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A study on characteristics of outwardly propagating
spherical flames of R245fa(CsHsFs)/CH,/O2/N2 mixtures:
consideration on buoyancy effect

Woo-jung Shin

Department of Marine Systems Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The incineration characteristics of waste refrigerant in a combustor were
investigated via analyses of flame propagating speed, flammability limit and
risen  behavior of outwardly propagating spherical flames  of
R245fa/CH4/0O2/N2 mixtures. The Schlieren image processing and matlab
code were used for the analysis of flame propagating speed. The
asymptotic analysis of linear model based on correlation of stretch ratio
versus flame propagating speed was applied for the calculation of

unstretched flame propagating speed.

The calculated unstretched flame propagating speed was sequentially
decreased with increasing refrigerant concentration in fuel. The flame
propagating speed also dramatically was increased with increasing oxygen
concentration in oxidation. Overall flame propagating speed of the R245fa

mixtures was faster than that of R134a. As concentration of refrigerant
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increase, the markstein length which means the instability of flame front
became negative and risen behavior by buoyancy on spherical flames was
observed. The risen behavior can be classified into typical behavior,
transition behavior and buoyancy behavior based on the unstretched flame
propagating speed. For the study of the rising behavior through figurative
analysis of flames, there was a difference between the side flame radius
used to calculate a flame propagating speed and figurative flame radius.
These reasons are supported by analysis of deformation and stretch of
flame surface by buoyancy. As a result of simulation and correlation for
the flame propagating speed versus reactants composition, the uncertainty

was increased as the buoyancy effect was increased.

In this study, we have confirmed the combustion properties and
flammability limits of - R245fa/CH4/O,/N; mixtures and the physical
characteristics of risen spherical flames. For comparition with the global
warming potentials of reactants and products, the mixed incineration method
of collected waste refrigerant gas and methane like R245fa is expected to
contribute to the recycling of energy and the reduction of global warming

potentials.

KEY WORDS: Premixed flame &&% 3}4; Outwardly propagating spherical flame £
22 Adst= 7388, Buoyancy F¥; Flame stretch 39 33, R245fa
(C3H3F5)/methane fuels R245fa/m &k A 5;
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L1 97473

198739 EE#E oA (Montreal Protocol? TEE B oEFZ W EF
(Ozone Depleting Substances, ODSs)e] A7} A=A Az=2] 749 HCFC
AL Yuls A diFEe FAEZ Askakn] AFH7E 4SFJATHUNEP,
2012). HCFC(Hydrochlorofluorocarbon) Alge] Z-f-el= 20201 d7k2] 99.5%2] AJ4k

anle] ZhEo] A= ATHUNEP, 2012). tif-E2] &5 FAEHELS =2

SFs 7HE Wuje A AE3 2470 BRE, FEYE AHANE AIFE
LEZ RYEE A =¥ AF2dUs £S5 5 AT e A8EQ AHE
7} $FeHUNEP, 2011; Montzka et al., 2011). SFAIRF 4FEofoll A 0 &% v &
A2l &Z(Halon)¥} CFC(Chlorofluorocarbon) Ald 2] Wull & thxslr] 913 43}
A 4(global warming potentials, GWPs)7} =& HFC(Hydrofluorocarbons) Al <& 2]

Wojrh g 2 BFEon aEoAA(Kyoto Protocoldl HE ol EES &
A7} 2~(Green house gas, GHGS)Z 7FAste] th7] wl&2 Al Aok HT #
A 317 Al €] (United Nations Environment Programme, UNEP)e] %31 314(UNEP,
201DE HFC AlQ Wvl ALge Z7b7t &% 713dsle] nXE 9o 2 AL
Zdarstal lom, Montzka et al. (201D¢] @AFtollA = A3t A& 7H4dst
| #1sliA CO, wi=9] FA® ofygt HFC Al9S& 233 Non-CO; 742~9] wj
a7t W Eojof 3 AxSATh Axm AT EA19 A 2d3A

