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Research on the Distribution of Liquid Film Thickness on Horizontal Falling
Filmoutside the Semi-Elliptical Tube under Counter-current Airflow

XU Xin-fan' ,ZHOU Ya-su' ,LIU Gang' , WANG Shu-xin®
(1. College of Environmental Science and Engineering, Donghua University ,Shanghai, China, Post Code:201620;
2. Marine Design & Research Institute of China,Shanghai, China, Post Code :200011)

Abstract: In order to study the distribution of the horizontal film thickness outside the semi-elliptical
tube , an experimental platform for horizontal falling film was built under counter-current airflow. Combined
with digital image processing technology, the influence of counter-currentairflow speed (0 ~5 m/s) and
spray flow rate (0.025 ~0.221 L/min) on the liquid film thickness were investigated. The results show
that the counter-current airflow has an effect on the liquid film outside semi-elliptical tube, and the critical
velocity exists. When the speed of counter-current airflow is lower than critical speed , liquid film thickness
decreases first and then increases along circumferential angle, which is similar to that without airflow.
When the counter-current airflow speed exceeds the critical speed,the distribution of liquid film is severe-
ly uneven or even blown away. The average liquid film thickness increases first and then decreases with
the increase of counter-current airflow speed. With the increase of spray flow, the average liquid film
thickness continues to increases. When spray flow decreases and the counter-current air speed increases,
the average liquid film thickness decreases.

Key words: counter-current airflow, spray flow, semi-elliptical tube, horizontal falling film, liquid
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Fig. 1 Schematic diagram of experimental system

FERTEER ARG, TR FR K AR K A8 Hh i
H A AZ R AR, Hr B 2Kk 8 B K I
Bt R AR S, i S e
I 22 R A [ 94 BIR ALK A8 , 040k TR 20 ik T2 )5
HEEVE RO KA. o, KFRKA LS -013 &
R 3 TR0 2R PR 2848 50 A W™ 5 2 B 8 %
RISEE SR, B E HAR a = 16.4 mm, T4



55 8 1]

TR, 25 01 SRR T MRS S K FEIR R BE 0 AT BT 9T - 101 -

B EAR b=26.2 mm, Fh b [ T -5 T A 521 o
B 34. 4 mm, YN 2 fras . ARBHRA ASE AT
AR, E R AL A RAL . BPIER e e
SEBRBLE S <5 2 JR B B f A AR 22 2 TE 15°
PAA TR RE AT, #008 T RAk A . B, 48
B 4 A PR P b Y T o R, X YL B2 I S i ]
2

16.4 mm—
- 3 mm
o
— %Q | L
7 \\
v \ g
/ £
=
7
%/
72/
|

B2 FHE"ER
Fig. 2 Dimensions of semi-elliptical tube

PFUE ARG, A RALAF SRR UGE
TR E PRI, A IRRE. O  30E9E  1) C e
Bo o, BN = <, B S SE - AS0,
Uk 594 m’/h ;5 XUEE I ARAIE SO A B P
SR, R UNEE 3 BRI Hh i AL AR SR TR
7K, R FL o KGR AR SR BRI FL AL, BB 1 1 A AR
ETE A A, YRR AR R PR A ]

(a) IEFLE (b) MFHEE

E3 #=REEHTEE
Fig. 3 Schematic diagram of the wind control

hood structure

2.2 WRkAE

BOE R ARG T E AR A S I B BT
0 R AR R 3 84

25 S 2R A Testod05 vl BAEA MU I
S, TR O + (0.01 m/s +5% JUEAE) o KR

I SO XL R g 0 T A 7 4 IR
MG S W, FRIME. WEAN TREEET
JTEA 8.2 mm BB RIS 6 by, i 4
PR o

TR T 22 1,

g %

(o= )

|

B4 ROAURHETEE
Fig. 4 Schematic diagram of the arrangement

of tuyere measuring points

M gt BRI, 368 FH AN B 11 Y K24 B
FeAH R, M ERGEE +0. 2% s B BB/,
e HZ06K RLimse i it , MENEE N +5% .

