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Abstract

Objective R1132(E)/R1234ze(E) is a promising low-GWP binary working fluid, but both components are flammable. Leakage of the
fluid during transport or operation may trigger combustion and release highly toxic fluorinated products, posing serious risks to human

health and the environment. Therefore, this study aims to investigate the safety of this blended fluid in practical applications.

Methods This study employs reactive force field (ReaxFF) molecular dynamics and density functional theory (DFT) methods to
examine the effects of temperature, oxygen equivalence ratio, component ratio, and water molecules on the oxidative combustion behavior
of the blended fluid. The DFT calculations are conducted at the M06-2X/6-311+G (d, p) level using Gaussian 16W to obtain the bond
dissociation energies and bond lengths of the two fluids, and the reliability of the CHOSFCIN-2014 force field is validated against the
DFT results. ReaxFF simulations are performed with LAMMPS on systems containing 200 working fluid molecules together with O,,
covering R1132(E)/R1234ze(E) molar ratios of 8:2-2:8, oxygen equivalence ratios of 0. 5-1. 5, and temperatures of 1 000-3 000 K;

the effect of water molecules is further examined by introducing them into a specific system. The time evolution of reactants, main
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products, and key radicals is analyzed.
Results and Discussions The results indicate that the oxidative combustion of R1132 (E)/R1234ze (E) is initially dominated by
pyrolysis, with oxygen gradually participating in the reaction at subsequent stages. Reaction temperature is the dominant factor
controlling the system reaction rate: at 2 000 K and above, the reactants are completely consumed within 3 000 ps. Elevated
temperatures significantly accelerate initial pyrolysis and promote subsequent oxidative conversion. Oxygen content primarily affects the
oxidation depth: the yields of CO and CO, increase significantly as the oxygen equivalence ratio rises from 0.5 to 1.5, but the initial
pyrolysis rate is barely affected. The component ratio regulates the reaction pathway by altering the hydrogen-to-fluorine ratio in the
system; HF yield remains constant at about 350 molecules, accounting for over 90% of the total hydrogen in the system, whereas a higher
proportion of R1234ze (E) prolongs the complete decomposition time of the mixed working fluid and enhances COF, formation.
Environmental water molecules significantly promote complete carbon oxidation and increase HF yield by thermally dissociating to provide
active radicals and capturing fluorinated intermediates.

Conclusions At the molecular level, it is revealed that R1132 (E) preferentially initiates reaction through a self-decomposition
pathway, while R1234z¢(E) preferentially undergoes C-C bond cleavage to generate *CF, and +C,H,F radicals. These intermediates are
subsequently oxidized to CO, via the COF,/COF pathway and stepwise C-F/C-H dissociation pathways, respectively. This study

investigates the combustion reaction mechanism of the binary flammable working fluid R1132(E)/R1234ze(E) at the microscopic scale,

providing a theoretical reference for its safe application in refrigeration and air-conditioning systems.
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Tab.1 Physical properties of R1132(E), R32, R1234yf, and R1234ze(E )2

RE /17 [T B = e : sl b o ok Tk g2
R1132(E) C,H,F, 64.05 75.60 5.16 -52.50 1.67 213.70 4.40 0 <1 A2
R32 CH,F, 52.02 78.11 5.78 -51.66 1.69 270.90 14.40 0 675 A2L
R1234yf C3H2F4 114.04 94.70 3.38 -29.45 0.68 163.29 7.30 0 <1 A2L
R1234ze(E) C3H2F4 114.04 109.36 3.64 -18.97 0.49 184.18 5.70 0 <1 A2L