9 X2 Wz wAet A 7Eo AREEHI e 2IEAFTE =

N
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ol 247k=0] Aol AR 7leoltt. o] =% HFC Al W] d4aE
dagA e Agstr] sl B sehFe] S 7HddA B 2d el 83
S84S5 A3 dad SA0A dPsilen AdaE R13dalCHFy) =9 49

(Chai et al., 2016)°l ©o]o], R245fa(CsHsFs) EFES tdo = A3 3ttt
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12 952 Avst= 7339 44

HIZ3 e o) o2 duste 733 de F419 o] AuE A
HHo g Yoprke= EA(Andrew & Bradley, 1972)8 7|Hlo 2 ~EH X]-31d A5}

E£59 AN dig FIsNAo] AREEATHKelley & Law, 2009; Wu & Law,
1984; Chen, 2011; Kelley et al., 2012). &JF=2 3sl= FsHY dFE2 4
HS Ed 2FHALEEE ASalA ALstr] Yl A3 (Kelley & Law, 2009; Wu
& Law, 1984) % v]’d3 ®}2)(Chen, 2011; Kelley et al., 2012)¢] theFsh &34
< =43 Wu et al. (2019)¢] A7+ thke AsiA e B84 s A
slo| g A], Folx & Fo TANA EAsHa vl $(Markstein number)<}
Z=nl= (Karlovitz numbenNE &3ty 1 BdHAEES FAL & e AEFH
HLE AASAT sHANE g™l EIBAS tiEste Fol2 4

g )7k 1ol "ozl we} Mo Eddde 748 F gle <
7Vttt H - Beeckmann et al. (2017 F43pdolA stewe] BebgAde] A
el M3 FZ(Cellular structure)?] 54 EM3AT 15

Z(Hydrodynamic) % €2 &4:HKDiffusive-thermal)e] ¥&F =
(Rastigejev & Matalon, 2006; Matalon et al., 203; Giannakopoulos et al., 2015)<
ZIgro 2 BEobgAdo]l wAstE Al 3Rk (Critical radius)e AlMtstRon o]
do= AFEH HolgRt Aka o] &4 A4t A .
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)
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A Aol B Folx & BRk o} 3199 BT U e 5
7hettk 3k wlg 2(Chen, 201Dolv &% F& 2 (Kelley & Law, 2009) 2
2 348 F4 271(Qiao et al, 20007 #2o] AL} 2 HAYPR
Aols, Feoll o3 e FAo] #FEHUSW wiaxwl Zol(Markstein
length) = &42 A4EATE =3 R13dae] EFES AFE3E APATH(Choi et
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HAomw mazEl Zdo] EZh 42 YRt o3k F¥o IS stee
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AdAANE A 1 A4 AX(Combustion equipment), (@) A1z+3d A

(Visualization system), (3) ®lo]E] 43 ZX|(Data acquisition equipment), (4) 7}~

F5 2 ¥i=AX)(Gas suppling and discharging system)® TFA = Ak Ax] T4
o] HAHQ BF

& Fig. 1€ 53] Jelda FuE3HSong, 20133 543 A
A& A&t Th

u U

Pin_hole Xenon light
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P combustion chamber
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) /\'Knife adge
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Fig. 1 Schematic of the experimental setup
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Zy gAY AR S Ak AR e A, ARV davt I
= AA AAA(Constant volume combustion chamber)7} 9lom o 7)ol %7)

28k "3 A|(gnition unit)e}t AlZS gk d#H Al A(Pressure sensor)”}

2HAH 2 2"olt), dA&Ae o= Zo] 150 mm, T

] AXEAt o] o=@ FHAcrylic plate)o] FAZ(Sight glass)
o] &S5 st A4 90 mme] FS T3 AU AAHE T AR WEE
S5 mme] ®H2dl d=o] 0.5 mme| wi-¢- F

7d
o] Aol =7 Mt dAGEF A3

=

Aede EY] Y AIolE 8-10kVel ®e HAEES Areke AMIAE WA
3} Al2®l(Capacitor discharge ignition system)o] <172 = ¢t}
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2.2 33t 9 7El AX