B B 0 5 B 2% 7 LED  Sony A6300 H
FARPL IR AR LA R o7 R B R
SH3CHR[6]. THRAATF TILT 20 KK A, & 57
WEBKE R G, PR E A R A

3 RBERSSH

TR AR, L 25 C KRR TR, B
A 1306 PR R [ R o o B AR A 8] 4 A
BTSRRI E M . SET R, B 1L B T R S A)
RILE B, RO X v, =0 ~5 m/s  BAFL I B
Q =0.025 ~0.221 L/min f T00HE4TF 5047

KW H B+ H =5 mm G
RIS , W E 8K H =35 mm A Y8044 GG
B AR E ., A, BE H 1K, P34
JERE 5 BRI, % H =15 ~25 mm i 6 A A,
WS AR L AR,
H =25 mm,
3.1 FEREH T RUERT R R R &0

B 5% Q=0.025 L/min, v, 0 ~5. 17 m/s Bif
WEEE s MafifEi. BS ad#EE2Ee,
B 7.

E6 SBm, v, =0~2.35 m/s 5,8 i o BHY
RAWNEHER, B/DRAE a=90°MiE, v, =0 i,
FHESCHR[6 115 2] 6 BE o BI5r fi R i H— 3, H



- 102 - e

e 3 B

T & 2021 4

VR T s B 9 o BB /DN KR pl T R A9 A
s EATRE, S B WA Y A & B R %,
MNTTRENE T AR 9 43 A 1R Ol o MLAh, BE v, B9 1S K,
8 TEa =15° ~90° B FEASAAL  7E o =90° ~ 175° i} 1%
K .

B 7 55,25 v, 0 R 2.35 m/s B L6 B
T 14.7% . XREHERTE o =0 ~90°Hf, HiikZ
HAE FIVE B RE ] T A0, T ) SO TR
mi, JLE AN B2 B = A o I E B 7 A A )
A 5 EREXHRAR R SR ARG s T Y] 4 )
RTERERRE ST, (AR m Fiish. o M 0°HEK
F| 90° s, E AT B9 n] 43 1 N HE KB E A7, 1) 1] K
FEWPEZ IR AR 23 A 55000 1) 2R B A A AR AR X
LSRR, Y1 1T /N, 7 1 K e
L, I 8 M 0°F] 90° B AF . v, =0 B, 7E a =
90° ~180°, T Sy W42 1] 43 1 5B HERS B I M3, &
JIEN IR 43 1 KT BERG W 7, B AR R R B0
B8 o 34K, T ) BY) 1] 3 0 328 W 0 /0 , D) 1) 32 4
AW A 8 M 90° £ 180° 72 ¥ A8 K, 1M 24 ¥ )
MM EBE T ot A BT, For™= A 0 5y 1) g W BE 1)
] 77 1) ) k., BELAS T R 1) T~ i 30, S5 BOR AR ) i)
TEIA I, U0 SR, AR IR 1
i, v, 8k, EBTH) MKk, 6 ik,

v=0 m/s v=1.11 m/s v=2.02m/s v=2.35m/s

v=2.52m/s v=295m/s v=4.11 m/s

v=5.17 m/s

Bs5 FREFERRETHREESDH
Fig. 5 Distribution of liquid film thickness under

different counter-current air speeds

E6H,v, =2.52 ~5.17 m/s B}, 54K X3 4H
b, 8 TE AR XA Wi/, 6 B o B 20 A7 B 2k I 3
RIZL, R 7] o BN T MRS, B 7 oo, A
2.52 m/s HEHNF] 5.17 m/s,8 W/ T 42.7% . # o,
Rz M B TR TR, HAVE a=
90° ~ 180° I & Jy 1y Y] [ul 73 J1 Pl o BE R TIB/ )N, oAt
v, BOKR, TSI U ) A K, (545 BB ) & 73
BB 1) T /N & B 1) 0, S BOR ] ) 43
/NG 2 F A R ) 39 m DT A AN BTl 2
[ b HERR, PR B B B K, 8 B IR/ . Ui
B, v KR, AR BY U] 7 8K, Y REI8E 3 e i 2, e
) o P/ N T Tl AR AR

