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Simulation and Prediction of the Evaporation Process of Ethanol
Droplets Impacting High Temperature Wall
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(School of Electrical Engineering, Xinjiang University, Urumqi 830047, P.R.China,)
Abstract: The coupled level set and volume of fluid ( CLSVOF) method was used to establish a numerical mod-

el for ethanol droplets impacting high temperature wall through introduction of the dynamic contact angle to de-

scribe the wetting characteristics of the wall surface. The boiling and evaporation process of ethanol droplets
impacting high temperature wall was studied and compared with the experimental data. The results show that,

at a fixed droplet temperature, the higher the wall temperature is, the stronger the hydrophilicity will be, and
the faster the impacting velocity of ethanol droplet is, the earlier the droplet will boil and the shorter the evapo-

machine learning
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ration time will be. Based on this, a prediction model for droplet evaporation was established with the machine
Key words: coupled level set and volume of fluid method; dynamic contact angle; explosive evaporation;
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learning algorithm, to study the change of the evaporation residual with time after the ethanol droplet collision
with the high temperature wall. The optimal prediction model was selected through comparison of the predic-
tion results of different machine learning algorithms with the simulation results.
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FHPFR 7 A2 RS, SCHOBBRR 7™ A2 T | W 2R T 7 A= AN BN A8 AR i 1 o 2 R g e —
Bl RE T A4 FVAR A b T2 1 52 A 1 A% Jo ) A

AT, [ A7 O R RIS 5 ik , RO 8 BE X — B 2% U sl R R I T RS A 0. T R 45 5l
T VR SR AR ASOUEIN ™ 7K 1 e VPR AR 48 e sy Uk T 1) 3 B B 2 R R, 3 AT RIS T VT 0 28 R . Guo
S0 SO AT T VR ook v R A S T 1) U S A AR R e T 9 R A R 3 VR W T s R Y
BN He 454 38 5 b7 PG BIE A 5T T SRR b £ K R ORI 25 & /e 9T 40 T IR 78 & A LB Susmi-
ta S E T SIS KT TG B K R A8 R ERAIFSE T R LA SRR ] A A5 A

UL TUAFE LA, BB T 7k © 2832 13 F T 22 M0 8 A0 VA 5k, O FLIRAS T RS 2RO R 95
JRAFT TG T Boltzmann Jy VRGN T AUEMRY  BFFE T IR e B P AR AR AL AL AT e TR
THT I3 F Weber 25 ( We) BUSZURRLEE ; TAF 5 3T 00 BOS I 28 R I BUEASTAY Sl 10 5 A sh 2542 fik ffy 52 90
T AE R i A 2% AR ) i o 2 R AR Y SR s Semenov F T S5 78 R YRR AL B Sy 2SR B
GE T 28U TAGE DR 22 R i B e AR IS AN [R] R/ INVARTR 228 2 S 38 1Y) 52 Wil

T, 257 85 O YR e o v Y B T YT 9 I 2% o A8 v 8 S YRR B T TR 1 8 AL BRI S I A0 | PRI AR
R FH CLSVOF ( coupled level set and volume of fluid) /579, 5T Lee #5750 2 7 R0 18 o 1= v B 1 ol s 28 A A
Y BANBIESY T QP W T AR ol v IR B T 00 s 28 A e R, 43 BT S5 T VAR 78 R A B (] 1 72 AL R
I it 5 ARG SR 5 SR A TR LG S e 1B A R E AR SRR A b AL A0 BT R TR N R o R A
Xof TSR s I 28 A ok ) S e S T ASCALLVR R s I 28 A ok e v A AR 1B ORI ) T B A g 1) R, A SCFE
BT B LA T 38 5 I AML# 7 S B0k | X Wi 728 26 TR 4% ek BT[] (%) 28 AL R R A T T S0 A 52

1 R IR Y B Uk

1.1 EHARE
ARLFETF CLSVOF Jy ik H#Er BB R ¥ OB L BRI EANTT IR Ai iR, #hi Jr FR s e s ey
i shi ey R A ST AR HD

Veu=90, (1)

p(so)@l: + u'Vu) =Veu(e)[Vu + (Vu)'] - oxd(@) VH(@) +p(@)g - VP, (2)
a(cpT)

p(e) Py +V-[p(@)cuT] =V-AVT, (3)

