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Abstract: Aluminum containing solid propellant will produce a large number of aluminum oxides and prot-
oxides in the combustion process. Understanding the physical and chemical characteristics of combustion prod-
ucts is of great significance to the fine research of combustion, flow and multi physical processes in the motor and
to solving the safety problems in the combustion process. In this paper, the physical parameters of aluminum and
alumina, chemical reaction parameters of aluminum and oxygen, carbon dioxide and water vapor, specific heat
capacity and enthalpy of formation of protoxide of aluminium such as AlO, AlLO,, ALLO, AlO,, and reaction

heat, activation energy and pre—exponential factor of AlO reacting with oxidizing components were investigated.
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The experimental test and theoretical calculation methods and results at different temperatures at home and

abroad are reviewed. The physical and chemical characteristics of multi—phase combustion products in the motor

are comprehensively studied.

Key words: Solid rocket motor; Solid propellant; Multi-phase combustion products; Physico—chemical

parameters; Review
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Fig. 1 Density of aluminum versus temperature
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Fig.2 Isobaric specific heat capacity of aluminum versus

temperature
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Fig. 3 Saturated vapor pressure of aluminum versus

temperature

TR KA 2R R, T ik 31X 26 b 2 R 14 3% Ak BE
CiEl S R | WA O B i) K IR 0 - = R E i i 2
NN

3.1 SRMESRM

BRI B T 4528 B ALO, Z b, 38 23
7= A ALO A& R P, O 2 W R ¢ Al+0,—AL0+0,
1974 4, Fontijn %l 23 A FH @5 iR F 3 A5 Ar SR
4 R HE X A1+0,— ALO+0 2 7 1 A7 I 52
¥, 7E 1000~1700K, 133~6666Pa ff) & J1 & 144~ , L #%
I A5 B 92 SN Ak 2 R R R B0 3.01x107
(£1.99x10™"") ¢cm®+molecule™-s™", {1 It 7] DL A5 3 3% I
N EIFE HT o8 3.01x107  em® s molecule™ +s7!, {H R 25
ML fE . 19754F , Fontijn %22 gk — 78 Ar 50 F
PR AT 25 A 2 e U RO s vy HE L 7R 1000~1700K , 133~
6666Pa 1 [k J1 450 F W 5X T itk s J 2% . it
JE - W AT 3 R 9 Ol vk I e R 0T 3 R 2 1), A B AR K
AN I3 38 BN L ¥R S R AT+0,—AL0+0, 3
TE AR 209% W Ak 2 R R H B0k 3.01x107"
(£1.99%10™"")em* - molecule™-s™',

1977 4F , Fontijn 45 (i Fi w5 i PRI S . 28 (HTF-
FR) ] & 7 1 %8 < 7F 300~1400K , 86.66Pa [1Y Ar J& /1
M IR, R BUAFEAE P R 2 Al+0,—AL0+0 il
Al+0,—Al10,+0. 515 2] P A 2 19 1k 28 =
A ECT NN 3.4%x107(£2.2x107" ) em® - molecule™ + 57!
1481077 (+3.1x107") cm® - molecule™ ™, It 7 if &
IR AE A0 0 KA T B S FE DY, A A BN A 3R R A B
ANAEAE IE 0 B AR

1983 4, Cohen 553 it — Fi BT 1 fk. 27 2l ) 2% 54
g 1 g 0B A R JT L 45 Hh AL+O,—AL10+0 - B 7E
300~2000K P 1 Ak 2% 2 i 38 2% 5 %k 3.32%107" em? -
molecule™ +s™', AN E B +2% ., % MW TE R S
THIFERT IR T 3.32x10 " em?® - molecule™ 57",

2206011-4



Faate Hrol ot

#HoR

2023 4

1992 4, Garland ™ £ & i S 17 i o, F OG5
TR AT 2 AR SR AR N 1) BE AR J o o 8 8 4, 78 298~
1100K , 1333~13300Pa F J3 5511 &, A2 s I i 6 5 4%
F1.27x107°(£1.15%1071) e 7= KD 0 e molecule ™+ 7l
AR B3R 2 F T 15 4K BE i —0.707)/mol , 45 il
F M 1.27%x10%cm?  molecule™-s™', 1992 4% | Nancy
2512003 1o WL AL BT 25 R ALO (Y H B, T T AL
0, J I 78 3R 5 K000 8 B AR ARl . B R B,
FH N Ar i SR AE 1333~13333Pa, 5 A WELH) K N
WA PE . 7E 298~1080K , 7999~13300Pa [ [k /1 4 1
L5 0 B LA 1S #) 1.3x107° (£1.05%x107)
e IV o e molecule™ - 57, I AT AR 1% N TE
bR & T B TR A BB i -665)/mol , 45 T K T R

1.3X10"%cm*+ molecule™-s™,

1997 4F-, Picard % 27 i S 04T 1 7EAR TR S8 IR
TSRS S F WG . A5 A B
B Jy B b K OO R AGFE T FOEEOR I
T 23~295K 7 2.03%10°Pa 11 He i ) 2 15 F 1)
R, W50 A B AR B A R R 1% 68 A T B R A
1.74x107"° ( £1.05%107™"") (T/298K ) (T023:002) (382022380 (KT)
em’-molecule™ 5™ A fff F 56 4 B B A9 B8 U7 Tk
W T ALY O, L A 3 85 ROV D i B2 Y ek B0 {0
2L RS 5 A R — 80, O HRE Wl ot )
1 T 5 M S5 A R T WL 2% 1) 1) iR B RS o el i T A
EINLTE bR 2 B35 46 BE 24 ~60)/mol , 48 Hiy A 1
H1.74%x10 " cm® » molecule™ +s™',