—a—v=0m/s —e— v=1.11m/s
1.5F - v=2.02m/s v v=235mfs
—+-v=252m/s -« v=295m/s

E 1.2+ =+ v=41llmis — v=5.17m/s
P
b 0.9F
ik
E 061 /
&
0.3 \
\‘\
<
2 30 60 90 120 150 180
55 /()

6 7 [E]) % i XL T R VR S A 1 F R R
Fig. 6 The change of the liquid film thickness along
the circumferential angle under different

counter-current air speeds

1.00

g 0.75}¢

0.50+

VA BELE & /m

=
(3]
w

0 111 2.02 2.35 2.52 295 4.11 5.17
12 i Ky, /m - 57!

E7 FEERMNETNFSEERE
Fig.7 Average liquid film thickness under different

counter-current air speeds

M BB AT LUAR i, @ =0. 025 L/min B, 7E
v, =2.35 ~2.52 m/s WAFAE I S KK 0,0



55 8 1]

TRBTWL, 55 396 ) SR A 1F T M6 180 8 S 1K P g R 5 o A 5 - 103 -

v, <v, Bt ,8 B o Sel/INGHIK 8 B o, B8 FR U
Ko, > v, 68,6 Bl o B4 I 1 o TN
(LT RS L VL4375 IR 4,6 B v, AU K B0
N BT, =2.35 52.52 m/s B, 2 6 [ o B0 70
M L FE R, 6 (A2 0.6% . [, LT %k,
IAF2.44 m/s & Q =0.025 L/min %R v, 0 [A]
B 7E Q =0.063,0.092,0. 123 #1 0. 221 L/min Hf,
PTG v,, W 8 B, v, BEE Q A9 KT

HIK,
6 F
5t /

2 L 1 1
0 0.05 0.10 0.15 0.20 0.25

W bk L B Q/LL + min™!

I S50 Ny /m + 57!
&~

B8 AR BEHE T o e 5 R KU
Fig. 8 Critical counter-current airflow speeds

under different spray flows

3.2 FEREGTHERRENRIEEENZN
v. =0 m/s, Q =0.025,0.063,0.092,0. 123 F/

0.221 L/min B} ,8 B4 WiPE 9 (& 10 B,

3.0
—a—(Q=0.025 L/min
54l —® Q=0.063 L/min
—a—(0=0.092 L/min
v Q=0.123 L/min
——(=0.221 L/min

7

i

d

b
e

S IR JE 8 /mm
s

0 30 60 9{|) IZIO 1.50 180
[ £ e /(%)
EHY ARBHAETRREEZSREANENL
Fig. 9 The change of the liquid film thickness along

the circumferential angle under different spray flows

B9 B7R,8 B o HIIEINSEI/NE 3K, 6 B/l
RAE a=90° KT, Wi B 7, B Q RN, s

HEHHIN, 5 10 o 6 B Q BRI %S 1)
& Frh Q M 0.025 L/min #4/m%) 0. 221 L/min, &
W T 22 . XEEN Q Bhnet, B A7 ] 38
e S ITL i T PR AR I, S BB R i & % 8
EBT .