KA, w B mes™ TORIREE K P OWIESR, Pas w BN IFERE N s m™; p WEE keg'm™; 0 HE
K ZEN-m ™ 5k AR, m ™5 o, WERIHRE,J- (kg-K) 5 A WRHEELW-(m-K) ' 8(-)
M Dirac FREL; ¢ IS pREIL SN 1 FEAH ST AL 52 IR AR 22 6] %25 BE RN ZE B2 2 800 o b U, FE TSR AR % B
p (o) FFEE u(p) B, 5] AT Heaviside PREL, HoE LK

1, @ > h,
H(op) = 0.5+;+;}Tsin(?j, lo|<h, (4)
0, ¢ <—h,
Ao, b AAH ST I I X S R 2 AR SR 1 AR R AS ST TE B R w (@) R p (@) M
m(e)=pm (1l -H(p)) +u H(p), (5)
p(e)=p (1 -H(¢)) +p H(p). (6)

iR B IEI T R T EEA5 A VOF HPREL o Fl level set BF B3 pRAL o HH T FA 1 0T PR AH 1)
1f, JF%F level set B3 BRAL @ WIHH1L.CLSVOF J5 ki@ 1 >R il VOF AHPRZL o Fl level set P 25 pRER @ ML il
18 7R R AT A 3 A I
Da _da

D7t_5+(u-V)a=O, (7)
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Do d¢

Di E‘*(M'V)SD:O- (8)
T level set BF 25 PREL IR FLHVE M i 0 AL TR o, B

n=Vo/|Ve|, (9)

k=V-(Vo/|Ve|). (10)
22 S B RE R BR800  H2 A A R S BE TP A PR T B R T R ) i n, R

n,=ncosf +7 sinb, (11)

X, n, Az 030 g BE T BAARLVE ) A [l 45 0 D94 A,
HHT S B @ WAL, PR @ HOMER TR BT RO B R S 1HT ) B/ NS, eR B @ A5 AT LA VOF
HH R o KA E , I

S, =sgn(0.5 - ), (12)
K, sgn(+) A5 PREL
1.2 Lee #&EH

S R R BE I, vh T RS A T RG £ B AL B i 7™ AR B BB 28 A B G, AR SCR AT
B Lee B BLLIBORAHAL ISR AL Lee BB | B A% BS th 28 VORI ACAH IR oo is s il e, B

(ap,)
Py +Ve(apu,)=m —m, (13)
T -T,
m, =’}’a1P]'T, r.>T, (14)
T -T
m, Z'yagpg-¥, T <T, (15)

T,
K, my A m, 20 50 RO RS R R AL B S R R, RV AR T, il BAOCIR I, T, W I AR 5y
ST ZR B Lee BERYIE I VAT r RIS RS IR my RITI 78 Ko s it ) SR (9 B AR, RIVAE PRSI
] N R IR Q, A8 T W0 B AL I r FIBTE RS R my BTN
Q, =myr. (16)
1.3 EiEmMARE
P11 AT AT, 2 Ml A 3l e B 18 285 B TR M9 s st cd e T 2 i oy S 2 B sl i e e 2R AU
SR P A il 7 R A 2 5 BBORE AU 28 SR 1 BB i 221 IR, AR SO LA Kistler 22 38 20 2355 20 2 42 fih
F RIARE RS He b A 0,, AT AR SRRl A 0,
6, = F(C,+F'(6,)), (17)
5.1607% jmoei'

