

FACB A T R B R R A I
K255 m #fH 130 mmx80 mm B JE 10 mm,
4 pm B Sz AR Y M (BOPP ) B8 1 B0k 8 43 R i
JEBCAMI R B o SR AR ACHE (250 L) FIRL B /R W A8 55
TRRRE, 15 20 10 SO W B AR 7E 2 ~5 pm )5 i
PE AT R R T T S e CRRE R TG R
Foo o 1, U0 AT, SR B 28 JE 0w R Bt KR B DL &
IRAHER B3 A F 20 Pa, A% K 0.5 Pa - min™',
Z 5 ) e Bl A SR (A 99.999%) A b v R 3R
SR, IFE A G A AR 45° 9T 5K A T8 1] I Bl AR
RHIEIE o R FH AT il i B2 7 Xl s BOPP i 5 JE i 3%
Wi o ARE BRI Ty 1] 22 %€ 3 A e J1 ) 17 ) Ak
7% PCB113B26, 8 A 538 0% 3 13 O 50 78 A S 98k 5
AL . 55K e Bty 1] 1 ) A% J 5 2 R [R] 07 8 IC A D8
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JE R % B A 39 4% ( PMT, Hamamatsu CR115) ,
HIRAAREJGERS OH™ A EEE S KA R E
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BRBEX IR A A A KR i A i A T 4
R — 4 FRAE O OC &l o IR BOR AR
FE 7R B R R 7 SRAF RS K SR I T 2R
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PL—1k HD-01 #Ekl ik g5l (£ 73 0.1 MPa,
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Fig.2 Schematic diagram of defining ignition delay time
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Fig.3 Photographs of suspension fuel samples and dispensability of Al NPs in fuel

VRIXE , i LA o i 4% 4°F T, R SE 4 A KCHE 3 B ) 250K
[ I, DU B e 1) e K 7 B 45 K S N7 3% PR A s, T PR RE
A, D7 AR IR 2% I 0 JCHE 3R I ] e HD-01 %
BEAb iR B S AR, SRR K E e 4 (R I 1 s B A
Y 1 AR T L) oA B A K, K 2R B SO > i 2% 1
AR R AR KGR o R 3 A5 T U ARIORE Y R A
MCKURBE 3 3 RTAL, IR AL NPs Al DR IR e f

R 1 Al NPs K TUFh 8} 4 Rk il B 5
Table 1 Basic physical properties of Al NPs and four kinds of
fuels

density viscosity combustion volumetric
fuels (20 C) (20 C) heat energy

/g - mL™! /mPa - s /M) - kg™ /M) - LT
Al 2.70 - 31.1 83.9
HD-01 0.93 3.2 42.1 39.1
QC 0.98 1.02 44.4 43.5
5% Al/HD-01 0.96 9.4 41.6 40.0
5% Al/QC 1.02 4.5 43.7 44.6
3.2 SUNZERRT (E

XPREAS TO0E S = RS2 5, o T 048 7 S5 B 52
B B b AR T A0 R S 0 e R = ) X 4 i 8
S A A DR R AR AR B 5 4 A W] 1 O, B AR ) 46 S5
A — S5 DU A5 4 1 e DX I R AT A I L W A [
FOR AR 2 /N T 2%, 5K IERHR 2 /N T 10% , B4 T
B =R S TR 2 . K4 45 THD-01
FIAI/HD-017E 0.05 MPa #1 0.1 MPa [ J7 i 5k 4iE i)
SRR o 45 R R WY, PIRP BB A1 K E I
Yo7 I U 8 v T ARG, 24 R I AR TR, AL/HD-01 BAKE
KA B B AR T HD-01, BRsin 44 >k 55 4 #) 7 HD-01
Wk, Wil & 1k 0.1 MPa B, HD-01 #1 Al/HD-01
FRSEE I 535310 2 80 s (50 s (i 1750 K) 1 900 pis
400 ps( ik 1450 K) . hidE i AT dw Ak T & = UE
HEE S8, K 2% JE S /N E 0.05 MPa, HD-01 fil
Al/HD-01 8 B 0 K A& I 35 4 Jr 3 fin, HD-01 #1
Al/HD-01%43 5124 300 ps. 180 ps (& ¥ 1750 K) il
600 ps.200 ws(1600 K) | & # A [7 B 3E ] QC
Al/QC( I 5) , BPasma ks A 1T QC sk, (HiZ,
VU Pide C/H 8K, mi K58 40 BA B 1 T HD-01 1
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=2 DRCRHE A R R )/ RE R B KCHE 3 ) [E]
Table 2 The ignition delay time of four kinds of fuels at differ-