1.6

(¥

- H i RS 6 fmm
o

e
B

0.221

0.063 0.092 0.123
T ik B Q/L - min™

0.025

B 10 FREHEETHFHRERE
Fig. 10 Average liquid film thickness under

different spray flows

HFAR Q MBAEFEARR v, B o, K
it , AR R 0 VR B R E i i 3 Bk &
B, B, AR Q F 8 b o i i,
RIEATEA WS F AT

Hly, =0 ~5 m/s,.Q =0.025 ~0. 221 L/min
BB SE IR BRG0P 11 R . R R 6 WRARBEE Q 1Y
1 HITTRS 0,0, SUE WA Q 17 & BoHE &5 {5 8 b
v S AL A2 52 Q B0 T 76 S [F) LB o B .,
H 24 Q 8 v, KA, 6 80

2.4

—=—(Q=0.025L/min —e—Q=0.063 L/min
2.0F 2 Q=0.092L/min —»— Q=0.123 L/min
—#—(=0.221 L/min

1.6} N

e —————— "

=i
— —y

¢ —

— W
r =

e =
0 4 1 Il 1 1 \\“\‘*“
] 1 2 3 4 5

W A fm - s

Bl FHEERE.ERREFMRERTEENXE
Fig. 11 The relationship between average liquid film

thickness, counter-current air speed and spray flow



- 104 - woRE 3 h T &

2021 4

3.3 HRFGTHREEEMNFEEXEN
EHEEE S22 R BOR, IE B

sinB = sina,0 < o < 90°
sinB = sin(arctan( - it:smcs:) ),90° < a < 180°
a

(4)

BT o, R B R R A T B 2 e, R I 2
Rogers % A\ el A5 b i i SE e SR L4, B
R EEME R TE 0 < a <90 BB R

8/D = 2.89Re’Ar™” (sing) % (5)

Hrh AR ZEE R =0.978 35 ] Re =47 ~409,
0<a<90°,H=25 mm, 2490 <a < 180°H], T
BRI AR T, 19 28 2 B KU I Y 2 £
5 I =

8/D = 9.75 Re"? Ar™"” (sing) ** (6)

Hep XA R =0.21, BAEH 5 LR wE
BRK. iITFEeHES U 4RI LR E KT S
AR TS SR, S BRI R X A R
HERR, MR INR . e Bl 32 i R RO, I H
WS EH 5 LR ER 2 E, LR ILME B RIS K=
R, Fit,7e:0(6) MERE E51 AR S B
B2, KB B Y — I & 8RB i,

8D =7.95Re"" « Ar™'? - g« (sinB) > (7)

Hid A B R® =0. 983, Re =47 ~409,90°
<o <180°,H =25 mm, %8 v, FEMH,S% 55
xR Fr S, 5IA o M TC RN 0, -

v =/ JEE =, (f,ﬁ)? (8)

KHF E—BHEEY, m;o—RERE K, N/ m,
8/D =7.95Re"" « Ar™? < B+ (sinB) ¥y 0%
(9)
Hor AR B R =0.952, 3% BT [ Re =47 ~
409,90° < <180°,H =25 mm,0 <v, <v,, #il v,
i, RO A 2, B gl K, R M LA g N A 1Y
FEE
B R B TIE S S g (R EAT LB, R
BE BT R B, AR ZE /T 15%
e TRAVEE , U R, ik 12 Fs.

0.105

. SN
0090 A
0075k T % 15%FA%TRZE 7

S o.060}
0.045}

0.030 1

0015Z, . . . .
0005 0010 0015 0020 0025 0030 0035

REUB.AI«U].(Sinﬁ)fU.ZS
(a) Re=47~409,0 < & =90°,H=25 mm

0.08

= SCEHE
007 — WEHh
—— + 15%HIRHRZE
0.06}1

/D

0.05+
0.04

003}

el L L L 1
0003 0004 0005 0006 0007 0008 0009
REO‘I 1 'Afim'ﬂ'(sin,ﬂ)'o‘IE‘UR*G'ES
(b) Re=47~409,90° < ¢ < 180°,H=25 mm,0 <v, <,

