. Studies of Flame Propagation and
Extinction Characteristics of
Heavy Hydrocarbon Fuels

AR HhRtt :

TSINGHUA UNIVERSITY PRESS



REAZREELZUIEXAS

Extinction Characteristics of /,,
Heavy Hydrocarbon Fuels

AERF AR

b



nEE T

A FRUE T 8 IO S AT B — 2L 4 Bt R ) R A 2 A i S ) 2 O A A 3
FEE B I AR BRI F08 AL A1) L A 0 e 2 LB AT (LA DA 3o — WL AT T et
A A58 A BEIR 3 HUAOR TR S B % % b A R i .

IRALER R B S 5. EEEREBEIE. 010-62782989 13701121933

BB ERRS B (CIP) #1137

o Bk SR SR AL B R e AU A MR T o /2518 3. — b 50, TR K2k
#t,2018

GEAE R 182 08 ST )
ISBN 978-7-302-47435-7

L Of T.0ZFE- II. 0K SR — KIEEE TR O — MK —XK
k—#3 . OTE64

o [ A B 35 0 CIP Bodig 457 (2017) 45 130959 &
EEHE. B R
HEIE . 5
FERKI: XNEH
EENH . W &

IR AT . K2 AL

iz} #ik . http://www. tup. com. cn, http://www. wgbook. com
b . B EEREETKRE A B BE 4R:. 100084
4t & #L. 010-62770175 Bp M. 010-62786544

BBE5IEERS: 010-62776969, c-service@ tup. tsinghua. edu. cn
JRER.: 010-62772015, zhiliang@ tup. tsinghua. edu. cn

B 3% &F: =W HHIME S ARAF

% . 2EFERE

I Z: 155mm X 235mm El . 9.75 =R M 162 s

& Wi 20184 6 A% 1R Bl M. 2018 4F 6 A1 ENRI
E fir: 79.00 T

e RS . 073930-01



—RETEHT
FER-—RAZATEFNETE(RALRF)"

AT BFRRXFOAREKES. RABRE -—RATWER, 4 4 &
AEF—AAF. AREAREFR - RAAREZN LA, Z—HRA¥H
RE . BKATE%ROELTRE. BLARRRFAHATHREGEL . KA
- AFATRFNEE RRE - NPERXRVWALERATF, HEA¥
FPEAHR#LECRE RAUBAHFRE  RERA I T ENE L AR R
FONHAHRAR L EERTE.

FABHNBEFEETEHEORE

FAMHRAFRHNEELARB O, RFFEFABUREFATE
FPEFHMERN . REFFABEHNER, RRT -HAFRAFANE
R ARABNREPRA AT R EFORF A LARFEERAZTER
FAAAEREXETERBEH AR,

FRESFH BEX-KREHEMER FARERALE R, d
REEXFENMX, RENHE L —ARET 2000 FFR G RE M, 2 —F
¥E4. R EREARREXREE SRFR, Ao RABHAALR
FEHRA. ARFZPHA(RXEMOFFHE A& EH L5+ %, 8
TREER ANEHERBEHNRU N ETAA KRB L, BEHER
—FHEMREFFET L, RWERMAHTALN—FEELES.
1LY BEAMKAZFR L AT FRBARTUEHEFRERFTH S
R EXFREOTELERFAETHE ¥ RB{ TN T FE L2260, R T
TE¥RITREANEFTAR HREZFA b QEFLR, T HLH
BRAGESHEARE L AZT AT B UB R XA BRI AEFRAFR A
HAEHF P REANA RERIHNKERERLAE.

O AXBEEFOLHHEMR 20174 12H5H,



2 BHRRERBNKBEBRFENEREENTAR

MEIAEFIMARERFABHREENNE., L EFEEL
WERNG  FREANHNERFAR . HARAXFARX S 5FREHR
MERXERERT LR FWEARS, EEZWR ML ARERY
AT LN FANRZRANEGIF EELREE AL ENER., B L
EEEFR2WMENTRABR . AFHA . GREZB NAEHLS, £X
BHRAZAT AN FELES FREREF AR A £ K%
WEARBVEXEE, AT A AN RBAAMRE.