2017 4F, Martin 55 > 75 OB B2 i PO AT 2% 8 I
i o I Rk R Wl R ATO BOL B R KOt
(LIF) , P4 1 ALH O, 5 R B 3 5 3% 80, 15 31 78 298K
IR BE T, 107Pa 1 g 25 0T Ak 27 R 0 3 38 8 8
A 1.68x107"°(+2.4%X10™"" ) em® » molecule™ +s7', i It n] 15
AR AR AT B9 38 H T 1.68%107%em’ -

oo
molecule™ s,

32 S-SR

T [ A e 2 R IR 8 el i e s 7 A A A
JIT LAY it 0 R S AR N 1Y) RN, S B ol R
BRAN AR Y FE 2 N R - A1+CO, —A10+CO

1977 4F-, Fontijn %5 7E & 6P 0 52 N 2% o ) i
ALFT CO, 1y Jz I 3 % 72 B0 K HORS A B, 45 21 7 310K,
490K, 750K , 1500K F1 1880K I fit) Fz Ji7 7 % 22 %5 43 i)
J9 (1.520.6) x10", (6.9+2.7) x10", (1.6+0.7) X102,
(9.0+3.8) X102 F1(3.8+1.5)x10", H {7 4 4 em® - mole-
cule™-s™, FEHZ B T WM EAEENHEEG, &G K
P E AT 1E 310~750K F1 1500~ 1880K P 1 B 48 & J5

iz AN Arrhenius A3 . &S 5, 5 3] 4 310~750K
W, 7E 400~4000Pa [ Ar FE J3 2540, Ak 24 1 o
R R 9.78x 10712 11082 p3 s molecule e s
AT A2 SN AR 3R S5 0F R B 3E AL 10892)/mol,
2RI T8 9.78%x10%cm?® - molecule s, 7E 1500~
1880K , 400~4266Pa i Ar JE 71 £ 1F T , 4k 2% J I i
RN 1.12x107%e Y 0 emd e molecule ™ - 57, L RS
1992 N AE B R S 1 T AL RE S 88965)/mol , 45 il
KR 1.12x10%cm* - molecule ' -5

1992 4F, Garland ™ 7£ /5 ik S5 2 #% v, 1) HI OG5
IR HE R 3R A5 9% B N 1 3 AR 2 B TR R B, 7E
208K i, 1400Pa 1Y Ar JE 11 518 R, Ak 2 ) N 3
KEECN 1.15x1072(£1.15%107%) em®» molecule™ 5",
HH G AT A3 3% SO E R A5 PE R 4R HT I F Ol 1.15x
10 "%cm’-molecule™*s™'s  fF 750~1200K, 2666~40kPa
) Ar JE 7 25 00T Ak 2% B 3 3R R 2.91x107°
(£6.97x107"") e 2077=NEKD 3 e molecule™ 57, T I AT
PR NEAE B IR S5 T 15 AL BE S 267700 /mol , 48 Hi
K78 2.91x10"%cm® - molecule ™ +s7',,

6] 4F , Garland 55" & T 52 #% 0 00 & T 133~
79800Pa M JE Fll 298~1215K i BE N, AL Fl CO, JZ Jf
N B R R BE RO M . AL(CH,) ;48 248nm Ot
fif A= B ALR 91 5 CO, 04T O, R OG5 =980k
HEATHRI o AIK T 700K B, 3 R 8 3R B 5 B Y R
JIM A, 3X 3% B R Rl I 4% A W0 I L E
110, 4 AW 5 #7249 A10 FiTCO. = T 700K B,
WL 22 ) (1 5 R B R ) T8 6, 3R B 4R 0GE
o E AL, SEIR 1S B 7E 298~483K, 1.333~80kPa
(9 Ar JE J3 25 1R Ak 5 B Ry i 5 H B 5.6x107"
(£1.3x107'2) ' 2002000NRD 113 e molecule™ + 57, B I 1] 15
%R NLAE IR ST 19 TG R RE i 2000]/mol , 48 i A
T4 5.6x10 " 2cm® - molecule™ s,

2017 4, Honma 55" R I 28 LA R WF5E T
SR T 5 2R AR B > F 7E P R AR BE =
(27.9kJ/mol 1 52.8k]J/mol) T 1Y 5 AL 5 17 , 3 HI A10
DY =X BRAE SR AT TR G iR 2 O R B
S5 FW A% RN 2 T8 3k — Bl R A A 0 v ) g
100, A 25t S I 1 A 2% S o R 38 L3 AL RE RN
qET T
33 $AFKER R

TE [ A 3 1 TR 5 0 A8 rp 23 7 A R K 280K
7T 65 K ZE TR R 3R 2

1993 4F , McClean 252/ 7F 298~ 1174K N BIF5E T Al
FH,0 B0 i BE AR M o 4R R i ALCC,H,) 1%

2206011-5



A4 H 10

B T (A 1 590 22 RH IR 52 7 W ) BRAL 27 R Ve S B0 e 25 A

2023 4

fife 7 A, JF A WOL T S PO AT R . ST R B
FIR T HEFRF NS B (Ar B b S 4R 7E 133~
14630Pa Y i 1 TC 5% , i 45 R ] fif B A~ B A )
Arrhenius 25U & 50 ik I i, — 4 HE R ALO, 55—
L AIOH . B 5 15 B TE 298~1174K 1N ,2793Pa 1Y JE
I AE T % R AR 2 0 R B 7.66x107
(T/298K ) *¥e*% D e e molecule™ +s7', B I 7] 5% 2
N AE bR A5 1S AR RE S —43651/mol, 48 Hil K
7.66%10ecm® - molecule™-s™',

2011 4F , Sharipov % fiff i B3LYP, CBS-QB3 il
G3 % Tk 2F )5 1, 76 200~4000K P A X K6 2548 I
T 5K IR F 10 R BE B2 AT R T . g
T 23 7 22 B, A1+H,0— ALO+H, J2 I 26 2500 g — 4> 52
Fe ik FE AL 4R WA 2D 3R - Al+H,0—ALOH+H Al
AIOH+H—AIO+H,. g 73 Hr £ BT, ALF H,0 4 ™
WY BN 3 2 BRI AL+ H,0— AIOH+H B9 [ 1 B 42
Ko 1E200~4000K 5544 T 19 1k 2% 2 N 3 325 50 R
4.82x107(T/298K ) 826 02D i3 e molecule ™ - 57", H I
AT ARIZ R TE R Z T 116 AL BE A 65219]/mol , 4
B0 4.82%x10“em? - molecule™ +s7' 5
34 SRR