18
I+ 1.322"% (1%)

F(x) = cos™! |:1 - 2tanh(
K, €, HBAEL
1.4 (RBIRGIEHE
RRAUAIFFE T DA 4 BRI 5 AR — 2 P T AR ) T B 8 A A BRIE 400 4 st 280 080 3 G 3508 -5 B T AR VT
W RS YR8 T BT G T B e, TR A YRR R T R e B w, = wy R SRR AR PISO 5k SRR 1R
FH PRESTO J73% % level set iR ffR H QUICK #% =X, 2l Al e i )7 R SR AR FH B2 AUA =B 40L i) 72
I AH PR o R BRI R R TR S, , R T AL 3, R

so=5 (2 iag)/so, (19)

i=1 j=1

K, s TR RN a B b 5350 Rt S P s A5 5 ] L 0% AR £t | S, SR R 46 i, THRLE
PR AT B8R 1.
T BAE AR AR TCSEE T 1 emx2 em BT XS, 4 SR H 80x 160, 100%200, 125
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250 1 160x320 {19 P304 o 0 BEADL 2L B0 o 34K BT 02 R B 1 1 )y 4 0 LA S 0
CRPINARSRIARE S, BN I A 26, F P11 T, 160 35 LS 125%250 I, ARS8 I 4 s 5
X H G4 R I T IEEAZ0E , BIVE A A B 101 AT e e I SBT3 P 125250 14t
.

L2 R T YOI £ T R TR 7% S A () A8 RO AR SOK B
' SO0 1 R 14] e Z R T A SR 2
o :éggg T XFEE, AP 2 FioR AR 2B B S S R
] 55— 30, %% p = 800 kg-m™ , KK S R A o =0.022 8
] N-m™, 3 16 u = 0.001 001 Pa-s, 18 hA 3 b M i, B
i 0, = 40° . LI IARIREE T, = 293 K, Z B0 A0 AN
T, =351 K, f#Ed & u, =0.23 m-s™", Fff d, = 1.64 mm .
) » WAL 2 Ha] DI SR 5 v i i o v TR T
600 800 (1Rl [ 78 ol P 5 S 0 B AR — B e B T ) M, & VR T
TR ST ROVE T 3 W4 2, MG IR 2 T2 9 3 30 A 3% 3] 4 A iR
JE W s 2% e I 5 N BH I H T TR YR =2 [ [ YA AR
VEFH , B0 Uk 2 2 9 T v, 70 3 3809 1 R R B2 5 T I
Wb A R ZRACAE T VRO A 7™ A R S, SR A
Je 7 A K R, VR 2 T AE AR AR,
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Fig. 1 Curves of evaporation residual S, under different

mesh densities varying with time
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Fig. 2 The simulation results of ethanol droplets impacting high temperature wall compared with the experimental results %)

Bl 2(a) PEERIREE T, =400 K, & 2(b) FEEHREE T, =420 K, NEIH A& H | B RE R E T+, O BE
VRO I T TR s 2 A ok R T S I 1B 3 SRy R 1 o v T T J VR 28 R R A S, BN [ )R
TR R NIE 3 LI Y PR 1 o W6 B B, £ TR0 P R A AU, VAR 28 A TR 4% Sk i s 1] (44 722 A AH G
G T RETH] 55 W0 =2 ) B A% AR T, T v T B8 20 P v, VG 38 B0 A AR O B 5 T e ol s, 22 A
PR VBT 728 25 T 2% i B ) P 28 AR P, £ T YR 48 o 4000 K T BE T I YRCTRG 28 R G PR AR SR 695 ms, fE
420 K e I EE T VR0 28 A i FRRREE 455.1 ms .

N T PRI 28 KB AT AT M, A SO RIS T 2 R TR R SR W i 2 A A TR
BEUSE R G IR AE " 1 SR A5 R AT L, B 4 SRy SE 5 s AT (Y %T Lo & 4 Tl DUR L TE T,
=360 K IR 225 R, 7R HABRE TR BE T DL 28 4 I 8] 5 S S B iR 25 AR/ 3R 1 23 ) T S 1 <
N T R R TR S 2% & IR 5 92 50 45 SR ) iR 25 % b e RSB 28 SR 5 S B0 25 SR X b T LR G L TE T, =