mEMERMFMBRLERE LT EREENER

BLAFEALERIZFRN AEERRE FERL HARKE.ER
REEMNEREMA R R4,

FAENEA CEFERBAF. BIEC I FEREVNELS
B ZrATERRANE. BARRFR I malE, EABIEH, BER
EEABIEHGRR., 192945 6 A3 H AR EA¥EX¥RF W EIE £
BE_EAFEZHF B¥RRAEALRXUAHNFHE . EXBE“BTIRK
EELGH A AE¥RFINKRAR AL BT THE . KPP FH.“%4
ZER EARMAE; REZFR, RAROTH ;BT 2 BW, B8
ZREBATFR, SXBRMRAAEZTAL"XEXTF—LFHHR
Bt TEFLAWNEER XFRAGEFIFHRRAZIR.EHE4H2Z
R —RXLEFUREBERELA TS RAFPH R A CRIOAR. FE &
AHEE., BEARNZU“ RIZEM EHZBER"RERE S, T4l

EN AW BFRBRENRT ALY A 20 42 80 FRAUME FAY
MNIKFERARW O S A FEFE FHRY “BOARRBRZFIAER
ERENER A AL TRBAROA-—CEA B R 22 0 L #AM
BIFRAES . ERRDHRENAR, FA LR HEFEREE,
LENSRMEE, BLLERIBRARTAENS 0. ERAKLTHX,
BrRRupeAFEA,

HAMYBERZ - HEEZEAN FHRBEAORENELE T X, AA#
HAMBREWAT THE AT K THRK. HABBENRZ EEHOA
ARFEFERANHI.ACERNAERIARFTERAN - E RN
B, 2000 £, XEBFAXELLTFRT — R T A XMW+ 474 Hit
Ml EHFRAAF ARG THRARE, ARG A£XER



—RELTEHERA-RARZATEFRNSE(RABEF) 3

BAM R ARFRATRANRAEES B T BT T IF W R R AHFE
EARBEG MHEBREWNERLFAERIE L AEERAEHLA B L.

MFH LT AT E HAREEN AR EAMTEARRAS. H T K
B R EEF AR BRI FARE R F &R w0 3
N HFERFEIBELARGEN T BFLE TR FLEFHARELA
ERERIWNERANESFREZLR G E. REHLLSEEESFT 21
W AR HFEITHAENREIMERRIMERERREEL S 5 2HE,
ENRMAFEREFEEFEE « ¥ 3 H (Barry Sharpless) £ 2013 4 11 A ¥ %
S “HENE N A THEFENREFEHORRZ ., hEEZIHEK
KT HXE FENFLEL R, AR RS, EANENRARE
EXRBTIAAFEFANRGE N . ELARNZEERBEHER
fofeh. BEAMABRELERN - ERERAFALAHEERC . A—FF
RKE AN, ZEFER . CEXENARTE, EMUARKE EH
A SR ELFHBEEF LG RAL TN ARANE LA EEZRTFRY
BEEWEE.

REBEITEREFREANTHES A AMNELERTLKR

— RN LARATREA - ANKFEQS, FEMBL TN HAKRR,
EHRFERE LR LA EFRHEANATT S,

ERLEBRTE FRBAEEL 2 IR TRAEMNEFNFRS AR
AH#BA. pREMEREE, EXRSBFAFHIEXR . T2 AT
SRBFEANFABR., FEAFESL S F AR B RN ER L, T 2016
GRB2EETRLABEFH-FH B AERNLRE K0 R B UH
TERBRANEHFOUFRD TLFARABR FLETHRREZH . FFE
KB ER. (FEAF“FR-FHHALHEAZIAHT SRR RES
B REAMEELARAFRE ARAETARANABRRETEK.

ERTAHFHTABR AT E FRRABE.ZEFEHITNER
BARFRIENAERE. BLAZARENRAXRBAEATHN . RLE
S ERFHHETSEE B L ART PR, HERFN 2009 FFAREH
BEAERHFERTREBZFEAFELZRC AN FBE—HLHFE XK
RECW|L LR, AFRFRERABTAFHEREIRF . ARK
HAFIBEHARTUBIE R L L, U BHAEE IR FFHITHERR
FREFFLE, FAMEIRHE ZERRK.