RN TR AR Z KRBT 4y DL F L
252 (1) W R N R AR B Y 8 e i AR R R, R
N FAAE AR B ) B B8 A RN ) R 5 (2)
I FH S BE VT A8 R N AR, S Ry AR S T R ) 1 R
A5 A R B RE S AN 2 22 5 (3) AR I 2 107 ) 11 A L)
B A2 UK R B R T R B B UE TR )T 1
N B N A T TR 25 RON ) AR IZOIR S
T AR RS 5 B A s Oy R b R e T R
B 3R R AR BRI, T LR T S A R AR RS
E SCINLAAIE B, A% SCR B 5 = F 5 2 0 47 5 0L #R
THAA, BT I f A0 2 45 R4S 00 T I R o A ks HY
TR ¢ 3590 T(K) /1000,

[ 245 0 1) s A T2 O 2B I R Ok J/mol ' o s o JEE
IR AR K W TE AR E A% R (298.15K, 10°Pa) 19 4=
LR

H' = 28.089201 — 5.414849/*/2 + 8.5604231°/3 +

3.427370¢* /4 + 0.277375/t — 9.147187 (9)
298K < T'< 933K

ERAERRUE S E T AR A UK R 10.56k ] /mol e,
H = 31.75104¢ + 3.935826 x 107°¢*/2 -
1.786515 x 107°4°/3 + 2.694171 x
10°4*/4 - 5.480037 x 10/t — 0.945684
933.45K < T < 2790.812K

(10)

ERAERRUE SR T B9 UK R 329.70kJ/mol '

H} = 2037692t + 0.660817¢/2 - 0.3136314°/3 +
0.045106¢*/4 - 0.078173/t + 323.8575
2790.812K < T < 6000K

(11)
S B PR R 2 B D Ok /ol 11
Hy = 31.322341 - 20.235314°/2 + 57.866441/3 -

36.506241 /4 + 0.007374/t — 8.903471  (12)
100K < T < 700K

Hy =30.03235: + 8.772972+°/2 - 3.9881331°/3 +

0.7883131/4 + 0.741599/t — 11.32468  (13)
700K < T < 2000K

Hy =2091111z + 10.72071¢°/2 - 2.020498:*/3 +

0.146449:* /4 — 9.245722/1 + 5.337651  (14)
2000K < T < 6000K

— AR B A o BE R AR LS R 66,94k /mol '
H, = 35.53572t — 3.947982:*/2 + 7.684670¢*/3 —

1.6268411*/4 + 0.371449/t + 55.19826 (15)
298K < T < 2000K

HYo = 74713271 — 9.4268461°/2 + 0.7397904°/3 +
0.011019¢*/4 + 55.39407/t — 27.74339 (16)
2000K < T < 6000K

SFET AR AEEE R 2B 4 R 249.18+0.10k J/mol®
TR AR R B b A BE R A S A -393.52k/mol ¢,
H{, = 24997351 + 55.18696:°/2 — 33.69137:°/3 +

7.9483871* /4 + 0.136638/t — 403.6075  (17)
298K < T < 1200K

H', = 58.166391 + 2.720074°/2 - 0.492289//3 +

0.038844:'/4 + 6.447293/1 — 4259186  (18)
1200K < T < 6000K

— S AR Y A U BE R A UK A -110.53kJ/mol ",
HY, = 25.56759 + 6.096130/2 + 4.0546561°/3 —

2.671301+/4 - 0.131021/t — 118.0089 (19)
298K < T < 1300K

Hl, = 35.15070¢ + 1.300095¢*/2 — 0.205921#°/3 +
0.013550¢*/4 + 3.282780/t — 127.8375 (20)
1300K < T < 6000K

TR FE VR A T BB R A S A —241.83kJ/mol ',
HY , = 30.09200¢ + 6.8325141°/2 + 6.793435¢*/3 -

2.534480:'/4 - 0.082139/t — 250.8810
500K < T < 1700K

(21)
HY , = 41.96426¢ + 8.6220531°/2 — 1.499780¢°/3 +

0.098119¢*/4 + 11.15764/t — 272.1797
1700K < T < 6000K

(22)
SRR U BE R A S A 0k /mol ',
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Hy =33.066178: — 11.363417:7/2 + 11.4328161°/3 -

2.772874¢" /14 + 0.158558/t — 9.98079
298K < T < 1000K

(23)
HY) = 18.563083¢ + 12.257357/*/2 - 2.8597861°/3 +

0.268238:*/4 — 1.977990/t — 1.147438
1000K < T < 2500K

(24)
HY = 43.413560r — 4.293079:%/2 + 1.272428:°/3 -

0.096876t"/4 + 20.533862/t — 38.515158
2500K < T < 6000K

(25)

ALY Az RS Bl il 2 708 Ak 0GR T ] 4 7R, AR Al B

HE A BURS TR R B A BB W B 5 TR, AL

AR R K ZE TR AR SO Y SN A B R

JEE B4 v T S T ) L AL I B I AT /N R

BEAS ek S BT AR KA B AR 5 ALY AR U Bk

AR B — B, 4 s B AT BB R AR X AN R B T

AL LA Al 9 J5 1) J s o AR AR, JHC At ) 5T 79 2B

Fr B T B 10 A8 Ak W B2 A8/ BT LA AE BB ALY AR AR
$5 AR 3T L

5
j=d
(=}

W
(=
(=}

200 ¢

100 ¢

Enthalpy of formation/(kJ/mol)

(=}

800 1600 2400 3200 4000
Temperature/K

Fig. 4 Enthalpy of formation of aluminum versus

temperature
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Fig.5 Temperature dependence of reaction heat of

aluminum with carbon dioxide, oxygen and water vapor

4 FWEYBRESE

ALO, 76 & k5 N 19 % BE 29 R 3970kg/m’, A7 X
gy F B CH 101.9613, & — Ff i 6 9 C AL FL &
Y, W T M R ALO, EEEAE 3R A A .
a-ALO,,B-ALO,,y-ALO,, 7£ 1300°C A k- Ay &5 i i JL
TR AN a-ALO,.