%5 TN 2R R BE 2 4 e R B B 5 530
360 K Wi 25K, 2970 -6.98% AEHADBE IR &, AUl £ Wit 26 & i 1] -5 S BR800 R 22 B/ IR 148
AL RHER 1] 5E.
1.2 7 : -
e T — 400K —=—experimental data’
T“ — 10K p —e— simulated data
0.8
5F
S, <
4k
0.4
3k
0 L 2 L I I I
0 200 400 600 800 358 363 368 373 378 383

t/ms

Tw/K

B3 LB A R R S, BE I 22 1l 2k

Fig. 3 S, curves of ethanol droplets impacting wall surface

B 4 B o A () i B BE 12 A i TR LY
Fig. 4 Comparison of evaporation time of ethanol droplets
at different temperatures with time impacting walls at different temperatures
F 1 LRI TE R R 5 S 2 SRR X L

Table 1  Comparison of errors between complete evaporation time of ethanol droplets and experimental results

T, /K experimental ¢, /s simulated ¢, /s relative error 8 /%
360 5.58 5.19 -6.98
365 4.81 4.75 -1.24
370 4.29 4.49 4.66
378 3.31 3.21 -3.02

2 BUEBANES RS

TREREENRELTENZNE

SR T ARG AR o T T YR TR o R I R VT s A% R A AR R T, AR S AR Y T BN 1.64
mm 4 2B DAAS [0 80 4 o o 0 R 1 P s 28 R et R A S Rt v B T, = 400 K, TR Sh A i
FEE B0, = 40° 8 S 44 T BRI LAAS [) o i o v R R T 5 28 R R A i S, Bl R [ AR Ak il 2%

11l 5 R, OB LIS ) 3 i ol o VLR TR WO 28 R R it S, Bt ] () A8 AL R B AR — 35 7
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S\ i S\
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Fig. 5 S, curves with time after droplet collison with high Fig. 6 S, curves of ethanol after droplet collison with
temperature wall at different velocities different wettability wall with time
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3.1 REEGRSEREERELTERUAR

ARk BEE N TR Re R P & i  BLas 2= I VE o N TR Re Sk N ) — T F 2228, O a8 8 T2
Fkg 8 P 7 A S o A TR 20 ks s FUARE R | XoF 2, P Y i 48 ol e LB 18 i A R R A S, BN ]
AL IEAT T BB S, i i %oF b T 5 S S5 Al s B | ke o s T A

AR S BB T I, FEAE R T Ve ) Mt A R TR o o B A B e o ) VR SR RRAE S, TR R R T
At S, HFRSE W AR 293 K, B IR 298 K A SCE IR AE 14 B AR AY 12 600 4RI
AT BRI 4 ¢ 1 HEBPRE BRI S R U SR AN B AT, BRI —Fh TR ) £ B T o
B ITFEIFUCEE S, BERT ] AR LR 1 S 25 BB E A S 0 2 2 s,

7 A RS TRV ML A8 2 = B 1 ) 5 S 5 4
PSR H B 7 H Rl AR 5 ] — Hds 48
ANTRI ML 2 =0 B30 305 1 T &5 SR A7 A 22 57 16 AR B 491

F2 BT SE

Table 2 The relevant parameters of the simulation condition

waup::::u::r: K Par:::l:;;'ue H K BT 4B ( K-nearest neighbor, KNN) 5k Fllff 22

) 4% ( multilayer perceptron, MLP ) 535 1 i i £k 5

ot e 070 0-60 AL TS T2 0 05 P S e

mpact ey /(s ) 02308 (support vector regression, SVR) B % Fll fifi #L £ #k
initial droplet temperature Ty /K 293

(random forest, RF) 5575 iirfs it wi il 45 5.

F 3T 4 AL A TN 25 A AL S R 25 X et 2 3 AT, BE T MLP ik Sy R AR R Y
T 25 3R SR AE R i 22 fe /), HUUE B8 R? Bediln 1, iX U Il ik MLP 5305 3545 i Tt ith £ 5 A48 it
AN TR B Jc i, PO 45 SR o 1.

