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This study aims to investigate the solidification process of water droplets in both cold and warm
environments. Using numerical simulations, a new simple approach has been introduced to predict the
freezing time of droplets. Numerical study is based on the free energy lattice Boltzmann method, which
employs the Cahn-Hilliard equation to achieve thermodynamic consistency in simulations. Numerical
results show that even though a 1D solution is simple, it can still provide good approximations for a
significant portion of the freezing process. In this regard, the paper introduces a new concept called
one-dimensional equivalent length as a measure of freezing time. Consequently, the way this new
concept can be affected by environmental conditions is investigated in detail, revealing that air
temperature and contact angle can have the most dominant effects. It has been shown that the presence
of cold air around the droplet can reduce the anti-icing performance of hydrophobic surfaces. The way
in which the one-dimensional length depends on the Stefan number suggests that ice layer growth in a
cold environment is more similar to what happens in 1D solidification. The paper provides a new insight
into water solidification and meanwhile introduces a new concept to assess the performance of anti-ice
techniques.
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Fig. 1. Geometry and boundary conditions used for simulation of water
droplet freezing.
T 0,108 slazeil (§)luwduds )3 dlaiul 3yg0 ()0 dml & 9 dwdin ) S

Ol oylad slasedl — ¥
bl Cyge0 @ haws Sy 2 &S ol OT plad 5 dlazsl (o) 990 s
o Jladl (138) ;500 Jhw Jawgs 0,03 Ogalm SUad .ol 03,5 yatue
Llgics dolzr gehaes g odds S5 o ophd 3l S dle I L cl
oylad adgl (5led 31 3l e Sles Gilwdass ol 5o il 5,807 b ngT
dnlgs (3 53 |y oylad slazl aS sgi s il oS ol O slazsil sles 1 AS 9
S dlg duyi |y Led Ol e pdaw 6 o 1 19 o ol 05 el
sl 0l 0310 OLad (V) Sy dlws (! G0 Jasl s 9 dndid

P 4 3929 ol b Ll 0°C T slazsl ol Slod yauanadl S HLid o
s aS0T g kel Cdl Jiue ) 4 Lilgis s cmlbe > )d QT OUd 3w
Aoling Saolasseys S j QT Cumidg Gl cnl )3 Gl (s 23 & 516
Cawd 31 Jolaing Cumdg ol clarome b )y SasS pladel SO b el
Blod il cpl 5o ol BT (G551 9 dgde dazmie LT I (sdu By dlgs
29 QT Goglins Jhaw caolg 55 .ail38 2 5 (0°C) Jols dlas 4 |y oykad
51 6mS 53 0°C Slos 4 Jalipe Jasld 3 OT caSil 090 dalgs Jolas sles
Jlie 45 .c9)S walgs 1S purp 9o GBS cpl 33 3 [VA] Aads &) 4sl
By ol 4 Ll g Jlesl Silwdads 53 4dgl b Olgie 40 dioTy3 ol daels
o) 50 Aol 0°C lod 55 5 O 1 oS (Joglses oyl ¢ = 05 dlax) )
&9l Lolss aSile b by wolss b gl & Olgie 4 Jaks ol 55 bgla
Lawgie polgs 3l a)gi S¥slae pled 53 3929 ool b it dalgs aid)S jlas 5
Dedig 3k T olss Olgis 4 o 9 OT

Saae gy - ¥

Sle (9) 552 pasle S Gome e ¢ paRlg - 03 T i1 ey
-2 el opl Bode Hlude Cdds> o Gl Jlw Ql:))_? Glase Sli=! 6J1§Jb)
Sl Jlie yob 4wl J> slasd ;P@)wf&b)}mdﬂddb:\
D92 S ) Q)ya‘tgua}l&)\d.&.a PY-X) uTLSJLuM

+¢q water
¢ =1l¢| < ¢ Interface \
—do air (")

pﬁywwwlﬁéwlyﬁigmax&%ﬂbg

-op8 Aolas iy pasla p @Sl dslae ol o 4id)S I )3 ¢ = 0.25

Ol 78S a5 50 Sl OF Sl alypg doewd (Baioe ol )3 4 Casel ylilesd
Y] ol 38,8 51,8 ool 3yg0 by