ALO, B s 2k 5, B B R A AT 56 0 SO A AL R
WF 58 B0 , Br DA AR 3C 32 EAF 5 FE R [R) 3R BE R 11 9 A
ALO, [ 9 BEA 1 2 5000 52 560 2 R 38 7 i .

41 HTRERHETE

FEHTE T, gl A S8 A TR B O 2327K, |
2054°C, W 5 0 BE Ry 3253K, Bl 2980°C7 . 1986 4F , ik
i B S0 A A A sl 4 AR ) E 0 R VE A SR
B e B G SE T 550~2400K 3 X o~ 4 AL B8 0 4
R (2328+7) K, I AL # Y 1137.900/g, e B J5 R
116.02kJ/mol, £ £ ¥ ¥ £ I3 B/ J5 ol 15, 78
2327K I, [ 25 A A0 B8 A 1 A2 LRSS -1420.93k ) /mol,
TS SR A0 B 2B RS S —1309.85k J/mol, 4 fb 34Ky
ZE{H 111.13k]/mol, 55 5K il B 20 A 25 1AM . T
SCTR R W SR L T AT B TR 2R R B A G Bk
fEHRE
42 E E

1960 4 , Kirshenbaum 257 (i F £F Mt 58 F11 8 10 %
AL 2375~2625K il K P #F 47 52 s I, ) T
B R 58 R A TS ALO, B I 108077 1 45 F KA iR
AR Ty, DT AT B RS ALO, Y,
RN TF A, KA NIRRT EE .

p =5632 - 1.127T
2375K < T < 2625K

1999 4F, Glorieux %" 11 43 M7 25 Fp 44 2000~
3100K i ey 3 A0 AT £ 7 G, R 28 sl ) B A B
AL TR OG5 % ALO, W Y %5 B R AT T AR 4
flt I T 2R S RS LA R B SR
FER A R ORI B £1.5%) o

p = 2790 - 0.117738(T - 2500)
2000K < T < 3100K

2004 4F , Paradis 55 il 23 # LRV ORI G
filt AL O, ORI 1) FH 3 32 48 52 AR X V0 1) A R 3
AT 7 DU A R0 A3 A, DT T334 21 AL O, TR (14 %% B, L
ENF X R R ORI EE R +2%) .

p =2930 — 0.12(T - 2327)
2175K < T < 2435K

(26)

(27)

(28)
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WAS ALO, % J3 Bl 2 A2 A SC R AN &L 6 i, ]
VL I B 7E O s B i, = 6 R AU 5 19 %
JEE (B B2 3 5 L B 5 I BE T, Kirshnbaum 75 21 1 % &
B B BAK T H B PIIIE , 1] Glorieux 5 Paradis 75 £ 1)
B4 . H(28) 38 TR B AR, IR T 52 bR
KPR % IR T, 5 I8 b3k OC 2R AR i R I
0, VE#E Glorieux YA 5T 45 51, RI A (27) & S HL A
WS ALO I B T3 G R & B

3000 F
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£
o)
= 2000
=
g
2 1500 _
—— Kirshenbaum et al®*"!
—— Glorieux et all®®
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Fig. 6 Density of liquid alumina versus temperature

43 EIELLHE
[ P ALO, Fy 34 75 Ik T L 753!

C,=102.429+38.7498/~15.9109:*+2.628181:-3.007551/1*
298K<T<2327K

(29)
LB T S DU B ALO, A A AT LA F e
,

C,=192.464 + 9.519856 x 1071 -
2.858928 x 107°* + 2.929147 x 107°¢ +
5.599405 x 107°/¢
2327K < T < 4000K

(30)

45 Chase 25 H 19 A 17115, ALO, 7F 2327~
4000K Y #2544 192.46]/(mol - K) , e B Ry LA 5
1 1887.62)/ (kg K) , FEA S —AMH 2 (H .

XFF WA ALO, [ 32 JE HE#EE L 2004 4F | Paradis
SEUIE o TR OGN ALOJIURL, I A
5 R B AR T YA A TR Rl A 0 R R AR A
8 25 1B JE B e TR B P2 Bl IR A A G R X
(R R +5%) o

¢, = 1504.9 + 0.0304(T - 2327)
2175K < T < 2435K

AR, 95 [ S i KR F 5T 0 1 Najjar 80 78
T 5 R 7R T A K & BhAIL N U 3 B, X6 AL O Wi R
FH Y 5E e L SR BUE R 1100]/ (kg - K) , {H A 245 HE EUE
K T8

(31)

MR IE Chase 25 H 1928 045 21 E AL 4R 7E 298~4000K
P LE B A AR AL 6 R R 7 BT R, NIRRT DL #
FE AL B0 B3R I SUAT L P B R Y T e T R
38 R 3 R A R /N 5 R A A B, SRR R Y
PO AT — A KA BRAE | it DR S0 40 A [ 25 3 A
WA MR AT R R AR AR PR e A A
WA TR R M B TIE S Z B, I
FEAR SR —AEE(E, M 1887.62)/(kg- K)o

K AN 35 5 3 (31) W3S SR AR R L A 2 B
UL BE 19 A8 4k, IF 5 Chase B Najjar 25 (1 25 5 3k 17
e, 25 R 8 it . i B n] LLBH & 7 H, Para-
dis WF 5% 75 #0988 K T 1100)/(kg-K) , /N T
1887.62)/(kg-K) , H B B A4 A K. # 1EK(31)
ST IR AR LA T ORI E B N & Sh L T
PASR IS (31) 3158 ALO, VR (1 58 JE L 3 s, [ S 4
TR BR Y L #2513 0T LLSR T Chase B9 WF 58 45 2%, BD
#K(29).
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Fig. 7 Isobaric specific heat capacity of alumina versus
temperature
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Fig. 8 Isobaric specific heat capacity of liquid alumina

versus temperature
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2012 4F , p 8 551058 2 R o 19 92 50 I A FH Mori-
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A SRR R 380G Pa, TARA L N 0.27,