Fig. 1elA Yehds, Alzksl A& 300 W xenon 3(Light), 1500 mm 2732
& 7A<&(Concave mirror)e AH&-3H €23 4| (Schlieren system)7} A 2] = At
o] 92 3 Z(Pin hoe)& A AWMA e=AL o]]/k—] HlAbE] o] o] E
< B3l 39S AvA " 3 QEALANA THA
e

Yofo
[o

>
ol

[e]
= T
U =l (Density gradient)E Al Zbebel= 71&S F3) st A3k #zo] 7}
S3Eth Adel ARE 528 x 1024 ZA(Pixels)e] A =Resolution)® %9
10,000 Z# Y(Frames)e] 1&7MHetz2 F Y= AT

dlolel =5 AA|dll=, Ask 5F7|(Charge amplifier)7} 72
(Quartz pressure senson)E AAAlol Ax|ste] HAHESo] 23y
= A4 oFy WE glolg 7]=Al(Data loggenE S3l 7]

7V 9 9 S| oA ALEE E3ES = 2 R245fa(1,1,1,3,3-penta-
fluorpropane, CsHsFs), wlEHMethane, CHy), AF4(Oxygen, O,), & 2(Nitrogen, No)&
ARESEAT TR EdES W] 8l AHEd 157w EFste Ake vh
Ao AY F Axdd A" Aavlx " SE5 mlEYE WF Es
(Vacuum pump)¢} 4= 37] 33 7](Compressed air supplienN=S & 21wk
B3l ZAFAAY wjEE = Adarbzol= AA e B3 S2(Hydrogen
fluoride, HF)7} Z3g=o] glormg 44ks YEF(Sodium hydroxide, NaOH)Z} &
< AHE3F F3 A (Neutralization unit)E ZFA1A th712 wiEsk

H~l
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Ignition unit 40 mm
= Constant volome

combustion chamber

N

A}
]

& 150 mm
& 90 mm

|
y
|

190 mm

220 mm

Fig. 2 Schematic of the cylindrical combustion chamber with central spark electrodes

and observation windows on both vertical walls
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AR 43287 2 4

A2 AWS Fgste] 73 39(Spherical flame)e #E3tE= o] AFHo ¢
AhgE o 71A|(Ideal gas)Z 7} st E3HEo 2A4S TAI35}

= 3 4SS
At ol71Ae T &
Eo] ¥ 7k HF(Dalton” s low additive pressure)S wEtHCengel & Boles,
2011).

o)
Sa) APl ALE RE EFES A DF go| 2

P(T,,V,) (NR,T,)/V, N

P, (N,RT)/V, N, %

m mTTuTm, m

A7 me EE, i 4 3, pre ¥H, T 25, Ve AF
A’d(deal gas constant), N E(Molecular number), y
fraction)o]t}. 2 (Dol webA, zb s}stFo] &35 1 &Mole)2
st ol uigog dmg AsAlY FEFe WA o

(Stoichiometric)®] &3+E =4 E(Concentration table)E sty AFS 33}

ATt

APl A8E WEHCHYWS AREste F7]¢h wbg3 A-¢, 194 29k
(1-step global reaction)e] 234 E-(Product) ©|4Fs}tEA(COy), EH0), EANDZE
TR SAIRE o] AP wg Bl W] R245fa E9tEC] AEE AMEHEER
HARAEANA E3FF4a(HF), COFy(Carbonic difluorid), CF,(Carbon tetrafluoride)7} 5=
7t2 AdET COF¢F CFo] A-¢, o]&3FH RgA & F shuvte] A9 3
o 2 AAHAHGrosshandler et al., 1998; Takizawa et al., 2006). wz}A o] A+
o A= Rl3da/Met/4ta/ds EFES AMESE d38E A3(Chol et al., 2016)=
AX] 2@ BluE 9sf CEoF BAEE vheS A &3th o] &3 FH 37]-d8
&l 4] R245fa/ml &2k A/d A ERFES] 194 2 W82 T3t o] vehd
At