BT R1132(E) 5 R1234ze (E) ¥ B A a1 78
12 iy e At FH e R v A A T O XU 38 B T RE S |
BRBGE SN , A JC R e 2 M 2 9™ A AR
RIS YL REE o WP B TE R il PR N A A AR
TN BAEEE L, TERIE TR, ReaxFF (2
I 137, reactive force field) B 3% #1550 T 5T #4
fift RBEFNZH J3 AHELAE FH 43 HT o Chen Yubo 55/ F1 ]
ReaxFF 2047 T R1234yf/R 134a I A 14 2 v 5% 90 31
FEAN EZ =Y A G B, 488 T R134a 2170 %G 1E A
H 2 RS 2 S B I VE T . Wang Xueyan 55448
£ TR R 5258 5 ReaxFF B5248, W58 T R744/R152a
RE YR T BRRRE SR N HLEE . Bai Mengna%“ﬂﬁ
— K H ReaxFF 1 DFT (% B iZ o B 12 , density
functional theory ) fF5% T R134a 505 & R LM AE
Il 7K #1458 v B S AR 7 L R IR G W o0 7 A
1 F &l A LRI AE I R134a o, I UOT R B £
AL HE . BRI, A SCR FH ReaxEF W 71345+

(a) R1132(E)

SERFEW, R1132(E) I R 7 A e il it | o
BRI, A I HE F - C,HF 3, BB 2 R 42 0
1, 24 269. 2 kJ/mol; R1234ze (E) )4 f 43+ fif W 12 S
KA C-CHEWT S, Al -CF, A 3%, I fikrE 228
465. 92 kJ/mol
1. 2 ReaxFF 4 F3h /1 2= L

K HI LAMMPS ( R MU B /00 1 I A5 R4l 4%
large-scale atomic/molecular massively parallel simulator)

AT ReaxFF )N 13557 F 8 J1 274880 . 0+

(b) R1234z¢(E)
E 1 R1132(E) .R1234ze(E) #1 O, 094> F 414
Fig.1 Molecular structures of R1132(E), R1234ze(E), and O,

S0k RGEENEIRIE ECY R A
Bk AT X R1132(E)/R1234ze (E)IRA T4
TRBRBEAT R R RE MR o 38 L 40 BT 5 2L 7= ) RN G4 ) e
HE 0 AR AL, 8 IR A IR R P E R b
Yk R S ROW LR . DA R1132(E) IR A TR
FEIA 25 R R gt b i e 4 AR e 5%
1it&7%
1.1 DFTit&

JARECR1132(E) F1 R1234ze (E) 73 F 1 £ 1k 2%
A i B BE SR ME BN L R Gaussian 16W 1 F{k2F
A 7E MO6-2X/6-311+G (d, p) 2 38K F X 2
ol 5T %) - A5 T AT 25 44 SR AT DAL, I 155 S A 2 e
(bond dissociation energy, BDE) 584 . 43145+ 4N
Bl 1R, R1132 (E) (8] 46 43 i i A2 an 1 2 r o
R1234ze(E) W TF 20 Bt 25 REAICHE 438 2 s

d H
dc
P F
Qo

(©) O,

15 2 1R 53 W LA B o35 ) AH EL AR T 3B bR
. EMAE CH.FL0JTE K CHOSFCIN-2014"
NGZHE G ET 2 T3 LS Y i # i
58 AT, B B RAORT B . B R
A5 200 MR A TR 20 1 (R1132(E) 5 R1234ze (E)
AR EE R WIR A, IR 51 A O, A i S AL S B8 B
B, BB R G &) 3 BT R o B ARLSR T OE W) R 2R
(constant number, volume and temperature ensemble,
NVT), B ST RE & 5/ IME LR IS RS e A B 5 Bl s 7
JR— 3 J—



il #H
D 9
P e
A% Heialfk1: CH,F
%f@..\*f J J
Zyae® H
16- <9
- HriulfE2: CHF,
Bz
70513
. i ‘} {
R1132(E)
J
CHEF-
Y)\\ =
%ef%‘ J. 9 I
2 J HF

BES @
& 2 R1132(E) N¥IE 7 iR g2

HllA3: CHF,

Fig.2 Initial decomposition pathways of R1132(E)