B 12 XBEAWMNESKEEMLER
Fig. 12 Comparison of predicted data and

experimental data correlation formula

4 &5 it

(1) ] B2 X S K B LR R, 347 4
— Al SR E 24 30 R R /N Tl S
SR S0 ES U S i AR, 9B T B ¥ B A Oy 1l e
B/ N JEHE K o B L R 38 K, IR IR AR R B
SR FEANAR AT B A 2 W R s i A
L BE R, B AT R 0 A, R R BE AR R X 5
BN, B (B JE A A A it 2 R AR 1 1B A
FASE/INR A B RS, I Bl SR A o o 3 i X i
R, B BRI, BT B 2

(2) > 36 P45 Y 2 i IR 54
Jin S 3 0 I )N A S T i SR R o B A 5 -3 R
JE VA I A2 P 398 IV T 3800 5 234 WG 4 B ), 3
LR R, 7 9 B A

(3) T ENH 0, 19 BN A1 T AR
V2 9 R ) 2 T SR M X, 3 P W T R
47 ~409 A= BE 25 mm , 390 30 XU /D T i 5
A S EFRBIR R EA T 15% , HER R



5 8 10 TRBIN, 55 00 B ST AR T M6 IR 0K T B BB B2 A A B 5T - 105 -
[11] SUN F,XU S,GAO Y. Numerical simulation of liquid falling film
%#iﬁ on horizontal circular tubes| J|. Frontiers of Chemical Science
[1] AR, EANK, 3 0. I AT AP R A R B R e R TURSHREA0I2 015 | 323,528,

(2]

[3]

[4]

[5]

[6]

(7]

[8]

[9]

[10]

R EALT]. L 1274 ,2008 ,59(82) ;23 - 28,
HE Mao-gang, WANG Xiao-fei, ZHANG Ying. Review of prior re-
search and new technology for horizontal-tube falling-film evapora-
tor used in refrigeration [ J]. CIESC Journal, 2008, 59 ( S2):
23 -128.
JIGE D, MIYATA H, INOUE N. Falling film evaporation of
R1234z¢(E) and R245fa on a horizontal smooth tube[ J . Experi-
mental Thermal & Fluid Science,2019,105; 58 - 66.
LIU Xiao-hua,CHEN De-hong,SHAN Fu-ping, et al. Study on the
performance of a secale inhibitor during horizontal-tube falling film
evaporation of seawater| J]. IOP Conference Series: Earth and En-
vironmental Science 2019 ,227(6) :062018.
ALIMARDANI F, MOGHADDAM H A, SARMADIAN A, et al.
Pressure loss and performance assessment of horizontal spiral coil
inserted pipes during forced convective evaporation of R-600a.
[1]. International Journal of Refrigeration,2019,107:20 —30.
BRI, W ARAT, SR, 5. TR N ROV A e R D ) A
Nusselt ZLARZM[T]. 4k T.2% 41,2013 ,64(8) ;. 2760 - 2768.
LUO Lin-cong, PAN Ji-hong, TIAN Mao-cheng, et al. Influence of
tube shape on falling water film thickness and Nusselt number out-
side horizontal tube[ J]. CIESC Journal ,2013 ,64(8) :2760 —2768.
BHRE R, S, A R R KRR ORI R R PR
BF LA MBS (1], T8 #4048l % i, 2018,39 (9).;
2040 -2047.
PENG Tai-ming, ZHOU Ya-su, HU Hao, et al. Research on the
thickness of falling liquid film outside horizontal semi-elliptical
tubes with digital image processing[ J . Journal of Engineering
Thermophysics,2018,39(9) . 2040 -2047.
ERE, MR, B 5L, 4 WK RO = A0 [ A BE TR
FBI[T]. FHHLIR,2020,48(4) ; 83 —88,11.
WANG Shu-xin, ZHOU Ya-su, HU Hao, et al. The influence of
spray water film on outer-wall temperature distribution of semi-el-
liptical tube[ J]. Fluid Machinery,2020,48(4) :83 -88,11.
GSTOEHL D, ROQUES ] F, CRISINEL P, et al. Measurement of
falling film thickness around a horizontal tube using a laser meas-
urement technique[ J]. Heat Transfer Engineering,2004,25(8) :
28 —-34.
CHEN Xue,SHEN Sheng-giang, WANG Yao-xuan, et al. Measure-
ment on falling film thickness distribution around horizontal tube
with laser-induced fluorescence technology[ J]. International Jour-
nal of Heat and Mass Transfer,2015,89 . 707 —713.
BaAtAt, i ML, BRI, S AT R 5l Al R A i
B[ T]. WiAAHL#E,2017 ,45(2) .62 —65,5.
DUAN Lin-lin, GAO Hong, YANG Xiao-hong, et al. Experimental
film spreading on horizontal tube falling film flow[ J|. Fluid Ma-
chinery,2017,45(2) :62 - 65,5.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