RS
o r1°1' e JN
o
(T
o
e
i)
rio

jus} (o]

N
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1-R
RRXC3H3F5+(1—RR)XCH4+(2+0.5RR)x{02+(RiO>}
(0]
24+ 05R,)(1- R
~ (14 Ryp)X CO, + 3R, x HF+2(1— Ry) X HyO+ ( }5)( o)
o

@
X N,

XR245fa
Rp=5—"x ®
f XCH4 + XR245fa
X,
- 7 4
Ro Xy, +Xo, @

Rpe ©lF A=Binary fuel) § R245fal Ml&<, Ryt A8l & b WS

UERATE oA Table. 1& R, = 0.309] ZA< A}
o}

A225C) F gi7]1 atm) Z7oNA FAEA T, et WU
° & 3t Atk A3k Al F M5 Akelol| 4] st d(Flame kerneDo] B4
HH, o] w4 7t2(Unburned gas)s Wk stgmo] ¢F=Z HIHOutwardly
propagation)=| WAl 73 ¢] s}do] WEHJrh =3 F3o] 3 wHERadius of

flame, rp)- AlZtell ot #1434 (Nonlinearly) = s} it
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Table 1 Experiment condition of R245fa/CH4/O,/N, mixture at R, = 0.30

Mole fraction (&, =0.30)

R R245fa CH,4 O, N,

0.00 0.000 0.130 0.261 0.609
0.10 0.013 0.115 0.262 0.611
0.20 0.025 0.100 0.263 0.613
0.30 0.037 0.086 0.263 0.614
0.40 0.048 0.072 0.264 0.616
0.50 0.059 0.059 0.265 0.618
0.60 0.069 0.046 0.265 0.619
0.70 0.079 0.034 0.266 0.621
0.80 0.089 0.022 0.267 0.622
0.90 0.098 0.011 0.267 0.624
0.95 0.103 0.005 0.268 0.624




31 7339 54

A2 78 3<9(Steady state spherical flame)S F+3o] AA| 3}
ATEH(Qiao et al, 2007) &S FFH FeLdol WE IJEH H
A E o] ~E# X (Stretch) = 0°] FthQiao et al, 2007; Chung, 1985; Chung &
Law, 1984). W H=2 HAu}sl= 738 A(nwardly propagating spherical flame)2 v]
A 7F20 SHOA AFEHE EFO|ERE 59 2EHXE /HAE ¥ QR =2
A= 383 A(Outwardly propagating spherical flame)& st 252
o] ~E# A (Positive stretch)E 7HAH SAWE(S FEFPEY SVt mzt
Ere FAagtH(Williams, 1975, Mizomoto et al., 1985; Chung, 1985; Chung
Law, 1984). wetx stz art sgol wet g9 PYHOR Yolth(S,
2EZ A0 A7|A 2EHA = 39 YY(Flame region)e] AlZF W 3}-&(Time
rate) =24 ol e mAE IS ougtt. o]Z2 Karlovitz et al
(1953l o3l A= AF=E AL, Williams (1965)]l 9]3]1 drrste 7ol =
Zog oig Husts FYEEL stdo R AFFEol floenzg, diass
(Burning velocity) %=+ %% 3145 (Propagating flame speed, S)= sl

= &3l

[e=]
“
Fol M=

ge A o2

o
5/
r]I.

rlr2 BE Hdarts Ao dvels w2 geldd. w3 s}
2 WastelolA dgned] fe mds spao ZHA, o Ax
S Ame] Aol A= med BAAY 2EHH Q= 2R 3 &

(Laminar flame speed, S;)2} gt

dukxlo g FPHS F2  saKThermal diffusion, o) A 3H2KHMass
diffusion, D)o} #&oll <& AR Fig. 3& Adel 78 g Md=o]
A&7t WFoF GAEE Tt itEH,
A ke mAVtzo A WYY S et FE FEFUE B8 g4t
T F4HAS(Diffusion coefficient)e] #AI= o /DE A& Folx F(Lewis
number, Lool| &} SHHH, o] Fol]x o w} P 2EH A w9 9
4o ik Hda=(Preferential diffusion)2] F&Fo] th=A veRdTHMizomoto
et al., 1985; Chung, 1985).
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‘4 Mass Diffusion, D
—