2019 4F , 5 B2 AR AR =0 i 86 i ik
Sk I B A AN ] L A A iR R RS e, A
At i R X Bl e 28 A il i A8 s A HE g A Al AR
BT EE 43 9 S 25°C, 800°C, 1200°C Al 1500°C [
99AL,0,( 4 J¥ > 99% ) F1 97 AL O, (4l i Jg 97% ) i) 25 i
PR A

99A1,0, Fll 97AL0, 1) 25 iy 5 M B & bifi i B2 AR
T 30 il Ze an 18 9 B 7, B H AT DLE 7 25~
1500°CH}, 99AL0, (1) 25 i L 1485 1t B 2 K T 97A1,0,,
15 1500°C 2 A7 B P 35 B A 35 O 4530, {H I8 I 99A 1,0,
F14) 257 T L o i R —

60

. —=— 97AL,0,
50 —a— 99A1,0,

40
30

20

Elastic modulus/GPa

600 900 1200 1500

Temperature/K

0 300

Fig. 9 Flexural elastic modulus of alumina versus

temperature

5 smIEELY

IR %R

B T A A 2 R0 AR R Ao B R R S 7 A R AR
%,E%Fﬁijﬁ%%%ﬂz%ﬂ:% 345 A0, Al0O,,
ALO,, ALO, X S8 7= P 5 R T 2 A, AR S E XX
Sy 5 ) Ll AR A RS HEAT ISR I 6 L v R
i BRI ALO 78 & s ALY AT RE & 2E 1 Ak 2% ] R
PEATHIF 5T
EZ

)

5.1

Chase " (I SV 5E , 45 2 T ALO 7Y B8 /R i
42.9809g/mol , br #fE FE IR A= S KS S 66.94k J/mol
P o EE R A A 218.33)/(mol - K) o FAZ 1 3 20N
A s A A AN R K =T(K ) /1000

C, = 35.53572 - 3.9479821 + 7.6846701" -

Jto
it

.98
I
2t

32

1.626841:° — 0.371449/¢° (32)

H}, = 35.53572t — 3.9479821°/2 + 7.684670¢° /3 —
1.6268411*/4 + 0.371449/t + 55.19826 (33)

298K < T < 2000K

C, = 7471327 - 9.426846t + 0.739790:” +
0.011019¢ - 55.39407/

HY, = 74.71327¢ — 9.426846:°/2 + 0.739790¢*/3 +

(34)

0.011019¢*/4 + 55.39407/t — 27.74339  (35)
2000K < T < 6000K
A10, BE /R 5t 5l 58.9803g/mol , b #E BE IR A= i &

1 —86.19kJ/mol, b M BE /RS AR A 251.83)/(mol - K) o
Pz o A A ks A 5 o
C, = 39.43040 + 58.35630: — 57.07000¢* +
19.945807° — 0.213463/1
HY,, = 39.43040¢ + 58.35630¢%/2 - 57.070004°/3 +

19.94580:*/4 + 0.213463/t — 100.7920
298K < T < 1000K

(36)

(37)

C, = 65.18890 - 2.675200: + 0.788830:” -
0.053813¢" - 2.866541/¢

HY,, = 65.188901 — 2.675200°/2 + 0.788830¢'/3 -

0.053813¢*/4 + 2.866541/t — 112.9770
1000K < T < 6000K

(38)

(39)

ALO, 1Y & JR Ji & Sl 85.9619g/mol , #5 #E FE /K
M Rk R -394.55k ] /mol , A% fE BE SR SR R R 280.9
J/(mol-K) o #ZE A R A Bk 2 204331 Ry

C, = 80.97797 + 1.839923: — 0.497222¢* +
0.042360:" - 1.303940/1

H!,,. = 80.977971 + 1.83992312/2 — 0.497222¢°/3 +
0.042360¢'/4 + 1.303940/ — 423.1447

(40)

298K < T < 6000K
(41)
ALO JEE /R i HiE 4 69.9625g/mol , b 1 BE IR A= 1 ke

h1-145.19kJ/mol , bR B IR M 8 252.24)/(mol -K) .
PN SO AR RS 2 24 R

C, = 58.99022 + 2.945512¢ — 0.861624+> +
0.0851531° — 0.725284/i

HY . = 58.99022¢ + 2.94551247/2 - 0.861624/3 +

0.085153:*/4 + 0.725284/t — 165.3270
298K < T < 6000K

(42)

(43)

HR 4 2> =X A5 21 65 0% 30 40 Ak P L B 25 R A= s B
AR S R E 10 FNE 11 i, W 10l LU
i A10,, ALO,, ALO =>4 J51 Y Lb B 725 B i B 72 Ak 1Y)
FAF IR — B0, Bl R A TH R B 1 1 K e
TE D8 /N, 7E 800K 22 47 8 T °F- 2% . A0 Y Lb # 25 1E
298~2400K JE A 4, 2 J5 #a TV 9t H R A 1E
2800K LAUJE A Fr g/ AN 11 Hm DLBH B2 & 3] g F
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Fig. Isobaric specific heat capacity of protoxide of

aluminium versus temperature
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Fig. 11 Enthalpy of formation of protoxide of aluminium

versus temperature
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FERR Y DO AP S AR P, ALO 5 5 R AR
e R ARU - 2 HE RO

1976 4F-, Felder %> fifi F e M MO S0 4 388 5 33K
5T 9O TE 1400K BEWF 5T T A0 5 0,1 4 M <
FHR I : AlO+0,—A10,+0 . ifF 55 15 1% W 7F 2266~
6399Pa Iy JE J1 41 T, A2 BN B 3 H K 3.11x
10 (+1.66x10™") ¢cm®-molecule™ s Hy I 7] 75 1%
N AE B3R 2 F R B 48 HT T8 31110 em’ - mole-
cule'-s7',