7. Component index

AT

dodde -

PO Gidigy Jud J Cadue 33 60b) Sl ek gy p @l slesl
3 oA 33 3929 (I b uhls L 9 ) Blagiex «Sim dw Slaftny (relaw
S 2 & SIS 338 @ gl Llgis Sl iz 031 &) clue
b ol 3ySkas 9 0ol s Slakamdle b jsb 4 1) olakad Suolizagpl czobaw
6L dlaad dz g3 slazsl w36y (s QWSS 95 Gal §1 . dd3 2,18 A6 s
Wgad S5 Olgie 4y OF Wilylad slazzil sl dislos Bglans 393 4y |y (ddons
e [A-F] ode 5 [0-F] (loss ([1-1] (2Baolo)l ciygao @ Loyl SadS
- 9y Oged S3de Wz oGy H5eh b ol an)S LB ooy
09 Ay 90 SwgSwgia 0B 13 OT Gilwdads 5 sloil goaz9e ¢ g
S S Wiz SLOLy )3 Sk Jyo Y95 e Yguol el 4id)S 1)
Ol GlaySaly dhl kb iz 3 ol sy Glesle S5 51 9 oduzy
Qleslonn Sladnza Coudlys SusSaugie 0BLS 33 Siaw Zokaw 1gi 5L Gln
'S 5 ey Olidding Ams (S ladasdle blB b 4 |y lacsiledad i
"oz 5 Ol 3905 3ald dine) ol ) Bd9e SLUEM (sl 030 13 Olgiz b [4]
boe GB wizr LOLE Giluwdud Gly gulie fuw obl gl JoS L[V -]
2 0 e e 3 S agR (2 Ly Sl ey 45 didgas
Qo o7 9 Ol gy 03 [V0-)11] Cd8 18 $iles oL sleil Eomes
4 ol odie 4id)S a3y glane )l hlite Wl GHldde Sl (92,0
8 Cad 5 (seawe (1S 09700 SiogSang Sle udlie 048 (el OF ks
a3l oz 9 Ole Jde 53 ods dB Jagy wals olad [VF] Toles 5 b .ol
2SS L IWV] GbEes 5 g M dlgtas bz Swelusgay b wlg>
Sobyr Glwduds Sl b 3BT G151 o) (Swelodge) Qlyen ool
Dalas o b (928 Gou8 Uhgy 02l 03 3gad Bl ey -pud) )3 (Sl
@ ) Seelaoge Gl g & oS ub 3R oLl -008 dslas) S
s 3 Ghaw des T aSh BIBSL G W ol Slgledus
O 3 Sl cndany Olidiosd j950 3929 onl b 29T eald SsSung,Sle slaiebly
Jie Slus 5 B Wiz SOLyz )3 dlezil Slagiluwdass (2Ll Loyds 45 Cowl
3BT (5531 Joko 43 4SS b 4S ol 0Ty 3udos ol .l 48,8 Oyguo oy —Oli
o T oyhad slazsil (aas (G iz slezmdl )3 Sud e S5 gy 0

Uidn Sjine dail (rolaw Gl Ol (Ol @l sleazl Eowe o
ke b lyad uled prdace 50,807 akaw 53 13900 slads 4 lidsss 3l (Slodes
O B9y » dxrgd 3Syed Al dalgs slezil 3 G Carge 9 b (0K 3w
ool G0 K @ g 9 Of Side waw U odd carge Wlidsd )5 faudge
2950 3929 ol b b A ([VA] SBLLaT Gye b [F] ol b jye) Gl
@ VL7 ) 95 Rals 4 dzrgi b I 4S el OT 31 Sl 19a (3> oly>
by ool 408 8 S rlaw Sled G o O 1 Saoe sl Lilg3
2y 33 OIS (a5 Wilgis 190 9 QT (> Jolad claome byl ) gl
9 Ui 385 ol Bus Jald iz (e B il OT Slaoyhad slexl
oW

s Gyro 4 dlie p9d Gisw (Foudge Coadl g dzsyl  j95e jl pw
odds 031> ol ($ade (Jhg) D pguw pikdw )lay e (BxdaS Olubyd 9 duwdin
el i3 b o Gadad $3587 5 T 63,50 pailes -omaid Sy OF 45 4 sl
Sl 5o OF bl oo @ pler e 2350 2 g -kl>
wlais bl D Juol> bl (i ez pamiy s gl )5 9 3oy s Cglate

1. Rothman and Keller
2. Shan and Chen

3. He and Doolen

4. Swift

5. Cahn-Hilliard

6. Thermal diffusivity



A. Vejdani Khoshbakht et al / Applied Energy Conversion 01 (2023) 6888.1022

F—w 217 — 1 (ejpup  ejplUgeiqly _ uglig N

: b2t c? 2ck 2¢?

Ciqg — Uqg 2

( ng )(Csaup) (\Y)

N 035 2 dralomo i ciygo 4 27 (x, 1) Jolad s 9 s ( I8

Po eiﬁuﬁ eiﬁuﬁeiaua uﬁuﬁ

eq —

) =wip =+ + - WY

fL (x ) wip (p Csz ZCSZ‘L 2C§ ) ( )
p+¢

p(x, t) = Pair T —2 (Pwater — Pair) ( \f)
2¢0

1
po(x,0) = ) fi+5 8 (tadap) (10)