Burnt Gases

duct
R Fresh Gases

(Reactant)

Fig. 3 Schematic of outwardly propagating spherical flame
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3.2 Y H-=2 Aust= TS 37MA AF

o] tHChoi et al., 2016). 23
npth sl ATE T zpo]E QIStY BWAAZFE AolaPAY WA HoZ of
o @7hA] EAHQ s AF

rok

Fig. 4+ 4Fs}Al B]E Ro=0.30, A% Hl & Rg=0.30, 0.90, 0.95¢] =4 &
s oA HdPA FFH SAZR] ATS tFEste 2N Ao
o Azt W2 T 319 WMEE BRojZuh Fig da® R,=0.309] A-$, 314

L Bkdol MutEo] yzitt o
A dade TAdA AAddE stado] WA 2Rz AuEo Y= A
& 22l A% (Typical behavior)<

o

rlo

_

Fig. 4b Rp= 0.90°] %=, R245fa vl&-2] F7tell we} vh3-=3 A4 &1t
I =(Density, o) 2Ho]Z As) FH(Gravity)z B oz Heo] WAsin g}

| Asshs Z& & 5 A3k ol Bl o3 74 3] ds A5
= 0.959] 792l Fig. 4collA H& ZWatA vehgtr. ol2d 5 AsS 44

o] A&(Transition behavior)?} F& A-5(Buoyancy-induced behavior)o

uRm
o

o
3

stedoll 2Hgd Ree) e x|Msk A onnE Foae AFRY oy
2 ge) mgo® dFE FUTh Fig 5= o] 73
YFE ©A8 aFPolth. Heo] we sﬂa}ou Wslol B@ AT UE

i‘&
g
Lo
td
ofy
K3
=)
R
fo rr

s G, Belel ool TRsEe ARos 4 05U 4% BEd
gozol WgE olFAYNA sl BB o] WE o|EAUN} AFE
SAste] ME WEY AUEEE Folth. webd A HAY WP

Aotz Z+AS 9n)gtHChung, 1988; Kuo, 2005). 3}
sl Hol vlgl] didoz s9ATEEr A
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(@)
Ro, Rg) =
(0.30, 0.30)

(b)
(Ro, Rg) =
(0.30, 0.90)

(©)
(Ro, Ry) =
(0.30, 0.95)

300 ms 500 ms

Fig. 4 Schlieren images for certain time intervals for R;=0.30, 0.90, and 0.95
at Rr,=0.30
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reaction intensity A
reaction intensity B

h—1
A>B>D>C
....... &
Burnt Gases ¢ Burnt Gases i Burnt Gases
(Product) : (Product) \ (Product)
» N.N o«o._«o.- o¢oe¢o¢
e AN N § SN S Creaction intensity D
S e reaction intensity C
Fresh Gases Fresh Gases Fresh Gases
(Reactant) (Reactant) (Reactant)
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Fig. 5 Schematic of buoyancy effect on outwardly propagation spherical flames



g} T 7 e AT A 9 ds 24 w
Aol A A=Ak sHAIRE o]Hd FdAF BE} FES
ot e FEATY AFE FEO XA, o] AF
EAZ<l ol Fig. 62 53 UeElALH

3}d2 Z3hxd(gnition point)oll A AlZtE o] ¢ ol A= 4 (Dotted line) o=
H 3ol EAHE A, olF AlZte]l AAF t(=t, + Ap)olA

k<3 =

T T
(Solid line) o2 ¥A R el mHe 7T Fshda Hdo AR 9 % =
e [e) Kol

el 2 W A4 3 02 Fosnt s FAdA 2 FE
22y r,9F r, 02 A3t Choi et al. (2016)9] A LAl o] AFolA
= S = o nd BE(S (h+ry)/2)2 AHESEAT B3 3t e

sl 419 olFAdE nF 19 AH=r )9 L2 AT} wel
A B T4 ARl B O olEstAl "tk o3 EAA ol ¢HA

| WjE=)(Matlab) ZEZ T FZH A
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1o
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N,
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K3
NE
e