4 BHRBEEREN A EEBBTENBRRSENAR

ERHJABLIARR T O - EX A EHFHARNFR T ELRZBFH
WTE. BX¥HXARBABE LT AFRCREINEERE . B LAEERS
RAEXXFRARFRAFA I ENESL . HEKFET 2014 F4 4 7T“%
VARG AFNTURLMETF MR AAEREL . FRERKME, 3
E£X B ASE5RERYUD £712000 53,5 5 # 4+ 4 % 38000 % A
Ko “BPRRH#ATARAFHFLEZAWBERAE, HL T RAENHER
A, FETF 2002 £ ATH AR E . REERAFECAR, FAEHER
5, BT ARERHFEFFTS500H,FET 18000 £H¥AKE . WELL
A TWAEs HFEHK FHXR . REXANER. ¥RERABHHEL
A MR -—RAXTFEXKREAUAT BL OO K ELEFBATFE2
. B FT2011 R LT TREVPERELARE BMFLAREFTEX
FHARBAAF EL2RAERTHARARTERNAL L FA,

EHITFATETERAEH —F TR FRATN Z A AH ¥
EXAF. REAZAFAREARZATF T IR XAFLEHRAES BN
AP ERELHFE, FRAFEM 2015 FEFHIEFMLXHITEFRRE
AL FNFRENZRL . FA R XA EAFATFTIRIERMLEM
AERSHITEX . REMAZRALCARFAFERRIFE . ARFERRA
4V ERLHE,

AARBAABAEIRBER MR —AAFHEL, L AREFRE
WRARKEFNZFRERANEZRE. RNEBREER. T LR EH L
AHFHREE GIAREA TR . FFTHR MLERG . RFEFE, X
Wiiksh —RAAFWAARFANFTNRE.

5 %
FRXFRK
2017412 A5 H



MHFZ

MERBAABRAZNE I ARA . AAFRFEAERES AW
BEARFRCAFALNELA, REEXXRRSBHEZARBL, RHFEFLK¥
AT HEFBEFZE,

EHERBELFRERNER FEA¥EE 20 HL 80 FRAWWALH, L
REXFHL2FELSeRALFEHRA . FH BB LERFTRE. ATHR
HREFBRLTEARKNFARE RB-—FTEAFAHHETERENZFARAE, —
FEHAARDEFREXUAFRE. BRRCFEFET-RIAMLAEERER
AefBFETE BB LEBCER AEAF  RAR L AHE RN,
BREFHAREXA FHRAFT L ERFTE.

BLAERRACEINFAFEHRLENE . BEFR . REKE. #10
ERNFEERTHARTARARANE  RRAAERFEARTERR . BAA
KA R AHRFAFEERR. XERFHRLEMLLXLAF, FARE
ERE LA R IHFARARRGEA, L EEBRB T AEFARHEATL
R,

ZELFNE - RBAXHAREFRFAGF T ENRAAKF R L ¥
RX ATEBMAF . HMEFHE L ERATH, B BT ZQH
B RABRIFARARFH L F AR XEA205F,. FTHREARFR L FM
RXRRTEREFARRFAM I FLRXHAT. HTHBRFNE
TEMRXARR EXFHURAFARAIAGFHAER . RAFLEXRRRRS
BK BEXEFRERGFEAFHBRAGFEHRIBRFNE L ¥4

RMEERFHBRAE BOHAFAEFRB L L BEHHT EREK
R EXUATRXULF TR EAE L TN RATXEURHARS
FRARRNGEE ZEEF. HERELS o B KT LA E WA A X 0K
XX BN EETRETBFARREAGENSE, A X ERTRM
REFARFRFARRNEMREBRBNEHER.



6 BRREBRENAEERERETNERSHENTR

RMAFHEHENFFMN. XBRFOELFAH X, A& FRERK
X, BAFFHABOHES. ERRFNFLRFHE KR T —AAGRS
WHARR BT —AMFFFEE AR RTHENERFLE. R
MARBRRXBCEREFE W EXEFMEMRL X,

RHAFHEHEN. NREFHNERARR ERGFHEML QFHH
HEENRERBHBEATEAFROERER LT EH. #NAFKR
REHHAL AR XHTTHEANB AL, EZERLEHNFH THBY
R, ERAAGEMTiEMR,

RELAFBERERSFH AR XN BARYRZIEAFEHXNERS
FEREARS HORXREFE FXFLAFENFRAN, 4R %3
EHENHERAERAXEKR. HEXEEFRELENT TRAEZRCFE
EHRRRERRER R T I RRA IV B L AN A XFEEHAE
WAME,