ence pressure and temperature

fuels p/ MPa T/ K Ma Tig/ 1S
0.101 1460 3.28 888
0.103 1506 3.34 521
0.102 1539 3.23 392
0.098 1652 3.13 157
0.101 1668 3.19 136
HD-01 0.105 1637 2.98 204
0.103 1750 3.25 80
0.055 1580 3.47 853
0.058 1637 3.32 552
0.050 1680 3.17 403
0.053 1740 3.38 286
0.104 1425 3.36 524
0.101 1534 3.20 244
0.102 1554 3.26 204
0.101 1672 2.99 82
0.103 1704 3.13 67
AI/HD-01 0.098 1740 3.32 50
0.056 1560 3.27 640
0.059 1626 3.22 383
0.051 1688 2.97 277
0.054 1742 2.98 187
0.108 1480 3.64 542
0.109 1540 3.33 385
0.106 1555 3.28 338
0.105 1594 3.12 286
0.101 1628 3.22 237
c 0.103 1668 3.14 198
Q 0.101 1753 3.06 138
0.050 1565 3.02 930
0.059 1592 3.20 776
0.053 1642 2.88 576
0.051 1703 3.37 415
0.057 1758 3.27 295
0.096 1450 3.26 460
0.098 1535 3.02 265
0.105 1565 3.06 216
0.103 1604 3.02 195
0.106 1630 3.40 166
0.099 1740 2.95 91
AlQC 0.052 1500 3.57 590
0.050 1557 3.10 436
0.048 1588 3.35 366
0.053 1659 3.11 265
0.059 1703 3.03 225
0.050 1732 3.28 199

Note: T and p are ignition temperature and pressure, Ma is Ernst Mach of

shock wave, 7, is ignition delay time.

T3 PR Y o I KR

Table 3 The minimum ignition temperature of four kinds of

fuels
fuel minimum ignition temperature/K
0.05 MPa 0.1 MPa
HD-01 1580 1460
Al/HD-01 1560 1425
QC 1565 1480
Al/QC 1500 1450
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3.3 RN

PRBE SR IE BT 5B R ) Y L BB AR
Fve g A 270 W e Arrhenius 8 &R A
A (1) Fios:
T, =ApP ¢” Xolexp (E,/RT) " (1)
In(7,)=A+aln(p) +E,/RT (2)
Xrh,p WIE T, MPa, o S & L, Xo, 2y %Ak 7] BE /R
AR %, A ZIRRIHE T, o By HEWEF, T HiR
JE K, E BB B 20 ks fRg L k) -
A SR %,8.314 ) - mol™ « K", ARSI M
L A AR AL R e B O A RE AN AR p T Xt
N P ECE R EAS B A0(2) o B, In(ry,)
SR EEEI R 1/ T IEA G, Y5 e AE R T A TR
ST KCHE B B X B0 TR R RO — AT R I 4
K5 e X In(ryg) In(p) #1 1/T k47 Z 0 4 24 [l
(R4 0.98) ,42%] HD-01.Al/HD-01.QC.Al/QC
P AR ARk I B2 R AR VL A 2RO A5 KT AR RE DL
4, N 4 AT R0, TR RORE X R T B AR T R AR —
B 7 oe p MY AN QC R RE R UL K T L fiE
T HD-01 BLkL, AT BEJ2 DU B P bt 1) 151 5K J) 34 45 1 2.
B AL E . R, 40K 48 59 i A AT HD-01
1 QC Wy R BRRE Y W S K IG fLREH 161.4 k) -
F1120.3 k) - mol™ 4 B & Ak & 156.5 k) - mol™ Fi
112.8 kJ - mol™

mol™, R

mol ™

R4 TURORE Y R CIE 2 2HAE R i 2 0L KT A
it
Table 4 The ignition delay formula and corresponding appar-

ent ignition activation energy of ignition for four kinds of fuels

apparent ignition

fuels activation energy ignition correlations
/k) + mol™!
HD-01 161.4 7ig=0.003xp™ " exp(161.4/RT)