Fig. 6 %3 Jehd SR Aol F FANA, 7 Ao WA
(5 r/rp)E AHESte] B4 ASS FE3IMTE B RRatio of radius)7t 1.08 ¥
TRl g, RE Agste FH8 A sl #9-9] stdHe] A FskA A
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Fig. 14 The displacement speed according to stretch rate for various Ry
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2011; Law & Sung, 2000). o714 iz ojof & F23F A& HHo o3 3¢
Aol ot EdE9 Folzgled o 3R] Frhe] Aol
o £dEY FolaTFle> 1745, IFE duste F33EY 2EH A HNF
K- 0)oll w2} staduEE= S7HgcHKelley & Law, 2009; Chen, 2011; Creta
& Matalon, 2011). Fig. 9a, 9be} Zo] FstH ] WA &= F
7hel AgFE FHol| o3 AAREEL ARG Foligo| ©E A GE
T9 VP 77 yECE FZHu webA Figo 1la, 11dol A :LEHEQ] 71&7]

7F Az SRkl AP EAS FolaFle> 19 AEEE 5 +F Uk

(Ro, Ry) = (0.20, 0.70) | (Ro, Ry) = (0.20, 0.75) | (Ro, Ry) = (0.40, 1.00)

(@ r/~10cm

4.5 ¢cm

(b)7ry

104.6 ms 116. 8 ms 95.1 ms

Fig. 17 Schlieren images for experimental conditions of (R, Rz)=(0.20, 0.70),
(0.20, 0.75) and (0.40, 1.00). (a) r;=lem, () r, =45em
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(a) Typical behavior

(b) Transition behavior

(c) Buoyancy-induced behavior

r1=4.0 cm

(Ro, Ry) =(0.30, 0.00)

1.6 ms

(Ro, Ry) =(0.30, 0.90)

(Ro, Ry) =(0.30, 0.95)

75.0 ms

100.2 ms

Fig 18 Schlieren images for showing the difference between theoretical and actual flame stretch

Collection @ kmou



37 3B 2EAA Y= HAAREE A
371 r A FEHe Jg

7Fsd Zlolt}. shA T 131‘6P 2 fsiAE 3.68NA AFT FY olF
Lo thiE A8 el dagn o] AHdAxe T PA= &Y
2 Y] A4S Tl AA F9Y ol AYE BA s
FAAR] st TAlo] obd Al FHe FA
+ Y9 g B4 3R a9
£ Ag3th Fig. 19 #9 AFe él;&ﬁ%—g Odo= /\171}01] u}
2 Lo #AE RAFEG o aY=EE FI AF IJAERYS 33 A,
L, =10.33967+0.01732¢t, R=0.989% AXt=E 2™ Choi et al. (2016)2] R134as}
R245fa E¢E9) Ass4Es 2zt 17.28 cm/set 17.32 cm/sE A Hd3c} 2%t
. =—0.15387+0.01177¢ + 0.0000364599¢>, R = 0.993

] Asdv= A RTE B AR sk
FAEL S vAFAH] AAIAE H AT A
= Fg37 gHo FJsAge mE AdxE AWsttHCho ea al, 2016). ©] =
oA IdHe I 3o gFdo=z Qs dutsirt oy en=z HHo AT
A2 otefj e} o] FHHET

