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Spontaneous Ignition Temperature and Burning Velocity just after the Ignition
in the SHS Process for Ti-Al System with Rectangular Shape

Atsushi MAKINO™ Yuuki ISHIDA, Shin’ichi KITABAYASHI
Yuusai ODA, Shuuto GONO, and Masayuki SAITO

"1 Japan Aerospace Exploration Agency
7-44-1 Jindaiji-Higashi, Chofu, Tokyo 182-8522, Japan

Relevant to materials synthesis by combustion, not only spontaneous ignition of compacted mixture but also flame
propagation just after the ignition has been examined for Ti-Al system with rectangular shape. Not only experimental
but also theoretical study has been conducted, after confirming that the size ratio, defined as the ratio of compact
thickness and particle diameter, can be useful parameters in correlating experimental results. It is found that with
increasing size ratio, the spontaneous ignition temperature occurs below the melting point of Al (934 K), due to an
increase in the particle surface per unit spatial volume of compacted mixture. Effects of mixture ratio and/or degree of
dilution on the spontaneous ignition temperature have also been examined. In addition, effects of various system
parameters on the burning velocity just after the ignition have been examined. Experimental comparisons with
theoretical results have also been conducted and a fair degree of agreement is demonstrated, indicating that the
formulations referred to have captured the essential features of the spontaneous ignition of compacted mixture and the
SHS flame propagation that passes through it. Since this kind of particle size effect, especially, relevant to the
spontaneous ignition and the flame propagation after the ignition, has not been captured in the previous studies, its
elucidation can be considered not only notable but also useful, especially, in manipulating combustion process in
materials synthesis.

Key Words : Combustion Synthesis, Spontaneous Ignition, Ignition Temperature, Limit of Flammability, Burning
Velocity.
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Fig. 1 Schematic drawing of the experimental apparatus.
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Fig. 2 Temporal variations of the surface temperature T, at the side-wall of the test specimen for the stoichiometric mixture, with
the compact thickness 10 mm and particle diameter 32 um, with the radiative heat flux taken as a parameter.
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Fig. 3 Spontaneous ignition temperature T, as a function of the size ratio t/(2R,); (a) for the stoichiometric mixture (u=1); (b) for
the mixture ratio u=3. Data points are experimental. ~Solid curves are theoretical, with the Lewis number taken as a parameter;
Ley=0.025, 0.5Ley, 0.2Le,, and 0.1Le, from the top.

This document is provided by JAXA.



SPYEEEAY 300 FRE £ TIE, H OB KIRE ToX Al Ofh5 (934 K) 12TV O D, Z LI FIZRBW T, ~HER H2R,)
DERIZE B 7229 T O TN, DTN s Eidnz, BlEshs.

MARREREI O E & ARk, ~HE Y(2Ry) DM, B ORIGIZBI ST Dk T O2RMBEOH K E B L T
BY, 2Ry NREFTIUXT N EVIES TY, BXICEATORAEKMNZ LRI Z L L7220, ZORR, BOEK
DELDEBEZBND. 7ok, EBRIZBWTIL, AFARER Ti RORRICHKIN HH 2 &, HEPEE 15 mm
OFREHERNBA R CIIRATHD Z LR EOHEMAT, AT TS0 BEFE TLMMERIE LN o7z, 72
B, MFohiix, %4258 2HFKICETIIroOEETHS.

B4 3(b) 1TREHN=3 DFERTHD. ZOLEICH, K 3(a) &FEEROBEAINVRINTND.

(2) BEHBLUBREDEE

HEZ (k=0) OBEADIRA p & HOHEKEE T, L OBRAR 4 17T, /35 A X TFERYER) T, Hiiih
IHEIRRGH 2W/(1+p) AW DITEY, ZHUC L W ARRER COFGR FIREL /2o T, IRAH p ofic
EBRWVECHEKIRE T3 Al OREITEED HIREITIKT L TO 28 F B SN D . IRE OIS RLEY)
BT OBNEBKRLTEBY, MBI 20 0O2KER GUIHMNARESH-0) NERTHZ L, AdHE
KIRE TR TORKEZZ HLD.