1
pu= . fie =5 0t($dutty) (%)

el (9) Sl o) @ (7,) G ks

p+¢
Y =g + 2¢00(19water_19air) (\V)
0 +1 (YA)
Tf_cf& 2

Ll dolae cnl SwsSung,Sle S il el @3Y (G531 dolae J> Sl
aylad 9 Ol G plsl pilivs ol ol e e G Lz Oy
02l 90 G (34855 50 b (128 o(l9p 9 OT) (5% 93 0Ly 03 L35 dalys dodr
o)lgan (198) LS5 32 5 3,8 Walss iy |) Il i (L) 2 K iS4 ol
Ly o 5l 5 st 5 5 39 Do o 51 iles 3b Jlow Il 3
dod b onlite T 53 9 1L ply l9d 30 o)lgan Hlade cpl eadd 0L (fy)
Cdld dales 1 9 0 om Gylde

D9 Ol 3 g 4 (YT oy (5351 dolas

0H + 0 (Hug) = 05 (kdgT) (19)

23903 Ol 52 pas s s 2 Ol ULy Bzl 4 dx g b)) H (T

o+
H = Hyir + TO(Hwater — Hair) (Y )

0

el 33 g0 4 0Lz Sige S5l Gnd 9 e b Cubsl
RIS
o—¢ o+ ¢
(pCDett = 5= (Pair + =35 (PCwater (v)
¢ — o ¢+ o
— . Yy

keff 2¢0 kalr + 2¢0 kwater ( )

ST (Lp) szl 0l LS pizman 5 0Ly Sise polss I ealiiul b
s dpl g3 dawslms Ol

2. Volumetric heat capacity

AY

0:¢ + 0, (Pug) = Maﬁaﬁﬂ¢ (Y)

Gy S ol gl J:‘-“‘-.‘U:‘Il(pﬁ‘S)"-" Cune M daly ool o

129 s g_o:\_)a.'\' J“J.') Oyguo sy ua.'>l.£u

Hp = 4A($° — $FD) — ko0 ™

ey (0) el (5iS Cope 9 (A) dlw 90 Siie ghow culsp
s d2lgs Ol ) Cygee k9 A Sade Slasiahl

1 |2k

=5 |7 (¥)

A

0 = 2V2HA; ()

ol g2 -] ¥olas -A-Y
(Y] sl 435 Coyguo 0 (V) dolra b 5l e pailgs -yt dolas

hi(x, t) — h{%(x, t)
Th

hi(x + e;6t, t + 8t) = h;(x,t) — (7)

236 pasla Jlde 5 ((T,) Gl Cixss el o(R]7) ol g @b
S Jlgs wbm)fj Cygue 4 eX QK.cj t ol

Tuey  depug +¢eiﬁuﬁeiaua

c? c? 2cd

hfgo(x, t) = w;(

_ Pugug
2¢?

MG =¢=) h
L

(V)

M+1
rét 2

¢ = Zihi

3 58 4 5505 pails: i) Adlas P> Wil (Ug) St Oldso s

!

(A)

(q)

. _ fea
fitt, ) - f; (x.t)+

filx + e;6t,t + 6t) = fi(x, t) — -
f

Gi‘l'Fi (\')

IV s oy (V) 5 (1) Sl 3 Gy s Fy 0 po oS

21— 1
L <1+
2Tf

Cin — U

eiplp
¢

eipUgeigU ugu
Gi=Wi ipUB ia a_ﬁﬁ)x

2cd 2c2

(OY)

1. Mobility



A. Vejdani Khoshbakht et al / Applied Energy Conversion 01 (2023) 6888.1022

doduz 9 QoW bl pled Joli J)?ﬁ)ib.c odiaplad Q (V) adasly yo
Jlasl gz 051 Slae ol ois Gyma (V) dlaly 33 cpl 51 i 45 ol
,J_A§‘;Jb§ oolaiwl 3)ge ol 0)g> )3 D990 ebi S92 YU@SM oy

leolid lopp(i) (x, ) = l;(x, t)

(™)
S5 G0 2 b Q50 Slas oS 35s iy 1 4555 4 B Gods bl
V¥l 5Spete el

7—05

“roostp W

(YY)

155 by 65 () dlaly 53 odd e uonsad 4 ol S5 & oY
s aalys Jles! £ (x, 1) 5 hy(x, £)

air

air 0.5

water

ice

T

wall

Fig. 2. Freezing process of water layer in one-dimensional domain.
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6,ir = +1 for hydrophilic (blue) and hydrophobic (green) surfaces.
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0,ir = —1 for hydrophilic (blue) and hydrophobic (green) surfaces.
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Table 1. Simulation factors and their ranges.

Parameters Lower limit Upper limit
Ste 0.05 0.15
. -1 1
air
y m/3 2m/3
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Table 2. Simulation design and obtained one-dimensional equivalent length
for each simulation.

Simulation Ste 0. 14 ip

1 0.0500 -1.0 m/3 0.69282
2 0.1500 -1.0 m/3 0.69282
3 0.0500 1.0 m/3 1.09545
4 0.1500 1.0 /3 1.18743
5 0.0500 -1.0 2m/3 0.84853
6 0.1500 -1.0 2m/3 0.86603
7 0.0500 1.0 2m/3 1.42127
8 0.1500 1.0 2m/3 1.50997
9 0.1000 0.0 m/2 0.97980
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