Fy(t) = (p, —py)*g° V() (13

o714, F,E HH@Buoyant force), g= FH7tEEolm DA A EHo| o3
AAE BAY o]BATLE FHIEE ] Fodth mEb FHIMEE L A

gL, o RldFAR] FEABAE e F0. sHAIRE HeteE 2

Collection @ kmou



A AZE A & 7}25 1A 3}of] A 1)rE‘rUr =, ?E—dﬂ}é?—l?—gw_ ‘#‘3}3@

Zd57b = AT, 2008). AFdskel whE
Aol olFAg et FH o3k SA 9 olFAYE LA THIE g0 AAH
B2 Fig 209 FY7tEE DY ZE ARl tig A& Fske] Fig 2194 Al
ZHo w2 R oJg F¥sldel o)l FAgE AA(Sold line) o2 VER AT
9 Ay et Hol Ase FAHA e olsAYe AFg HA
(Dash line)@} X4 (Dot line)o.Z YeERNATE o] 1 ZE T3l BFHo o3k 54
o] olsAY = AR olesAYET AUTh(SF, FHAF 2 Ho|AFL, > At
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Fig. 19 The risen length of the flame L, in terms of time for the
buoyancy-induced regime
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Fig. 20 The measured acceleration vs. time in drop tower
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Fig. 21 The risen length of the flame L, in terms of time for the free drop
and each regime
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Fig. 215 B3l #4421 9 olsAgrntt Fdo o3 39 o]FA7}
22 s Gk AR AA 399 ol AEE ALtsh] fsiAe 27
AH3zleo] 3o WE 39 49 o]E(Kelley et al, 2012; Beeckmann et al 2017)
3} stdo] FAolA dAYsE g g3 Choi et al., 2016)°] B E oo F}.
ek, Fig.2le] FHol o 319 olsAE Sl AT 2r|oe FE
FFo] vl zom, oF 200 ms WellAME I FFS FAY F AUk wEbA
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of W& BluoA, #FH% AN Ar, S AHERE Ao} nRVIAR 27] 4R 5k
WA e & AFE3 7 $ol= R134aRt) R245fa EHE9] ~EH A e FAdIE

©5,7h o Wtk EH Fo4x @elE Aed AddolHE %@ A3, Choi
et al. (2016) 4B (R,=0.30, R=0.60)E AI2)51E AP A% Ho| A%
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Fig. 23 The unstretched flame speed according to the variation in R, and R,
for comparison in each characteristic flame radius

0.15 0.20 0.30 0.40

R245fa|—m— | —e—| —&—| —y—
R1343 |—O— | —o— | ——| ——

1000

Typical regi
................................ e e e N 135 0mis
+5
100 | =

Unstretched flame speed S, [cm/s]

3 Transition regime .
.............................................................................. 35.5 cm's

(1)
Buoyancy-induced regime
1 1 1 1 1 1 1

0.0 01 02 0.3 04 0.5 06 07 08 09 1.0
R

R

Fig. 24 The unstretched flame speed according to the variation in R, and R,
for comparison of each refrigerant mixture
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ATFY oA A3 AR FERY AFAS AFSh
2 mlola = FYMicro-gravity) 749 d3o|tHQiao et al., 2007; Qiao et al.,
2008; MHAHs, 2008; Liu et al, 2016; Jang et al, 2014). nlola2 FHIHS 9+
=71 A% 7P A S Getes ol &ste Aot shARF Jatge] 4

< 2 R APAA S U £PEE BoE i 4HF wolaw FY
St A et 2 AR SRE AFsr] A= of 20 m oo HshEolrt 2

% 7]
45 3 oz ATAENA w$ ofele dPzzolth
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£29 S A fste] 27kA e ASSAn AWA e v
kS ARE ARSS IS o E 3 AEdoldolt g A o
I A S FTIAA S MAUSH 9y S4A7E FE8] THEY
7] Wl AlEdeldS F5t] AEd THRAaEE 5, 3 2EHA fle 334

DesignAboll Al Al &3dl=  CHEMKIN-Pro®]  Premixed Laminar Flame-Speed
Calculation model (Reaction Design Inc.. 2008)S Ab8-&t o A w3 w7y
Z2 32571A1 2] wkg-3 5379 8stES EFsh= GRI-3.0 (Bowman et al., 1999)
S g3tk Fig. 255 AlEdoldo® AXd 2EHA gl SdgdusLEss,

g 120E A YWy, U 27 4Y FGWA, 08 47 ALY 2EY

o7k dolIeh TUZE ek
WA AT Y AR A% HEoR ASHE OB WS WAUEE

(Bowman et al.,, 1999; San Diego Mechanism, 2016; Wang et al., 20073t =
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Fig. 27 Schlieren images for showing deformation of flame front as
propagation
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o] AT R2Sfa EFES A4E B SPAREES] 47 1 HY 5
A ABL BRHAG. AT Yl HFCADE 023 H98ae A%
SANARN ATLANE JHEHEE Bt Ao ERATEE UL

