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Study on Frost Layer Growth Characteristics of Finned Tube Evaporator
Under Forced Convection Conditions
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Abstract Frosting is one main adverse factor hindering the application of finned tube evaporators in refrigeration systems. To accurately
predict the growth characteristics of the frost layer, its growth behavior on the surface of a three-dimensional finned tube under forced
convection conditions was numerically simulated based on the coupled VOF (volume of fluid) multiphase flow and phase change mass
transfer rate model method. The maximum difference between the simulated frost layer thickness and the experimental results was within
15%. The estimated value of the frost layer density was within a confidence interval of up to 90% ; this is in good agreement. By building
a visualization experimental platform for frosting on the surface of the finned tube of the evaporator, the influences of ambient temperature,
relative humidity, and frontal wind speed on frost growth characteristics under single-factor changes were analyzed. The results showed that
the thickness of the frost layer gradually decreased from front to back in the direction of the airflow. The lower the air temperature, the
greater the wind speed, the higher the relative humidity, the larger the thickness of the frost layer, the more frost, and the larger the
thermal resistance of the frost layer. The thickness of the frost layer reached its highest value of 2.344 mm at 85% relative humidity.
According to the Morris sensitivity analysis, the relative humidity had the greatest influence on the frost layer thermal resistance, and the
sensitivity coefficient reached 2.41. The correlation of the frost layer thermal resistance with different environmental parameters was
obtained using the least squares regression method.

Keywords finned tube evaporator; frosting; forced convection; pseudo VOF

BEFE T 2 TH R 2 Sl Ve Tl DGR TV RE IRAGINEINAEE TS 11 REIHR R E R Bk, (1

AT I [ RFREE S (52175070) BT . (The project was  WCHS F0:2024-05-30; K 5] F1 10,2024 -07-0 211 FL ], 2024-08-26
supported by the National Natural Science Foundation of China ( No.
52175070). )



Faok F5H
2025 4F 10 A

WRIEAE 45 A 26 1F T 3R A 28 R AR R 2 LR AR ST

Vol. 46, No. 5
October, 2025

T REIHRSE G T AR D7 52) 48 LA s I ik A
iy BbR, il s s ROR e AT 2RI BRARS HR
Fevess i DLV s, 2 3 THR e RS RERUK
PV R AR S el TR R AR RE B2
R TR RGP SR, 7% & 2% 7 A Ak TR
TREIRIREE T s g HoR 2 AR e, 762
AR RGN T3 5w SR R IAEH, S BORE RG]
P RERCE RGN SR IR AR AR A e, hilv8 3=
Gk IR

RZ RNV BT Th 28 A fn b TR R S XGHT A7
AR I A R & P 2 [N T E s T,
HLARTHI 25 7 52 8 R A M e P58 2% A ) 52 Wi 1 DL 3578
RIMAEFTEHE NG, SR TR TR RS
R R 7 e S A VS U1 A i X DO e S Bl NP £
ERE RSN el e s AT S S KA DO R e L AT B
NIRRT M SEE R T 2, B Rl X 2
WG SHGHAT IR KA, MR 230 4 000 36 2 5
B R FIREBESHC ) BORAETR TR
BRI T e F i — 4 T RS ZS R WFE T
S HEXFRZE KM, F. Breque 55 §2H
T FhEE T 2 AL TR R ST A O R F 45 RRAR
YT AR s st R 52 A Rk T R )2 AR A T0 Oy
Bio FETAIAHCHE MBS AR LA 250 Ftii v 3%
LSRRI, SR, 28 R en R LS FHE W E 2%, bk
TEAFTERBRYE . 75 283 D 7 e s
X EIFREE TG o o AR, BB TH R AR ) 2%
i AR ( computational fluid dynamics, CFD) BT & &,
BB BV 5 12 0 8 ke 18 22 Wb 1o, T 52 A 4 7 ) R
I K RRZBEVETR, X 23 SOMAR 2 h i g FAe v
J ) B SR A0 Bk & FH VOF (volume of
fluid ) Z2AH L 5 1260 5 XTI 25 A 4 IR 45 s A8 2
FRIT BT THUERL, D, Kim %1 3T CFD )y
BN T — R R R A K S BRI A TR R
EESRREW S JRARAT Sy, IR R SR A TR
23 R DI X AR AR A 5 RSO0 ik

