2020 2021

Clarification and model development for the flame extinction mechanism of
battery electrolytes using a wick combustion method

Clarification and model development for the flame extinction mechanism of
battery electrolytes using a wick combustion method

GUO, FENG

1,100,000

Wick-LOC 1

2 blow-off
quenching 3 4

LIB 150

wick-LOC
LIB

Electrolyte solvents used in Li-ion batteries contribute to the main fuel of

the battery fire; however, the flammability of such mixed liquid fuel is not well understood. A
wick combustion system combining with the Limiting Oxygen Concentration method (wick-LOC method) has

been developed to evaluate the flammability and extinction limit of liquid fuels, especially for
electrolyte solvents. In the recent funded years, following achievements are made: (1) The LOC of
organic solvents and their mixture are determined and compared quantitatively. (2) The flame
extinction mechanisms (blow-off or quenching) on the wick burner have been distinguished for
different flame modes. (3) The near-limit flame oscillation has been investigated as the precursor
of the flame extinction. (4) The numerical model of wick flame was established and showed a good

agreement of experiments. In addition, more details of the wick flame blowoff were clarified via CFD
simulation.



X C—19,. F—19—1, Z2—19 (@)

1. WHFEBAAR SO 5=

W, VF b4 B (LIB) ICBE LB RS - BEEE ARG S TEBY, LIB
ERTIHARBZEOMENEBER I TS, TIRO LIB BRI STV 2 FEIRANT.
FERENE LSBT WNID, KEOERIENRREWVWE SN TWB 1], F#Y Aba&% (0PC)
ZHERA & U CEMIRICEIRNT 5 2 L%, LIB kK2t Zm LS5/ FETH D, L
L., OPC HIMZ LV EBHHEMOEENIHL D70 [2], EEMNZRBREEMEFEMmIC X v k224
P& MR OB R TX 5,

BUE ORI OBREEMER SR (51 k i, B CiHAR R 72 £ [3]) 1, 1EESCBRENEE R CE
PERICEH T 2 OB Th 5, BREEEERE (L0C) 1X. AKMNEIKICHITAMBEORENELEZ 5
T2ODOEENZLIEIE L 720 | 1S0 45892 THRE STV 2 EAM B OE KRBT DT
HRBROLHORbDOTH D, LOCIEEZTENR—F—LHAELETHEATS 2 & T, IRINERYE
OBRBEMEZ T HICERILT 52 &N TX 5 [4], [EORERTIX, BAREE T O RST DZEEN D THR
A=A (B EIR, RS EIR, 2OEER) (285 5 2, LOC OFERICHEZ 5 %
HAREMEDN B D, LinL., BRE Y & KRR IHR A = X LAOBRIZOW T, 72850
2722 TR,

2. WHEOHB

Z OB BT LRI O BRIENE 2 B 00 2 DR SEIZFHI T 5 72 912, wick-LOC i
b5 Z L2 HIE LTW5, EREOHEMBERA =X LADBE NI ED LI IZHE
LTWENERLICT 572012, B0 TRBED D Z U TR~ D B E 72 i 2 T o T2,
Brds L OBEMATIC L 0 . RAAHE DT AR DOZFEN A H 20T 5 2 & T, BrEOEMER S
WU D KW 72 i R 383 2 Z N TE B, ZORERIL., BARKOE AR LIB kK
OMFENCEBRT 5 Z L RHF SN 5,

3. WHEDTTE

ZOMERE O DO OIZ, FER, ALFROGEHRE, BHRRIEIF (CFD) I alb—a

YD 3IODERERFEEANE LT,

(1) ZEBRCIE, MR T X9 7 wick-LOCZE@E A2 L, PR EZHED TE 7=, WiEo L0C %
E L. BRIHEO KRB 2, S ORmIEE A JEL T CFD 7V » ZICFHT 5
ZENTED,

(2) ALZROGFRIL, FIFATREZBREL L OPC DIRBES SRR 2 I T L7z, (LFR 728N
MOIEIRD A B = X LA #Hwm T DO, ALFRREEZI TV E LTz,

(3) B 21TRT XL HIT, Wick-LOC ZEE D 2 WILHHEE T VR I LTV D, 2D CFD 7 /L
DOl ERAEEIT - T2, AHOISH L FRIZHENT T, HREE (REIHL) &2 X0 i
WZRRET L7,

Outlet Wall_80mm:

Meshes Fuel storage
Sl 3 = Open_air=1 Wall (Log law)
ale Jagey —— —
Data logger EEEEEiimssse A\ Adiabatic
Coarser mesh \
Glass Center
chamber Wall (free slip)

Wick up & side | SIS

- Aaw

iPC controller R Fuel level Wall (Log law) '\ ' }§

: DV came control 7‘363 1_5}? \ X
omc =

i 02 3 U
! l Ealier Fuel supply Stainless up & side!,
i Honeycomb tank Wall (Log law) \ §
I‘fM . Thermal resistance
T Stainless tube i
4
Flow Mixi Inlet_air: 0.1m/s S;OOk L\‘/
meter g <] <] ) veLar. 2. ! ~4
vessel | Gas valve Fuel valve 810" Side boundaries +y, -y: Symmetric