RELHHELN ZENFRTANEFAFEORATMNAER KR
BLERPR,BHTH! ERFEX ERELPEBAXNEL ¥ LU
U RY & T

tAfE & — OB A WX — A AR RF R, & REFE R A H K
REXFAZXNFAW RSRAEFHELNHFBURHRERERN

HEBMEHE .
X4

FREXEHTLRRE K
201841 A5 H



]

FEMZRBAMEHBAO R REEEE# RGN R ITWEE XA,
TERBWALEF AL ARTAERB, TEALNREER, PR L
REEILZUL . ZEHEREERE XBRE FERMFERLK. ¥
MREEALQFEABRRBERTRATZARI LR LR A, K
&R ENTE R AT MR B A A o S AL R B B K B A NN TR
HEASFHRBIER., B AN/ F ook SRR o 8k 0 4 1 Fe 5 AL
BEALBERNN AR, EXSRABHKEBHANARFLERZ., £ T
o FHRAFAH I AX BRI LR RER NI CL2Z(EFHHE AT
IDUEERBRERB NGB RREFRREREFRTRARANNFR.

RUERTHAKREERRE ALZBRREFTZATHHANEHHK
B REAL, RARECETFEENPIVIAERME T E+ K7
TAREtORF+EAFE DM E 42T HKEMKHF JP-5.HR] i
A A SEBRAL R M b DL & F-76 \HRF W # 32 &) 58 5 MR B 09 B 0 Ok 6 15 4
HEEURTRBKERERBRGEHRRKRR,FRET HE EMMA 55K
B ERRBMEBHAE. RXFARENEZRREHRAFE L EHR
TE.

5 FE e, 21 E %45 CHEMKIN 3% # F B 7 4 5 B9 % {5 4 L #F
R AEBREBRYTRARNEET AL WA RTHEAE, BT HRE ML
MBEEINA BB RN ERE o) FHERERRATT FHH L
M BT ERIRA K IEHEE R KA Rk 4 M e 4 2 T 2 b iy A
B hBETAAH-AINBENFURE BB TREZNARE, FREX
BEFEMERIN AR NCENERTT RS RETHIEA YK,



8 BHMRERE A K BEBREENRRFHENTR

ZHEA¥WNARRARFE - RUTEAEENLE R . FHERRAH TA
ATER NN TR T8 BOMR R i 5 AR 5 A b TR B b O B R A O OB B R R A
AR BB RGBT E A

FHAXN - REROCAXRTERRREREZ LS MEFM®K RSN,
REARMAERNER A RRFEAERFHEIAX -F R, RNRFH
FEAFUHBREAZHEAEZN R IR XRRUB . HEX - THAH TH
TH#—F THRERFARIER T ARKIR 3 F 3 AN AR RO A %
FrHERIAR,

EHRE K OE
FRXFHREEFH A TAZEZ
2017 #£ 5 B Fdb 2



m =

MERHFARBBRE) ZATERXBAR B THAZAL2KE.FE
o R B AR 2 B A BT T A Ak E AR 3R AR A AR X ST RO OB B R
B dr

ERRABFERT NN K EEZBR R L UEKBHRAEFT R4

BEAABKEHTRAPIVHAMEFEMNET E+AK.F+HAK
tTHRMtEEFUMHE—AomEKAMNB 5 JP-5.HR] % M At = K #
W B F-76 \HRF 7 fit 5 i Mk #H 09 & I8 K G 1% 38 2 B SL DA B BB K 0 A 5
TRRKEHRKER Kaa FETHRB EMA2 M KGEHEE LR RKAR
WRmAE, FRARMARSNCENETR T AN KK EHEBFE,
FENERS LA N MENERTT RS, BXNEZELER DT,

(D BREREEN SIXKBB T AAD, b4 B & R
REF NEMRRERBRSMFRNERRAN N2> FEEE, T REZEBR
ERBSWHEAREN DG TFHEFEH, REF £ C-Coha T ¥
RENEZRHERRKERHERGEEFENIREAR.