EmR A OLAEORIE « & AOEKRE T, L OBRZK 5 ITRT. /87 2 X THERUQR) ThD.
B « OHEINCE H7avy, SHEH Y(2R0)*330 TIXH O KIREE T 08T & A EZ L L 72V, t(2R0)~750 TixHd 7>
W ERT 5L OEPELNTND., BVYREMEN BT L 302 2 WFRAIZFRINT 5 2 L3, BN ToORBE)
AT S Z LIS LTRY, BERE LT, WBRETHE LLH CEKBEICRE RIEVWREL RS2
DLEZOND. 72k, BREFLEITE KEOBRBEREENET Kool 2 &%, BB FI9EERR 2

LHERLTWD., ZORBEIONWTE, TR ATer L%, mE, mTo2&E7 5.
1100 -
Ti-Al|System | Data for t/(2R )
¥=0 o 330
1000 Melting Pt. of Al A 750

600

0 0.5

15 2

2u/(1+p)
Fig.4 Spontaneous ignition temperature T, as a function of the reduced mixture ratio 2p/(1+), with the size ratio t/(2R,) taken as a
Solid curves are theoretical, with the Lewis number Le;=0.025.

parameter. Data points are experimental.
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Fig. 5 Spontaneous ignition temperature T, as a function of the degree of dilution «, with t/(2R,) taken as a parameter. Notation is

the same as that in Fig. 4. Data points are experimental; open and solid symbols designate, respectively, the steady and unsteady
flame propagations.

5

This document is provided by JAXA.



3:3 BHXEEORFEEERE

M7 H EA KOEAEITE, BB THEAKBEENRFHBZE SN2 OTH A M, FEBEICE, REoLET
S5 D OBHRR DT DI —IRTTHEDS B ST, B RDBIER SN D OIFEEHF 9T, B A %ITIE SHS KR D
&N, FOKRGENAZITOND. ZOKRGBIIET —RITHTHHIRY, BEBORETH- THEET
BHoTh, BEEREDOHEICRENE RN EBHERSNTWAOT B, = =03, EloBE 2 R,
TIRERDOEE LIAKE, RERRERICIR AT 5 SHS k9 DOIELEE R & RBERARIEEE & L CHIEL TV 5.
Bez, Tkl &9 FREIZOWTE, RIGIZE Y @R E 72> TV DT E DJAHIRERE AN TN 5.

16 16
I T
; Ti-Al Syst
2 Ti-Al System| b for t/(2R )= 750 . WAL SYSEME bata for t/(2R 4)=330
3 k=0 £ =0
12 < 12 58
é t=15mm g t=10 mm
2 N 2R =21 um o £ 2R (=32 um
£ - c <
£ 8 5 7y E 8 E=
, = N i 5 o
5 E / » 3 £ !
4 2 4 =
\/ 2 R
0 LAA;Q— =< 0
0 0.5 1 15 2 0 05 1 15 2
2u/(1+p) 2u/(1+p)
@ (b)

Fig. 6 Burning velocity u, as a function of the reduced mixture ratio 2u/(1+p); () for the size ratio t/(2Ry)~750; (b) for t/(2R,)~330.
Data points are experimental.  Solid curves are theoretical, with the Lewis number taken as a parameter; Le,=0.025, 0.5Ley, 0.2Le,,
and 0.1Le, from the top.

(1) BEHOEE

B O KER IR SV THERET DIREERICOWT, 1BA b LIRBERE u, ORBIEA X 6(a) (ZRT. ~F
TEREU(2Ry) #750 GREHE = t=15 mm, Ti KifE 2R=21 um), AR (=0) DHFETH 5. RSO E B 720,
PRIBEHE up DHENN, ZDZDOWOPBILE ST D, BRBEHEE up O¥EIN (B 1L, IREHOEINCE 7253
BIEA AR H7- 0 OFAEOHEI (F) 1SRRI LTWS. £, Khothiligi+ 2@ e ch 5.