() 3B SR PR o B A I Al
B 1 SRAEE M XI5

Fig.1 Solution domain meshing

17T ARG UE , PRI 2 AR YA 5 AU RO it 2 4 T
AR AR Z AR K, HE A B8 R
TR BRLAE AV SR T2 R

AR SCE LAERFZE B 360l 117" 26T VOF 24
AR Y Ko R AR 5 A% 3 2 PR ( UDF, user-de-
fined function) XJ PR R I 4 F T~ = 4E 28 & 483 H &
RIMAE R R TRl B R R AR A A B A
EEZSsRI-1E- M s PO RITAE W S UL RE N A=) ~=ya o Nk B e 1)
LR | 5 3 7 25 A a2 AR R AT AL S
BV, A TEEFR S Sk gs R A ALY IE AR M, S
F A R A 5 e AW AR ) AR AR T S A U R B O
Z%,

1 ZEFRYIBRY AT

1.1 ¥ IE4ER

R T BTSRRI R R R R A
XPRRMEXT AT T BT FE A TR A UL 32 1
TN RS HT B Ry RS DX S B RIS A
YHEFII R (8] 22 SO SO B A R Ve 5 kL B
R — N8R MR AcAy 2 A2 SOEE F 0 B
Feth 01 B, BRI s A an i 1 iR ARk g
XS A 4 R A A R RIS, R P R s 4 vl LA
BIEAREE TR

PR A DX Sl A 1 43 4 i) A K DA 9s /b [ g ok
B FR A2 | X HE AT A% ) 43, th A R 43 I
0 SR FH 7S T O A 0% DX 358 B A5 1 SR P I T 4 Y
&, AR o3 B B 2 A B Nl 1 o, o T A5 3
FEORG B 45 5, XS R B0 O A AT T s b B
K 1(b) i, (] Mesh £ Az i 3 21 A% 4T
K&l ST PR 35, R PRSI S 0 C AR X EE R
75% B3 AGHE N 1.6 m/s BUERES T 0703, 15
BN TR AR B N AR R R, N3k 1 TR, 5B 2
FhXAE R 3 797 220 T BIFE)ZIRE 555 3 PG OLT
(3R 22 B R AR, 5 I AS B e /D i 5 1 Rl DU AR
L, F R R s, 2% 18 BV BUE R HORS B B3
SN

(b) 3 9 B A 30T Il



Faok F5H
2025 4F 10 A

il %

Vol. 46,No. 5

o
4l October, 2025

JRAS 5 2 R AR RO DL SRR FR IR ARG, T X AR 2
4 3797 220,

& 1 WA IS IRIE

Tab.1 Grid independence verification

T IR
MIASEA] IR AR
10 min 30 min 50 min
1 2 429 045 0.527 2 1.346 7 1.842 8
2 3 797 220 0.548 7 1.369 5 1.872 6
3 4 562 350 0.5519 1.376 7 1.881 3

1.2 #iEE
1.2.1 EXEE

KFEFRR - IE MRS R, it
BRI 1) 182 SR ] 46 4 T A
2) ZWE AR AL I IR BR PERERL 3) IR s R AE
AR EHEIY G2, 20 K78 AL R 1 7
4) 45 75 I8 R AN fih B8 2 RO AR R A
5) 7% S0 F 5 A RE TR SRy E B, TC R 6 I R U A
BT,

N 4R 2 A 2 A S AR R B R AR AR R B
SRR, ZEAIEE T VOF ZH7AE R, B
SN FA B AA) , EHESA T8 JRK
ZRREARTR A B AR AR R A (VK AR )

1.2.2 #E=HAR

ECN WY X DR AN e G N1 A R W )
SESFE R BRSSP E R S R R X
AERIVRRR 53 531 e 7 45 1 7

VKA RSB il 0y 7

Ja

— V(aiﬁi) =S (1)
Jt

Ao, VKAHRFR B, o, = 1 Fes Tl AR ip 22350
FUKAR, o, =0 TR FEHAR B 23 M, 0<ay < 1
FRPE AR B A AR SEAE ¢ S B TE], ming w, A VKA
B m/s; S, AUKAARFIEI, kg/m’

B STE T FE
0 ,
o P * Vp,u,) =S, (2)
d o
E(aipi) + V(ap,u,) =S, (3)

K .p, o, 5 A SAH B B VKA 2 B kg/m’
AR SCRE R 2 5% A R SR 5 KRR %% B 1 I BT 0{E
p=a,p,+(1-a,) p;su, u, 775 RS AR | vKAH
B m/s; S, .S, o3 A A SO BT Y pKAE BT
IR kg/ (m'es) o

JEL VOF Z2 AR rp A i 1A S A W R A 7
FEFP X, 0 SRR 2 AN 2 A2 3 A KB (1)
Mz SN AT i, ADRE S ST A D7 72 (5) Hhodt R4
i, X (6) PT5EHL:

Jd
—(ap.)=S . 4
% (ap) =5, (4)
ST TR .
9 N N —
E(aipiui) + V(apuu,) =R, —aVp +
V.;i +aipi§+sui (5)
J . o N
o (ep,ii) + Viap,iii,) =R, - a,Vp +
Ver, +apg+S, (6)