X 2 Wick-LOC ¥ 2 RITTHAETE T /L O &

X1 Wick-LOC FEBREEE DHERE X, B




4. WFrIERLE

(1) Wick-LOC & HWC, HHIEEL L 2 DIREM O 1L.0C Z EEMITHIE L, i LE Lz, 5k
DX D I KSR L 1T E RV | wick-LOC O IL., BREEICI51T DA s 2 B & )
WZTDHHDTHD, K 3(a)lt, wick-LOC &5 kEDFHEEZ R LI-ZbDOTH D, HlzIiX, 7
NZ 27°Z A A (TEGDME) (FHEFRMNMEL . LIBEE TRV LERERIE ENTWDEIN, Z0
1R LOC iV a2 r LTz, X 3(b), () ITRAEEEIZIIT 5 wick-LOC DZ{LAH
MR L TWD, REET AT LD " JuiREW TlE LOC 1T ICZ LT D23, IR AT -
T —7 JVIRAEY TIE LOC 1 " WREEE I LT D,

18 18 _ = —
I'.('{e&lim.ﬂéd] O EC addition Sy® 16 [ : ?E:Eﬁ:‘EDME
7L ¥ A P.L ad(h?xuu oy © DMCDME
- 17 [ T Hnear Fir - Quadratic Polymomial Fit
—_ o) k
Sl BECEMC/1:1 L
= ; «, @pMe [ o A .
= % ) gFthanol o ]
v 15 -‘“.\celcme"‘ n mDEC 16 r R o . o HUN
S -~ B . [roatomm, el YUt
é 14 F Methanol ."’;- "\\ [7 Y A P
= itEepMg | 15g L &
13F Apme N L L
[ w10 em/s ua 10 emy's
12 Lo o T IR 1 1 1 PR S S S S R R B S Y L L L L
-30 0 30 60 90 120 150 0 20 40 60 80 100 0 20 40 60 80 100
Flash Point (deg.C) Mixing ratio of cyclic carbonates (wt%) Ratio of ether-based solvent (wt%)
(a) (b) (c)

X3 (a)filx O, (b)ERRB LI OCESFRRBE=AT VO 2 JLIREY, () RBT=AT L Ex
— T IVRIED 2 SLIREYI D Wick-LOC D5,

2) KT TOMEA D =KL (REFROWR E2ITHEER) 13, H51C OPC EEAAI 2 7N L 745
BDOKRRIGIRBNTIXB STV D, KRTERICOW TR 4 12— FlZ R L2, —fRIICiE
FESRIRE O @O SRIFCTIT 2R 2 8T £ 5 e K& 7k (Full flame) 238, ZDOH%IH
R0 D LA EIICTERR SIS/ S 72k gk (Wake flame) 2385, {HRITH T Wake
flame 23BN 2 DIF, ST OEFENT BV CTRPTEDE < 72 5 SR S Lk kD2 EME
NE RDHl0EEZLND, 258 0PC ZRBATSHEZDRAEN —EMEELBLTL
&, Full flame DJ57% Wake flame KV Z2EMEMNE < 725, K5 1%, DMC kD Wake flame
BLOFull flame DOFENENDORFELZRIRE L OPC DRARICKT L TRLIZEDTH D,
FEARIE A~ OPC DFAMNTIL 2 SOFID D Do e b E LICKKILIR TIE, OPC HANE DI
& &bz, fEEAS wake flame 725 full flame ()Y b5, ZhEh, REROWKHE
i (Regime I), MENHRMEEL (Regime II) LERL TWD,

60 22
—o— Pure DMC —e— Tendency with O-decrease |  |[[o———
—o— DMC+10%TMP full flame - -= Tendency with O: increase 21
DMC+10%TMP wake flame =

a1
o

[ Wick (L=7mm, ®=5mm)

IN
o
T

Flame
oscillating

N
o
T

ua=10 cm/s
Non-flammable Salvent: DMC
—h— Wake flame
—&— Full flame

Averaged flame height (mm)
w
o

=
o
T

Flame stability limit (vol%)
P

17 18 19 20 21 22 o 1 2 3 4 5 6 7 8 9 10
O:2 concentration (vol.%6) TMP addition (wt%)

o

[
a1
[
[}

4 OPC DML, Bab Bk k&KkDZE X5 DMC ~— REMRD TMP Iz X 584
EVEICEEST S eI,

3) K6z T L oic, HERDOFIIEE L TRMBED KRIEHZFHAE L T\ 5, DMC IZ TMP Z ¥R
MUTeY6. REER full flame TIX, FWRESBIZITHM L, EWEAKE B LT,
side—to~wake OEFNN 5 side IRENI~DBITH A H AL, wake JREIKR TiL, & & b HEINME
MZR LT, TMP BN RIBEEI O XER 72 A 1= AL ZA SN T B =512, DMCHIMP B4
KD JEFEPRIE R E 2 K- TR FUREN A R OEEFIREIZB W CTEHE Lz, TMP IRINC X 5 k%l
DT X, OPC IR KK DZ I IRENERE N R+ CThDH 2 EER LTS, EDHE,