R BRI, 2R 2R, 5. ROT 8 28 AL S R TR U s B
G487 1], A T4 ,2018,47(4) : 1 -6.

CHEN Zi-gang, L1 Qing-sheng, LI Shi-yun, et al. Numerical anal-
ysis of falling film flow outside the tube of horizontal tube evapo-
rator[ J | . Petro-Chemical Equipment,2018,47(4): 1 -6.

W F PRIRNL. KPR AR MR I s A S P AR AR
HULT]. 24 ,2018,69(10) ; 4224 —4230.

JIANG Chun, CHEN Zhen-gian. Numerical simulation of fluid
flow and heat transfer characteristics of falling film evaporation
outside horizontal tubes [ J |. CIESC Journal, 2018, 69 (10 ).
4224 —4230.

FHRTE. FE AUV B Ve TR OE R AL, S B KV RE R R IF S
[D]. #ergai T K% ,2012.

YIN Ying-de. Simulation and experiment and energy-conserva-
tioned applied research of evaporative condensed refrigeration sys-
tem[ D . South China University of Technology,2012.

B KPR R $A L TR D] 2 AR
ke ,2014.

CHENG Man. A thesis submitted in partial fulfillment of the re-
quirements for the degree for the master of engineering| D ]. Wu-
han : Huazhong University of Science and Technology,2014.
R ORIRTE. s SRR R KRS AT A
EFET ). T RERE A ,2016,34(4) 301 —304.

LI Le, LI Cheng, ZHANG Ya-jun. Experimental investigation on
the water film behavior with counter-current air flow [ J]. Energy
Conservation Technology ,2016,34(4) .301 -304.

NUSSELT W. Die oberflachen kondensation des wasser damfes
[1].Z Ver Disch Ing,1916,60: 541 —546.

ROGERS ] T. Laminar falling film flow and heat transfer charac-
teristics on horizontal tubes[ J|. The Canadian Journal of Chemi-
cal Engineering,1981,2(59) . 213 -222.

ROGERS J T,GOINDI S 8. Experimental laminar falling film heat
transfer coefficients on a large diameter horizontal tube[ J]. Ca-
nadian Journal of Chemical Engineering, 1989, 4 (67 ):
560 - 568.

R, EME, 8 R —FKEEEABHIP]. PE:
CN210674258U,2020 —06 -05.

ZHOU Ya-su, WANG Shu-xin, HU Hao. A horizontal falling film
dispenser[ P]. CN210674258U,2020 - 06 - 05.

W1 B PR ERE. A ] AW B R s o [
FWFF[1]. b2 T2 ,2020,48(8) ; 18 -23,35.

HU Hao, ZHOU Ya-su, WANG Shu-xin. Research on interfering
factors of thickness of falling liquid film outside horizontal semi-
elliptical tube [ J ]. Chemical Engineering. 2020, 48 (8):18 -
23.35.

(B # @)