1977 4, Fontijn %" [F] Ff 38 5o 5 8 DL L S L 4%
it FH — ol o 28U 9 G OREBOY A% BEAT O T AT DL — %€
AW W AR HEAT 43 B, BESE T AR SE O Al0+0,—
Al0,+0. 15 #] % K& Wi £ 300~1400K , 400~413Pa [}
FE J7 464 T 1 Ak 2 0 5 5 Bk 4.8%1077 (£3.16x
10"%) em’ - molecule™+s™'y Hy AT A5 9Z S0 W 7E B R &%
R 3R TR TN 4.8%x10 ™ em® - molecule™ +s7'

1995 4F, Cohen 45 it i — Fft 37 1) b2 3l J) 24 51
36 10 2 A VE A B T A K R P 48 ATO+0—AL+0,
FREAE 300~2000K P9 19 14 27 S I 3 5 Kk 1.93%
107" (T/298K ) e " R0 3 e molecule ™ =57, AT 5 J&
N £5% . o AT AR RN AE bR SRR T RS AL RE S
9977 /mol, F8 B I F 5 1.93%10" em®- molecule™ - 57,

1986 4F- , Rogowski 55 76 & I PR Ui S5 L 4% 1 , 3
i WO T 5 O Y I J7 2 ARG A10 T B R I Y SE
], i Ji 43 5 7E 500~1300K N , 1320~5146Pa (1 £ 7
ST R CO,+AL0—CO+AL0, 1AL B2 N 38 % %
H2.51x1074(£1.3x107H) 32022 e 3 e molecule™ +s 7'
1 e AT A5 % B N TE bR A5 AR R I AR RE O -3326
J/mol, F8 BT K F M 2.51x10 " “cm® - molecule™ +s7'0

Belyung %5 /7 700~10000Pa H =5 i P U 52 1 2%
HBIESE T ALO O, BN AR 2 19 8y ) 27, 93 i WOE
ST oOL M ALO B AH XS e B2 o BF 5T & BLAE 1000K LA
T, ALO T FE HOHR T T3 RN BN B B 00 ) R
ALO; RS i E T, BG5S 5K, ALO,
O n[AEMY 7= 4 o e Jm 15 £ 7E 305~1010K I, 160~
580Pa ) & 11 254, IR 0,+A10— A10, B £k 2 )2 v
R B 2.87%107°( 7/298K) " *cm® - molecule ™ - s,
RN A B = 7 VA € S B . Sl <O = 1 o R
2.87x10cm®- molecule -5, ; £F 1200~1690K , 1467~
8706Pa £ 14 T, LB 0,+A10—A10,+0 {2 S 1 3
EHBN 7.69x107 e YR cmd emolecule s s FH I
AR RO AE IR SRR 3 AL BE A 831450/mol, 17
"R T8 7.69%10 °cm? - molecule ™' =™,

5.3 AlO MR R #
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SRR AR A AU T R A B S AT SO A
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AT LU, ALO ARSI b2 BB 1Y R
IABE A L A T g T 2 A8 /0N, ATO R AR A Bk B
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Py ot e 2 Bl I R A A R A TS Y, BT A AE 2% L
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[ PR 25 ALAT ALO, W 9 M 2 80 5 2, i e 15 3

2206011-10



Faate Hrol ot

#HoR

2023 4

200

100 ¢

(=}

— AIO+0,—Al0,+0
_lo0} — AIO+CO,—CO+AIO,
— AIO+O—AI+O,

Reaction heat/kJ

-200

-300 ¢

~400 : : : . .
800 1600 2400 3200 4000

Temperature/K
Fig. 12 Temperature dependence of reaction heat of

aluminum with oxygen, carbon dioxide and oxygen atoms

ALFIALO, 1y $1RF P 2 B n 3 1 F1 3R 2 i, 15 3
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FIAEAS ) 45 0 09 4k 2 O 2 80 36 4 Rk 5
TR I XFRAMBSHEREZS P ER: (1)
N R ) 2% At — 7 B, B IO T R Ak 2 RN R

PR H RN 7 B A IE AL RE R K, AN 3R 4 1 ALY CO,
() B2 N T 78 5 (2) 5 o il BE 4% 14— g B, I F )
K, B Ak 27 S I 3BT, a3k 4 A0 5 0,
(T 7 5 (3) ik B 6 Ak 2% R 1Y 5 i) 3 K
J 3 % Ak 2 BB 5% 0 o o

7T GitE5RE

O v [ R e 20 500 88 e ok i B 22 A AR B = 1 1Y)
Wy PR A 2 PR B 50 X B KR R S L BB I
FOLPERE MRS AL 5 B EE S HME . A SCHE
K2 [ N AN ST 1k R R BE X BRI R A i e ) —
S ) B, B DL LA RO A A5 T ]

(1) B H &R X ALFT ALO, f 4 BEER M 2 50T 58 46
J2 X B A A 5 T IRAH R AT R, SR & s AL TR i
i b 1 52 B UL B R M sk 3 A S, DR R B
SHFS AL ALO, 1 W BLERE S BT R T o

Table 1 Physical characteristic parameters of aluminum

Physical characteristic parameter

Applicable formula

Phase transition temperature/K

Melting point: 933, boiling point: 2740

Latent heat/(kJ/mol)

Heat of fusion:10.71
Heat of evaporation:306

Density/(kg/m®)

p =2377.23 - 0.311(T - 933.47)

Isobaric specific heat capacity/( (J/kg+K))

1176.77

Saturated vapor pressure/MPa

13204.109

lg(p) = 4.73623 - ———
g(p) = 473623 = 57701 306

Table 2 Physical characteristic parameters of alumina

Physical characteristic parameter

Applicable formula

Phase transition temperature/K
Latent heat/(kJ/mol)
Density/(kg/m?)