[ 6(b) 13-HEE t(2Rg) 330 (=10 mm, 2R,=32 pm) DA TH 5. X 6(a) LI1TFRR Y, KR 2RMAXL,
FBHE X t B/NEWd, mREHORIEREI S EZ &, 0Lk, NT YR 2IZEAp (23 L CHFRE
DENZEL L TND L I AT onsd. L3z, %k 20T S & i35 &, Him 72 5 ONTHRSELS
LT, HEBEMEW—ENRZIT N5,

16 16 —
Ti-Al System Ti-Al System Data for

p=1 p=l t/(2R ;)=330
12 | 2 12
" Data for t=15mm 5 " 2| | t=10mm
s t/(2R ()=750 2R,=21 um £ e S| |2R =32 um
E g w 5 E g £
- A = - E
= E el \J £
4 = 4 5
ﬁi\g ] . :
%J -
0 - 0 _J
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
K K

@ (b)
Fig. 7 Burning velocity u, as a function of the degree of dilution «; (a) for the size ratio t/(2R,)~750; (b) for /(2Ry)~330. Data
points are experimental; open and solid symbols designate, respectively, the steady and unsteady flame propagations.  Solid curves
are theoretical, with the Lewis number taken as a parameter; Le=0.025, 0.5Le,, 0.2Le,, and 0.1Le, from the top.
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Fig. 8 Burning velocity u, for the stoichiometric mixture as a function of the size ratio t/(2R;). Data points are experimental.
Solid curves are theoretical, with the Lewis number taken as a parameter; Le,=0.025, 0.5Le,, 0.2Le,, and 0.1Le, from the top.
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B TOBME DN INH] S L, REEEE uy DR T AL D & &I, AREEHNIEN S Z L bRrEN TN, 723,
FBRAE T L RS & 2 i35 &, IS KL OMERS IR U Cidia s e — BV R EN TN 5.

X 6(b) (ZIX~THE (2R)=330 DA DFHEFMER LR EINTND. ZOEHEITIE, KR 2R BIKEN-72D, &
BHES A DV NEDNo T2 0T 5728, A ZAE Leg DIRFIZ & & 72 5 AREFADIERBBE L 72> T D H 0D, FE
BRAG L & TS A & OIS, Bmds KO BE L T2l e — BRI T g

(2) FREOXE

X 7(a) 1 ZIE-HE-Y(2Ry) =750 DA DOARE « L IRBEEEE up \IZBI T 2FHEMA R L RSN TWD. FRE «
BT & b 72V RBEREE uo XA T2 0D, THRRFIFHZB W TRET 5 L ORERHFE LN TV D,
M, TEHREFUTHZIS T 2 PREEHE uy O2HIE, A COEKRED Al BlUSE~OBFEL ML L TW5. 723,
IRRRFUTES< &, FEBRTIE, 3UBHERE DA C LAORBEDRS ST L 7RV A B REE & FH AL 2 RBEIA SRR D3 BIER =
NTHDHDO0, AW TR LT e —RoTiBEEE TH Y, FEEFIEEZEE L TWRnnZi,
B S AU TR SRR L 0 B AL STV D FTREMEA B 5@ T @) gk, SRR R b R R &
ZUET 5 L, IR OB L Qi b 72—V EhTnd

X 7(b) (Z1L~HE U(2R)=330 DFHEFE R L RENTWS. ZOWAITIE, R 2R B KRE <, HMEES t 3
W28, A A% Lep=0.025 TITE K ATBREPH 72 VR o TRV, ZD7=w, LegDIETIT & b 72 5 Al
FHOYLRDIEE L 72> TS, LovL, HEARMIZIEK 7(a) EFREEOR ER->TWND. 228, FRE « N 05
FE % CEFHIRIREERACRE DR SN D L OEBREE RN EZ D &, Rk 2Rg=32 um LA F ORI 72355V V3T &
NPITRBIEGE L T 2 L HEER SN 5.
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(3) <TELDEE

X 8 |ZIXEFMEA L O E OHEL Y(2Ry) & IRBERE Uy IZBIT 23R R L REN TS, T A XA
28 (B XY Ley, 05Ley, 0.2Ley, 0.1Ley) ThDH. HOEKNEL LEILTIL, ~HEHK Y(2R) DOHEINIZE b
PRVNRBEEFE up 23R L TR Y, MRS & 528 I & oI, B L OWISEIC 2 Y e — B Az b
5. 70k, HOEKRED Al ORI E 7R D51 Tl BREERE upNIERK L2 L & 61T, TABRZOHRED
AIRBRAR & 72> T 5.