K3 BINER S BAULRAIRZEN L

Table 3 Error comparison between prediction results and simulation results

algorithm name mean absolute error mean squared error R?
SVR 0.067 5 0.005 7 0.943 6
RF 0.104 0 0.018 3 0.804 9
KNN 0.019 0 0.001 0 0.992 4

MLP 0.016 5 0.000 4 0.996 2




555 ThyINh A LR fa o v I T 2 R e e AU T A 541

3.2 BSEMK

R T 2L R R TR B, AR S0 | ARRAE $8 R A7k (sparrow search algorithm, SSA ) K Fl il 455 74 i H (1)
By iR 2 AL HFRS AL, 43 BI%E KNN AR MLP AU SHGHA T R R |, RS PO Hh 7
gk f 2 [H] AR 3] KNN BRI MLP ALY e U S 80 285 SSA HRAL 5 Tl th 2 an i) 8 B WRER 5] 8 AT,
SR SSA DAL, Tty ith 2 B0 e AU £k

R4 T AR TN S A SRS IR IR 22X HEL T HE R 3 MR 4 AT, 51 SSA Xt KNN HE AU Al
MLP BAVESEGHAT IS, W0 R0 T AR R f) $5000 15 22 406 B s , Do R A R HUALARRT SE 600 1, Foi) it
2 SR S A HUL 5 R B T 1y, TOUIUDAS B2 T v SR T SSA DL Ak RIS A 114768 2 B4R R A A RCH e T A A8 11 93
MRS .

1.2 1.2 - -
—a— simulation curve =— simulation curve
—e—SVR —o—MLP
S‘R\ b —a— SSA-MLP
08t WL KW 038 ~KNN
\\ o MLP —v— SSA-KNN
s, f \\ Se o2
04 04
0.1 \
i I R \V
550 650 X
0 1 1 1 1 0 1 1 1 1
0 200 400 600 800 0 200 400 600 800
t/ms t/ms
B 7 AR B R T 25 0 SRS SR A X L B8 SSA ML Lk
Fig. 7 Comparison between prediction results of different Fig. 8 Prediction curves after the SSA optimization

machine learning algorithms and simulation results

R4 RHI SSA DAL TSR G RBHULE KRR 2EXT L

Table 4  Error comparison between prediction results of the SSA optimization and simulation results

algorithm name mean absolute error mean squared error R?
SSA-KNN 0.015 8 0.000 39 0.995 7
SSA-MLP 0.015 4 0.000 29 0.997 0
+ A\
4 2 e

AICHIFER ] CLSVOF J5k , SISl i SR | FE ST 1 2 T 000 13 o o o 2 R BB X &
SR o o 0 W s 78 R i R SR TS 385 5 S 00 5 SR A X LU IR T T AR R A A O E AL
IERLAR A 2T B ST T PN | ) £ P i 4 e L BE TR S, BE I ) AR AR AT T BN ST, A T LA
TR

1) TR f28 o vl B AT AT D M T S G e ol T B AT - YRR 2 ) 1) A A T 9 i
R Ty | 3K B RO UL RN B I 1 1 2% A B B VT MRS R T 0 7 A R o, AU, A P T 4%
b b 7= e G R AR T L AN L R

2) TE LSRRI IR BB, i TR AR B R, S, Bl I 1] A4 728 AR X0 122 5 21 980 5 30 A it
JEHEABRIE 2 R B B, 28 A BE IR, S, Bl T] FR) A2 AR bR A A ) 3 ol 25T B v il B2 A vy 11 9 R A
AR, R0 R A T 5 28 S 9 BB o 0 T R, 98 0 2 A i e 7 B T St P2 IR A 4 06, 9 -5 B T Y
M £ B8/ YRR FRE o RE S D, YRR A ) Bl R, YR R - B T ) A RGBS , YR SR AW B AR A
W B R 7 A W 2 R B BER YR RSO R 5 28 A BRS04 2 R R B e A W R R A

3) SR 4 FhLAR7 > FIL L WO RS | ) 2 Wi i 48 o o i BE TS S, BB 18] A2 AT 1 B0
G, IR P 45 R 5 AU 45 SR GE AT X L R T MILP 5505 45 21 A4 000 it 28 5 45 400 ith 48 S 2230, 1R 22 /IS
MLP $53% S35 T PN 5 £ It 0 8 o il B 1 )l 2 A i A A I Al b SR T SSA X6 o ) A5
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