Kf.p WIES, Pay R, (R, 535 A SR VKA

UKARXTE 2 SAR M Bh i A% 3, W/m? s 7, 20 3o i

2SS UKAH R F7 0 AR 5K Pag g R HE 7 B

m/s”;S,, .Sy IR SO VKA Bl R R, N/m®
RER~FH T2

d N ap;
E( aph,) + Viapuh)=0Q, —o,— +

Jat
7.2 Vu, - VO, + S, (7)
2 Capihy) + Vapih,) = 0, - a, 2 4
Jt ot
7,0 Vu, = VO, + S, (8)

Xk, h, Al by Rl W) @ L E £ ekS, 1/ke;sp, op,

Gr RS SR KA R T, Pas QL Qy, 43 A A

SRS PKAHEE il | DK 508 2 SOR R i R B AR 3, T

Q,.Q; 73R A5 SR N UKAH P AR B sS4, T

S Sy A3 B A S UK BE IR R, W/m?
IKZE ST PEITRRE N -

9 —
o lapae) + Viapwi,) ==V al +5,

(9)
A w, ISR R AEG T Y R,
ke/(mes); S, hE2s S K 26440 10 S5 ik R
i ke/ (m’+s) .

2 LRI

T B IEZS R AL B IE B M, R T IE IR AR R A A
T PRESR AR T A A R AR R R AR K T AL
RS e R

BET Python K07 R AL BB, 1 B 15 53 %1
I R TSR A S o U R R PR A D R
P8, R FH R 8 90 12 A A7 e M Ak L o I % [



Faok F5H

2025 4F 10 WRIEAE 45 A 26 1F T 3R A 28 R AR R 2 LR AR ST

Vol. 46, No. 5
October, 2025

BT AL F T AR I R A 2 Kb H AR PR mms A, B SRR
P MRIEFRIE AR RZ PR i T BERSERDEGA, NEREE SRR

2R HEBFERSVEG R, HIRER L,
i (A - AR 2% 2 s HAHRTREE 0y 0 75% G THAGE v
b T o (10) 1.6 m/s B HEXURLEE 743000120 -3.8.,0.3. 8 ‘CHI A
n AR A Ry R FR I R AR A AR AL R
—fafk
%
44
e R R B G it BB
B2 BREESEREHENERE
Fig.2 Frost thickness and frost volume data measurement
procedure
R2 B EREEERMEEKTRE
Tab.2 Finned tube surface frost layer growth process over time
SIS T 10 min 20 min 30 min 40 min 50 min
o WEEATRRATEE(((
%y = 15% < § ‘ l l ‘
o JLLC ISR IN
IMRRITRERID LY H!
Xpy = 15% £3 =
MmN
e L LI LLIRRRIRRRERER
Xy = 75% LA °
v=1.6 m/s

T TNEITIARE




Faok F5H

Vol. 46,No. 5

il v 2 4

2025 4F 10 A

October, 2025

3EREHM

3.1 HRBEIE

BRI N 0 C M X IR B Ry 85% F KL
1.6 m/s FHFE 2RI KOG 2 % BE B 45 R 5 50 50
SEIRAXT AN 3 B, FE 3 (a) AT, SER(E S
HHAMEZE SR 15% IR, Hidb ke 25(RY) A
0.97. HE 3(b) A1, K 52 55 BT i 45 19 75 )= 25 B 4k
P 2 AP TIA R ERECR S 0.97, T
STIRAE SIS AE 90% B A5 LA b, S gk
55 CFD 4 M 245 W & # i B AR b a3 e AR — 51
IR T AN, F e R 340 A PR AR DL 2 A H dh
5 A A AR R K 22 5% 32 TR
HA Oy RE S T — ZR GBS T Y, AR ADL S ZZ0 i 3 431
W AR, 5L R WA e —EE R
R R B OR 5 SR RO

3]
(=}
+
—_
~
N
=
I\
-
\
\

N
(1] \

é 3 /: _-. ///
’é‘g 15 "yd
" -14.9%
IK
% 1.0 A:/
= L
% 1 ;
0.5 A
/‘l ‘/
0 05 1.0 15 2.0 215
LR FE R BB /mm
@ ENEEEESLREEEESTT
160 g f
—— i FLAH
— LA 2 T A A
140 + 90% B A5 7 .

900 T B i

R B (kg/m)
3

—

(=3

(=}
T

y=-0.024 63x+2.787 72x+66.532 98

805 10 20 30 40 50
I [E]/min
(b) W FE B X B 5L E B EEXT
3 A S0 R HISIE

Fig.3 Model and experimental correlation validation
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