Agstel sgule] aztdE P $YT AN HPL FAUTHUNEP,

2010, W] o] FNAE £ZAeE T Yo ALt HALE ATLus

BA| Ao AL EHE YY)

Table. 2= R245fa/mgH At A/ 4 EFEA A4&HT BAste 2dATE5
AE)d golt}k. o] g HlwHF]2 Choi et al. (2016)2] Aol Rl34a EE
et Hlnp Qo 7<] T332 4+(GWP, global warming potentiaD+= ©]4+s}g
2= 1kgo] MRl 24 8HE 12 AsY & 247259 AFdstel 7]
she ARE £33 T9o]tiMontzka et al, 2011; EPA’s center, 2015). ©] &
o /] R245fa B wWge] 2dx|4¢E 1002 AAIE |Fo=2 77 1,030 2 25
GWPs©]|H(EPA’s center, 2015), o] @A AL g5 T Yo EF1]E R,9
7 ol wet vhEo 2 A e A SRt R AP EQ] o]4bksiekA
o] 2SR FE 194 2 GWPsE mi-¢- 2w Z7F8kA. Fig. 292 Wn) 5ol
g 2dsA s HEH Al £55 BRAFET o ]/‘1 [2d3}x]o] BlE = A
o 2SR [ ¥hES 2UsA|Flo|al [88 = T WAl &
[ Ao 2d3tA 4 vE] ot WgER AAES 2dSATE
Qo A4ghl wet Ao 5158 7bA] 23R 7 ZHAS T =

£

Hl g 5 Eis
Az T W =A 109 A% EFo =25 HU G899 67%0 Est= &3
2l TAE B Ec& oflegl Wrjel &# Eit wE wgke ez
e da T e FAHo] AF2dslel HXe IS HE F AT, v
ghe] o] 9d o' non-CO, 7t2=E FAAE AE o= #7] wfiol(Montzka
et al., 2011) 9342 ]H Heke] FXo] g2 ddte (e FegFe u$ =
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Table 2 The calculated GWPs of R245fa and CH, mixed fuel

. i GWP (100-year time horizon) GWP of reactants, | GWP of products, | Total GWP ratio
fraction fraction GWP, ... Qcﬁvﬁoa
Ry Ry Rp-C3H3Fs | (1—Rg)-CH, | (1+RR)-CO, M m;GWP; M m;GWP; GWP,,. / GWP,4
reac prod
0.00 0.00 0.00 25.00 1.00 25.00 1.00 25.00
0.10 0.48 495.91 12.96 1.48 508.87 1.48 343.49
0.20 0.68 696.58 8.09 1.68 704.67 1.68 420.37
0.30 0.78 805.18 5.46 1.78 810.63 1.78 454.97
0.40 0.85 873.25 3.80 1.85 877.06 1.85 474.64
0.50 0.89 919.92 2.67 1.89 922.59 1.89 487.34
0.60 0.93 953.90 1.85 1.93 955.75 1.93 496.20
0.70 0.95 979.75 1.22 1.95 980.97 1.95 502.75
0.80 0.97 1000.08 0.73 1.97 1000.81 1.97 507.78
0.90 0.99 1016.48 0.33 1.99 1016.81 1.99 511.76
1.00 1.00 1036.00 0.00 2.00 1030.00 2.00 515.00
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o] 7= M Ri3das] AW(Choi et al, 2016)7 AT o] R2ASFa/ B2
d RS SRR WS TRAYS HAANERS RYATE A 9
a2 BEIe] BEIA
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