32 R1234ze(E ) H01¥ 40 S 4% B8 BE LR
Tab.2 Detailed bond dissociation energy (BDE) data for R1234ze(E)

Vs i /A g J A i B g/ (kJ/mol)
1 1.08 R (C,, H)) CHFCHCF,—CFCHCF,«+H- 470.16
2 133 R(C,, F,) CHFCHCF,—~CHCHCF, - +F - 510.19
3 1.08 R (C,, Hy) CHFCHCF,—CHFCCF, - +H- 485.94
4 1.34 R(C,, F,) CHFCHCF,—CHFCHCF, - +F 514.32
R1234ze(E)
5 1.34 R (C,, Fy) CHFCHCF,—CHFCHCF, " +F- 477.61
6 1.34 R (C,, F,) CHFCHCF,—CHFCHCF,* +F - 477.61
7 1.32 R(C,, C) CH,CFCF,—CH,"+ CFCF,* 732.68
8 1.49 R (C,, C,) CH,CFCF,—CH,CF*+ CF,* 465.92
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Tab.3 Detailed simulation parameters
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A9 160 40 630 323.2x323.2x323.2
A10 120 80 660 327.1x327.1x327.1
All 80 120 690 " 330.5%330.5x330.5
Al2 40 160 720 334.2x334.2x334.2
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Fig.5 Effect of temperature on the oxidative combustion characteristics of the R1132(E)/R1234ze(E) mixed working fluid

4143 e FU 3 e BAOAR 2R 46 1 AR EL R R A SR A
R ROV B . E R R1234z¢(E) LR, -CF, H
H AT AEZ BR EZIH N T -H [ A, S
SRR 2 S N RN [ 5 RIS, - COF [ R SEAE
REIEL 5 B2 M LI g — 554k HF A CO,,
it )2 7 A6 1] T2 kA COFF,.

2.4 KO FXT RN ER R M

TEIREE M2 500 K\ R1132(E)/R1234z¢(E)IRA T
LN 6:4 Y RN 1O R T L AF5E T
A K43 T (0,100,200, 300) X HBR 4T R 1Y
o, K 8 fin . AL ER, BEE IR R KT8

HERYIE I, RO P A3 ik, HE LCO T CO, A=
BRI . KA TRl DLVE AR RN A SR
%, - CHF F1 - CF, [ Hh 569 T #E R Bl K 7 5 134
AR, 28 BH 7K 43 4 2F T 3K 2 G Ak e ] A4 1 98
FEo +CF, A HH 2 52 B0 f PR A ol 28 06 1 RSt
FERYRHIE , R1234ze (E) 43 FH AL E 14> - CF 2], %
S — FLW S RO RV R . AR FR IR A I A
WEWEIM T -H A i A A, JE TS Wi 3k - COoR
Fl-F A 3, f2 i H ) HF S50 =ik Ak .

WFFE R, Ko F F B L LT 2 FpIL 52 ik
Beid B . — e P e - H - OH [ H 3, i X

g



<
gllg —05 — 10 — 15
;‘; 200 & 50
R 150 W 40
) o 30
jﬁ 100 ﬁ
Q i 20
&« T
@ i 1 1 1 1 1] UN L L L  ? i
g0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
i Hif i) /ps HTH)/ps
400 - 30
< s00f HW ST
1 & 20F
2001 15
/HQ Z
=100 a
st o’ 5
1 1 1 1 1 J U 1 1 1 1 1 ]
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
I a)/ps B i)/ ps
300 “ 60
& 250 &
18 200 | 40
ﬁ 150 F ﬁ
& 100 F o 20
S 50t é
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
I a)/ps B i)/ps
120
<\_
@ 90
ES
Hjh_, 60
&
g 30
U 1 1 1 1 1 11 1 1 1 1 1 J
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 23500 3000
I a)/ps B i)/ ps
12
< .
B 9 =
= e
N6 o
R =
2 3 a
O 1 1 L 1 I Il E 1 1 1 1 1 J
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
W 1a)/ps Hif 1a)/ps

6 A S =X R1132(E)/R1234ze(E) iR & TR EW AL ERIZ 0D
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