Isobaric specific heat capacity/( (J/kg-K))
Elastic modulus/GPa

Melting point: 2327, boiling point : 3253
Heat of fusion: 116.02
p = 2790 - 0.117738(T - 2500)
1887.62
380

Table 3 Enthalpy of formation at standard conditions of various substances

Substance Enthalpy of formation at standard conditions/(kJ/mol)
Al(solid) 0
Al(liquid) 10.56
Al(gas) 329.70
ALO,(solid) -1675.69
ALO, (liquid) -1620.57
AlO 66.94
ALO -145.19
AlO, -86.19
ALO, -394.55
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Table 4 Reaction of aluminum with carbon dioxide, oxygen and water vapor

Reaction

Temperature/K Pressure/Pa

Pre—exponential factor/ Activation energy/

(em?®+-molecule™ +s™") (J/mol)
23~295 2.03%x10° 1.74x107"° -60
298~1100 1333~13300 1.27x107"° -707
Al+0,—AlO+0-
1700~2000 - 3.32x107" -
1100~1700 133~6666 3.01x107" -
298 14000 1.15x107" -
298~483 1330~80000 5.60x107" 2004
Al+C0,—CO+AIO 310~750 400~4000 9.78x107"2 10892
700~1220 2666~40000 2.91x107"° 26773
1500~1800 400~4266 1.12x107* 88965
Al+H,0—H,+AlO 200~4000 - 4.82x107" 65219
Table 5 Reaction of AlIO with oxygen, carbon dioxide and oxygen atoms
Reaction Temperature/K Pressure/Pa lzr:r;gfiir;::iilil‘ lfa(;(]);/ ACtiv?;i/T;IOT;lergy/
300~1400 400~413 4.80x107" -
AlO + 0, — AlO,+ O~ 1400 2266~6399 3.11x107" -
1400~1690 1467~8706 7.69%x107"° 83145
AlO +CO, — CO+ AlO, 500~1300 1320~5146 2.51x107" -3326
Al0+0- — Al+0, 300~2000 - 1.93x107" 9977
- T R Ay =N L1 E
(2) X F AL By 54 A5 1 1 ALO, I M 28 95 % PR

X T A S BB R B 1) AR £k B YA R T 4 ) B
XS HON K AL N TR BE M R 2 O EE A
bR R A 0 LT X b R S BOTT R RS B Y S 56

(3) H AT T AVFD ALO, 76 AS [A] 3 BE 25 11 F 1 2%
JEE TR RS R ZE VR b AT S ) B R
ZHOCEA T AL 08 B A B AR XA A
JE 1 2% X6 3k S ) 1k S 800 5 ma F 5T . AE AR
HE R B ik B v, & Sh LS B Y TR A R — AN E
B AEL , T 2 AE AR fE 1, DR G 7 X LR S BT R AN
FE S 44 T S0 5%

(4) A3 Bk ALFL ALO (9 £k 252 1 B 47 T
KNGS JE B2 T R ) 5T A R A I X R] N T g R
Az A2 B, AR R N S5 R 5 R Bl HIL S Y S
PREFEE IR JEAFAE— B M 2500 . o T 4 oo TR 6
FH B2 BE B | 75 R B S 0 R B MUK 5 3R 58 T
OB BT B AN SRR S B B
ERAARRFESTE LU E  ERK A KRR 54850
FEREVRITH B9 Bl

1] Wk, A R, JEards, S B0 o 3E 500 400 K %
e fie Ak 7 1Y BF 58 2E R (1], 4k T8 BV B RL, 2020, 48
(8): 56-61.

(2] & % . AP/HTPB & &4 #5005 #8543 7 32
SHEMEBTD]. dbat: dbat 3 TR, 2020.

[3] EFM. MimHiRMEHRGE (M) bt T K
2= AR AL, 2004,

(4] SR, SFF, XA, 5. B KH &SRB
= BEAR ORI B e A (0], BR KR HOR , 2010,
33(3): 256-259.

[ 5] Paradis P F, Ishikawa T, Saita Y, et al. Non—Contact
Thermophysical Property Measurements of Liquid and
Undercooled Alumina [J]. Japanese Journal of Applied
Physics Part 2, Letters, 2004, 43: 1496~1500.

L6 ] N 47, BTk, gkarde, 5. BRKH R H L
S BCE T ()] SRS M REHBEA, 2019,
5:59-63.

(7] X0 Xk, XA, SRR, 5. WA Ak 30 5 v X 5 48
] A A S R AR RS T R e R ) [ ]. HEE R R
2019, 40(1): 206-214. (LIU Huan, LIU Pei-jin, HU
Song—qi, et al. Effects of Collection and Treatment Meth-

ods on Characteristics of Condensed Combustion Prod-

2206011-12



Faate Hrol ot

#

¥N

2023 4

[14]

[15]

[16]

[17]

[18]

[21]

ucts of Aluminized Solid Propellant[J]. Journal of Pro-
pulsion Technology, 2019, 40(1): 206-214.)

HRE, H. WARM =S40 muES80rE
FrkgEkR )] AR, 2019, 40(5): 7-15. (XIA
Sheng-yong, HU Chun-bo. Review of Physical Property
Calculations of Liquid Aluminum and AluminalJ]. Jour-
nal of Propulsion Technology, 2019, 40(5): 7-15. )

Bemr e . SRR S NHIT]. IR F I, 2014
(33): 212-213.

Honig R E. Vapor Pressure Data for the Solid and Liquid
Elements[J]. RCA Review, 1969, 30(2).

Hatch J E. Aluminum Properties and Physical Metallurgy
[J]. Automotive Engineering, 1984, 92(11).

EAT S eIt M) [ BRI EREAR
AL, 1985.

Gathers G R. Thermophysical Properties of Liquid Cop-
per and Aluminum [J].
physics, 1983, 4(3): 209-226.

International Journal of Thermo-

Blaris S, Abbasi M H. Internal Pressure Approach for
the Estimation of Critical Temperatures of Liquid Metals
[J]. Acta Acustica United with Acustica, 1993, 79(1)
64-72.

Assael M J, Kakosimos K, Banish R M, et al. Reference
Data for the Density and Viscosity of Liquid Aluminum
and Liquid Iron [J]. Journal of Physical and Chemical
Reference Data, 2006, 35: 285-300.

Chase Jr M W. NIST-JANAF Thermochemical Tables
Fourth Edition[M]. New York: American Chemical Soci-
etyand the American Institute of Physics, 1998.