5. # I}

Ti-Al ZBESHRICBEE U C, HIREHCIRGENE T A O KRB K 1% OBRBER K2 B9 2 S28RAY - fiRHT Y
MR FENE SNz, ZOfE, FRFREEED Al Ol (934K) LR Th-oTHLHOEANELDZ &, BRE
oA BRE LIS, RBNE S LRI TR E DL TER SN D HELD, FIRRREIOLA LA, B OB KIRER
5 ONT SHS KR DBRBEHRE I TR A KIE L CWND Z ERIAREL 7o 72, FRC, ~HEROREIZE L, B
NAKFESH 72 0 ORI F-REMEOEMEZI LT, HEBEKBEDKTE2H7-26L25 2 L#HLNILTEY, Ih
DSRBEA BT DHIENC A SR AIRARER THHZ L 2R LTINS, S 51T, FEBREE & fTHE S & Ok
HIToTHY, HOHEKIREZR BT SHS KR OBRBEEEIZRE LT, i L ORI DWW T, ki) R4 72
—HRARHLY 22 EHRL TS, URIOMIEICB W TR L2720 > 72 H B KIZKIE TR O 2 ) B
(272 o T2 8T, A1k, KVIRNBREARN2EIND 2 ERHIFFEIND.

i b2
AMFEDZATIC ST 0, AR T Yo SFhE 25 80%, MOKIERT 2%, 720 ONTHRE LA R
—FRbRITHE, THHERTEWE. IR OBRERTS.

# b1

A CIEE DEKE— KT o TETR, Z 2T, —RITHICED D 2584 RIS A &+
BHLDTH5. &5%%&@%@5@%mwfﬁﬁrﬁﬁ_fzz»xﬁrtéﬁrfaeﬁﬁkﬁa

ﬁJ{ljzﬁ (_j aZT +301-2 )Miexp(—deJ(LT:O. (A1)
ox2 \a) ay2 \b) 032 Leo(pro/pt) T 2R
FAEfEEI0< X <1, 0<y<1, 0<Z<1Thd. Lid, K (Al) OBEREMEE, ROEY THS.
_ (_I]:(_IJ:(Q}O; Rl ToT, JoLToT, T-1T-T.
oX oy 0z

oI, AFOEHI LORT A XL T DY ThH5S.

- ~ T, _ _ - ~
y=Inl1+ A Yum |, A=Daexp| ——= |, Dazﬂ, x=2, y=L 7-_% T
1+ A T D t/2 al2 b/2 9°

ZIT, X% Y, ZIXEMAMEHE alb & IFENTIVEREHGREIORD LB LIRS,y ITEREEZIRE, AIMEES L7
%, DaliFm¥ L7 o8 B & Ta 1IFRMENKICOEER Y L IEHHEECTH 5.
fHEDT=8, a>>b,t SIELZ ET, BXKOBROEE FF M)

T=T, {1+88+O(82)}; g=—=-<<1 (A3)

_|
o

V) & THEEET 21T 9 &, (AL IRAE %,
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2 2 32
%9 +(£] 079 _ 509 (A4)

ox2 \b) 572
EERSAHIROE Y TH 5.
X:E:O:(ﬁj:(ﬂjzo; X=1: 9=0, Z=1:8=0. (A5)
oX 0z
%72, Frank-Kamenetskii /37 A Z 13 CRREND.
5_3(1_2 )Mm(prf )f_dexp[_f_d (LJZ (A6)
*"Leg (o /pt) M T2 Ts \2Rg

FHEHFE (AG) 72 LONTEERSM (AD) IZTHRARDHCEKDEA LR—T, 7 AT Kbt >>1 O AR
ABIOBAITIE §>0878 TIEFIEESMAMAE L 272K 720, HEEIWVEL D Z LAmbR TG WO - X (Ag)
PEIEANCAELS &, AL DX H 727 A~ L bt & Frank-Kamenetskii 235 2 28 & OREAVEHI SN, 7 AT M
bit DEEIMZ & B2 § METFTHZ &, bt 22 L7pn L, FHIFARIOR S bIXACEKEEICIEE A LREE RIF S 724
B EIREROND.

=
o
o

=
o

-

Frank-Kamenetskii parameter , §
]/

o
.

1 10
Aspect ratio, b/t

o
-

Fig. Al Frank-Kamenetskii parameter & for the spontaneous ignition, as a function of the aspect ratio bit.
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