Al/HD-01  156.5 71y =0.004xp " P exp(156.5/RT)

QcC 120.3 713 =0.35xp™"®exp(120.3/RT)

Al/QC 112.8 71, =0.26xp " exp(112.8/RT)

R 53 BT S A KB A e AR R K RE B [ AR R L
RUKIEALRER R IR, 4G Smimov 451 Yy AI-CH,-O,
HE RV HLBE , 25 5 A% S50 a0 R I 3 25 2R 2 i T
Al-HD-01/QC-O, %55 i W HLH . &l 6 7, A i iR
WMEAAUC YUK A & 8 52—, BB sk
W 5] L B2 5 1000 K R I, i 7l AR 43 fff (2
Sip At
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F k2 fin# HD-01 5 QC /Y /e b, A ifi fff HD-01
A QC xi KHE I 47

+C;Hg or C,gHy,

+C,H, or C,oHyg
+0,, 0, OH’, HO;

6 Al-HD-01/QC-O, ¥4 2 i HLEUR 35
Fig.6
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Schematic diagram of chain reaction mechanism of
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Bl 145 HD-01 Al AI/HD-01 260 H AL — 8, X
Ul BT, WS 0 4 K R UKL BE 68 41 2F AR 19 B 12 R AN o8
IRIR . BRBEAE S O IR AR DR, Ik Ah,
HIH T AE SR /N % 2l L0 38 A 7 R Rk o K 3 a1
B RIRAE N 95.6% ~97.9% " KRB = 4 Ik 4
B % B4 CL 58 4 6 78 S A AR 0 I 94 K 0 UKL AT
DL 5E AR o
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Ignition Performance of High-Density Suspension Fuel of Adding Al NPs

E Xiu-tian-feng', ZHANG Lei', XIE Jun-jian' , ZHANG Xiang-wen' 6 XU Sheng-li’, ZOU Ji-jun'
(1. Key Laboratory for Advanced Fuel and Propellant of Ministry of Education, School of Chemical Engineering and Technology, Tianjin University, Tianjin
300072, Chinay 2. School of Aerospace Engineering, Tsinghua University, Beijing 100084, China)

Abstract: To study the ignition and combustion characteristics of suspended fuel containing metal particles, two kinds of high-den-
sity suspension fuels of HD-01 and quadricyclane( QC) with 5% aluminum nanoparticles( Al NPs) were prepared. The ignition de-
lay of two kinds of suspended fuels at different pressure and temperature was measured by atomization shock tube. The apparent
activation energy of ignition was obtained by fitting and calculating. The ignition and combustion mechanism of the suspension fuel
were analyzed. The flow field images of ignition and combustion were recorded by high-speed camera. Results show that the sus-
pended fuel can stand after 4 weeks without particle aggregation phenomenon; in the range of 0.05 MPa and 0.1 MPa, 1450 K and
1750 K, Al NPs can make the ignition delay of HD-01 and QC fuel shorten by about 50% and the apparent ignition activation en-
ergy reduce from 161.4 kJ - mol™ and 120.3 kJ - mol™ to 156.5 kJ - mol™" and 112.8 kJ - mol™", respectively; Inferring that the
combustion mechanism as that aluminum atoms preferentially react with O, to produce O radicals, thereby accelerating the com-
bustion reaction. In addition, Al NPs can completely burn and promote the energy release during fuel combustion.

Key words: aluminum nanoparticle; high-density fuel; suspension fuel; shock tube; ignition delay; combustion
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