Forsblom M, Grimvall G. Heat Capacity of Liquid Al:
Molecular Dynamics Simulations [J]. Physical Review B
Condensed Matter & Materials Physics, 2005, 72(13) :
1-4.

Houim R W, Kuo K K. A Ghost Fluid Method for Com-
pressible Reacting Flows with Phase Change[J]. Journal
of Computational Physics, 2013, 235: 865-900.

Stull D R. Vapor Pressure of Pure Substances. Organic
and Inorganic Compounds [J]. Indengchem, 1947, 39
(4): 517-540.

Kishore K, Drasad G, FXibk. &4 [ A 7] &4
)RR S 70 0 O3 A R R SRR LT ] A KR R R
1985(2) : 62-68.

Fontijn A, Felder W, Houghton J J. Tubular Fast-Flow
Reactor Studies at High Temperatures. Kinetics of the
AlO, Reaction [J].
(3): 365-368.

Chemical Physics Letters, 1974, 27

[22]

(25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

2206011-13

Fontijn A, Felder W, Houghton J J. Homogeneous and
Heterogeneous Kinetics of the Atomic Al/O, Reaction in
the 1000~1700K Range[J]. Symposium on Combustion.,
1975, 15(1): 775-784.

Fontijn A, Felder W, Houghton J J. Hiffr Kinetics Stud-
ies Temperature Dependence of Al/O, and Al0/0, Kinet-
ics from 300 to 1700/1400K[J]. Symposium on Combus-
tion, 1977, 16(1): 871-879.

Cohen N, Westberg K R. Chemical Kinetic Data Sheets
for High-Temperature Chemical Reactions [J]. Journal
of Physical and Chemical Reference Data, 1983, 12(3):
531-590.

Garland N L. Kinetic Studies of Boron and Aluminum
Species[J]. Gas Phase Metal Reactions, 1992, DOI: 10.
1016/b978-0-444-89070-2.50008-6.

Nancy L G, Nelson H H. Temperature Dependence of
the Kinetics of the Reaction Al+0,—Al10+0[]].
cal Physics Letters, 1992(3/4): 269-272.

Chemi-

Picard S, Canosa A, Travers D, et al. Experimental and
Theoretical Kinetics for the Reaction of Al with O, at
Temperatures Between 23 and 295K [J]. The Journal of
Physical Chemistry A, 1997, 101(51): 9988-9992.
Martin J, Daly S M, Brooke J, et al. Absorption Cross
Sections and Kinetics of Formation of A10 at 298 K[J].
Chemical Physics Letters, 2017, 675: 56-62.

Fontijn A, Felder W. Hiffr Kinetics Studies of Al+CO,—
AlO+CO from 300 to 1900K, a Non—Arrhenius Reaction
[J]. The Journal of Chemical Physics, 1977, 67 (4) :
1561-1569.

Garland N L, Douglass C H, Nelson H H. Pressure and
Temperature Dependence of the Kinetics of the Reaction
Al+CO, [J]. The Journal of Physical Chemistry, 1992,
96(21): 8390-8394.

Honma K, Hirata D. Reaction Dynamics of Al + CO, —
AlO + CO Studied by a Crossed~Beam Velocity Map Im-
aging Technique [J]. The Journal of Chemical Physics,
2017, 147(1).

McClean R E, Nelson H H, Campbell M L. Kinetics of
the Reaction Aluminum (2P0) + Water over an Extended
Temperature Range[J]. Journal of Physical Chemistry,
1993, 97(38): 9673-9676.

Sharipov A, Titova N, Starik A. Kinetics of AlI+H,0 Re-
action: Theoretical Study [J]. The Journal of Physical
Chemistry A, 2011, 115(17) : 4476-4481.

Cox J D, Wagman D D, Medvedev V A. CODATA Key
Values for Thermodynamics[M]. USA: Hemisphere Pub



Badt: B 1o T 50 TR A T 70 22 KH BR R 7 o AL 2 R M S O A 2Rk 2023 4
Corp, 1989. AN 2 0T D). 1% BAER T2 B 2 i ( [ 2R BL2#

[35] BMEX. S WESEA0] L H, 1998, BR), 2012, 22(4): 1-6.

(3):22-23. [41] GuoY, LuF, Zhang L, et al. Properties of Ceramic Sub-

[36] SKMES, B, 81 2%, 4% . 550~2400K i X a—% strate Materials for High-Temperature Pressure Sensors
A REAE, I A L I SE g e (1], T 2F e, for Operation above 1000°C [J]. Advances in Materials
1986(2): 33-39. Science and Engineering, 2018, 2018 1-6.

[37] Kirshenbaum A D, Cahill J A. The Density of Liquid Al- [42] Felder W, Fontijn A. High-Temperature Fast-Flow Re-
uminium Oxide [J]. Journal of Inorganic & Nuclear actor Kinetic Studies. The A10/0,Reaction near 1400 K
Chemistry, 1960, 14(3/4): 283-287. [J]. Journal of Chemical Physics, 1976, 64(5): 1977~

[38] Glorieux B, Millot F, Rifflet J C, et al. Density of Super- 1980.
heated and Undercooled Liquid Alumina by a Contactless [43] Rogowski D F, English A J, Fontijn A. A High-Temper-
Method [J]. International Journal of Thermophysics, ature Fast—Flow—Reactor Kinetics Study of the Reaction
1999, 20(4): 1085-1094. AlO + CO, — AlO, + CO Thermochemical Implications

[39] Najjar F M, Ferry J P, Haselbacher A, et al. Simula- [J]. Journal of Physical Chemistry, 1986, 90 (8) :
tions of Solid—Propellant Rockets: Effects of Aluminum 1688-1691.

Droplet Size Distribution [J]. Journal of Spacecraft and [44] Belyung D P, Fontijn A. The AlO + O, Reaction System
Rockets, 2015, 43(6): 1258-1270. over a Wide Temperature Range[J]. Journal of Physical
[40] /5 G, Theug, XM S AR -t &b ek st A Chemistry, 1995, 99(32).

2206011-14

(.8 %)