2) BHRREAMBATRKEN K EERXRBFT L8 C-CoAhRTH
RERMNERw , AN o FERERELARRAEANE, EZNAR
RTMEs ¥,

Q) BREEAMHFFTRKEN K TLATFEREROPHAL, £
M A AT s Ko MR BB B3 A T M 1K % b JE B K B AH B 3K 3K
By B BT E B b,

(4) Frme ERBRB TR KGN Siff K AR TE+ Ak, B#AT
ERBE S KM TENBRER. EERBERIZREN KX



10 BRBEREAKBERFENEREENTR

G)BECCALPFAENETURTFTRERATRKGEHEMR
XKEHaFUEE:TBEERAL>THERSEATUFEEAREFEEFR
O R R TR K M o R

R A KM BRKE BREEME KIEH & R RAR



Abstract

Jet and diesel fuels are used extensively in both the civilian and
military sectors worldwide. Due to the chemical complexity of these fuels,
the combustion characteristics of practical fuels cannot be modeled from
first principle and understood. The first step towards that goal is to
perform fundamental combustion studies for both the practical fuels and
the attendant surrogate compounds.

In this paper, flame propagation and extinction characteristics of four
kinds of heavy hydrocarbons ( n-hexadecane,n-tetradecane.iso-cetane,
decalin) .two kinds of jet fuels(JP-5.HR]J).and two kinds of diesel fuels
(F-76, HRF ) were studied in the counterflow configuration under
atmospheric pressure and at evaluated temperature of 443K. Digital
particle image velocimetry (PIV) was used to measure the axial flow
velocities along the stagnation streamline. The effect of carbon number
and chemical structure were also considered. The simulation results were
also shown for comparsion issues. This study also make improvement of
kinetic mechnisms., The main conclusions are as follows:

(1) The laminar flame speeds of heavy hydrocarbons are dominate by
C,-C, mechanisms. Heavy n-alkanes exhibit similar laminar flame speeds.
Compared to n-hexadecane, the lower reactivity of iso-cetane is attributed
to the production of resonantly stabilized intermediates that result from
fuel decomposition and which inhibit the overall reactivity. Additionally,
the differences of laminar flame speeds of iso-octane/air and iso-cetane/air
mixtures are caused by the distinctions of the fuel molecular structures.

(2) At near limit state of premixed flames, the heavy hydrocarbon
fuels are affect by C,-C, small hydrocarbon mechanisms, the effect of fuel
diffusivity are enhanced. As the chemical kinetics dominate the extinction of

premixed flame, the extinction strain rates of n-teterdecane and n-hexadecane
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premixed flames are similar to each other.

(3) Non-premixed n-teterdecane flames were found to exhibit notably
greater resistance to extinction compared to non-premixed n-hexadecane
flames due to the dominate effect of fuel diffusivity. The extinction strain
rates of non-premixed iso-cetane flames are lower than those of non-
premixed n-hexadecane flames as more stabilized intermediate fragments
were generated during the oxidation of iso-cetane. The correction of the
mass diffusivity of the heavy fuel has great effect on the prediction of the
extinction limits of the non-premixed flames.

(4) The laminar flame speeds and extinction strain rates of JP-5.
HR]J.F-76 and HRF flames are lower than those of n-hexadecane flames.
The laminar flame speeds and extinction strain rates of petroleum-derived
fuels are lower than those of bio-derived fuels. The discrepancies of
combustion characteristics of practical fuels are caused by the differences
of chemical compositions.

(5) The improvement of the C,-C, mechanism effectively improved
the prediction accuracy in laminar flame speeds and extinction limits for
heavy hydrocarbon premixed flames, while the improvement of fuel
diffusity effectively improve the prediction accuracy in extinction limits for

heavy hydrocarbon non-premixed flames.

Key Words: Counterflow; Laminar flames; Heavy hydrocarbons;

Flame propagation; Extinction limits



TEFSIHEE

Hoy i MZETHET

S5 5 WA AR B AR R
KK A
Hork M HAE

i o Ay B I A
Yo7k ML m TV AR
Hork B K

SR EDRLE:

8K AR BR

TR K 46 H 48 K A% PR

e BUIR K H B K K AR FR -
I AE X 4> F R

45y k BN 20 T R
Xt T ) B W [
EH
AR RH Y IR 0

8 G AR K
RN

J2 K N1 1 o

SH Ktk

KIGIR

mE g O Ab R AR SR IR A W IR
S

Hork BIHT BARR

395 1E 3 FE

Hoy b Y BOEE



14

BRRERE N EERBFENEREENTR

o0k ARG I
KA e 7 B

H Iy k BEEIR 5 HR
4y b B RS
S E
G} 44
SR e T R EL
HH X R 22

Hor k HYRY R