Rk BRI A B L AT SRR & UE L TNP UAINC J: % BMICTRCURIE  MRFE L 7
ZORER, TP PMKLRD S OBT 1 — K3y 7 BIECSUSHEE L, HRBRAET R Y
HMRTE 525 2 & b,

DMC side-to-wake flame oscillation

ternal
flow

6 FRAUTIT DM K RIRE) O (30fps) EAE&M, (a) Full flame 7250 side-
to-wake & side DOIEH), (b) wake IREIAL.

4) ST KROIEET N AREE L, ERLOC & BV —8Z2 R LUE Lz, BHERE (=% ) —)
ZRWETRIARERBIOY I 21— 9 U LOC 2 EBRER LB L, MTITRT LD
2, BB ORI T D kK E S & KRGO RS2 R LTz, BREIEE N E R £ T
DB E HMB8ITRT LI, KRAGOREROPBILE STz, IR KROREIHELOZ
ik, REFE S T COBREIO RS KL SN T\ D, BERIREAE X T, KRRk
—RIVDAK v RA 7 Wil RPTEZ R Lo, ZHUE, REROHERNEZ 5 F THH
KRHTFD RTINS —EH Tho71- 2 & MR LTV 5. BT OfS 5L, BRBES B D
TSR T S TETT,

Experiments Simulation (WD-1S)

3.6% 17.0% 18.0% 19.0% 20.0% 20.0%| 19.0% 18.0% 17.0% ‘ 16.5%
Oxygen concentration [vol%)

M

Ethanol consumption rate (mol/s/m?)
(a) Ethanol flame direct images 0 m 500

Simulation (WD-2S)

16.0% | 16.5% | 17.0% |18.0% | 19.0% | 20.0% 20.0%'19.0% 18.0% | 17.0% | 16.5%| 16.0%

Oxygen concentration (vol%)

Ethanol consumption rate (mol/s/m®) LO, production rate (mol/s/m?) I
(b) o s ool M 120

X7 X)) —VOBEBREKTREOKZER), (o) B ET VLD I alb—Tay
(LOC=15. 7%) & SEBRAE S (LOC=16 0. 1%) DLk, (b)2 BEEKISET VIZ LAY I 2 b —v 3 v
(LOC=15. 98%) ,




flow: u=0:1m/s;)
X5,50:1598!
Full flame blow-off;

External flow: u=01m/s
X3,70:16/
Stabilized full flame

8 2 BPESUSET V& W TZR E ROV R IR O K RAEMEHT,  (0,=16% and 15. 98%).

<3k >

[1] Wang, Q., Jiang, L., Yu, Y., & Sun, J. (2019). Progress of enhancing the safety of
lithium ion battery from the electrolyte aspect. Nano Energy, 55, 93-114.

[2] Shim, E. G., Nam, T. H., Kim, J. G., Kim, H. S., & Moon, S. I. (2007).
Electrochemical performance of lithium—ion batteries with triphenylphosphate as a
flame-retardant additive. Journal of Power Sources, 172(2), 919-924.

[3] Hess, S., Wohlfahrt-Mehrens, M., & Wachtler, M. (2015). Flammability of Li-ion
battery electrolytes: flash point and self-extinguishing time measurements. Journal of
The Electrochemical Society, 162(2), A3084.

(4] Guo, F., Hase, W., Ozaki, Y., Konno, Y., Inatsuki, M., Nishimura, K., ... & Fujita,
0. (2019). Experimental study on flammability limits of electrolyte solvents in
lithium—ion batteries using a wick combustion method. Experimental thermal and fluid
science, 109, 109858.



3 3 1 0

Guo Feng Ozaki Yu Konno Yusuke Hashimoto Nozomu Fujita Osamu 38
Near-limit oscillatory behaviors on wick flames of dimethyl carbonate with trimethyl phosphate 2021
additions
Proceedings of the Combustion Institute 4691-4698
DOl
10.1016/j .proci .2020.06.281
63
Wick-LOC 2021
294 301
DOl
10.20619/jcombsj .63.206_294
Gao Yunji Yang Xiaolong Luo Yueyang Guo Feng Zhang Yuchun Gong Liang 0
Upward flame spread and self- induced buoyant blow- off over two- sided thin fabric at 2021
different inclination angles
Fire and Materials 1-9

DOl
10.1002/fam.3021

4 1 1

Guo Feng Ozaki Yu Konno Yusuke Hashimoto Nozomu Fujita Osamu

Near-limit oscillatory behaviors on wick flames of dimethyl carbonate with trimethyl phosphate additions

The 38th International Symposium on Combustion

2021




Guo Feng Aoyagi Ryo Hashimoto Nozomu Fujita Osamu

Numerical study of ethanol wick flame under decreased oxygen concentration employing simplified reaction mechanisms

59

2021

Guo Feng

Material ignition, extinction and combustion limit for LIB and Space fire safety

Invited Seminar at State Key Laboratory of Fire Science, USTC

2021

59

2021

http://1su-eng-hokudai.main.jp/project/li-ion-batteries/







