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Numerical simulation of stable flow dynamics of viscous film
on spinning disk surface
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Abstract: Film flow on spinning disk surface exists extensively in chemical engineering operations, such as
centrifugal graining, molecular distillation and spinning disk reactors. Flow dynamics of the film flow has a major
impact on graining, reaction, heat and mass transfer rate. Theoretical model of stable film flow dynamics was
established and verified by comparison of experimental results and numerical simulations. The effect of equivalent
Froude number, dimensionless ratio of characteristic thickness over length & and casting size »; on dimensionless
film thickness distribution was studied, which a model of dimensionless hydraulic jump and synchronized zone
radius was derived and verified by experiments. The results show that equivalent Froude number has little effect
on film thickness distribution and occurrence of hydraulic jump phenomenon mainly depends upon ¢ and r;.
Increasing & or decreasing 7; leads to appearance of hydraulic jump with a dimensionless hydraulic jump radius
always at 7=0.85. Mean radial velocity exhibited features of typical three zone distribution. Reducing casting size
would extend injection zone and shrink acceleration zone, such that film flow goes directly to synchronized zone

at dimensionless synchronized radius of 1.53 without evident acceleration. The results will provide theoretical
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reference for design and optimization of spinning disk reactors and centrifugal pelletizers.
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Fig.1 Liquid film thickness distribution on spinning disk

S R E TR, W21k
dF =-p[20xv +wx(wxr)+ g |drdod: (1)
KA, p NILEE, oNFEREE, v R
LR 2 (R A S, g A s .
#3 (1) /RN Navier-Stokes (N-S) J7FEFfidE
ITEN AT TR, 5l NI )R FE & LA
T 1,20

o2 ) e
1] 41" wv

X, o NLFEEFE . ETHBGER, &
J&E RPEZ AT 3 R 7350 N
u=ve=aly, we= @&, po= ,0502 lé 3)
gia (D~ (3 WFESNETTEM N-S
FHFEAER (4) ~ (Do us ve we p THINE
P EERE S, &= &y Fr=aly/g.
10(ru) ow _

0 4
roor 0z @
2 2
u§g+ Qﬁ—ff_—§3+2v+r+ ?+5251g léﬁ—f%
or 0z r or z o’ ror r



EE FARARSE . R R I RV R A A R BB © 2323 ¢
ov I uv ) v L[ 1ov v 6 20 d
u$+wafz P u+872+€ o ;37_7 (©) ! 0=5.33X10"°m%s"! present model
1.6 ®@=1047 tes™t e water
£ ual+wal =—a—p—€Fr71 +€2827W+€4 yl+lal . “ ——30% glycerol
or 0z 0z 0z* o> ror . 12; d — 50% glycerol
o) g - Leshev et al 1781
v : O water
1.2 %H%jﬁju °>é 08* A o 30% glycerol
B R — B rasclo, WO R E G, oo veerl
LR AE K BE 1o A, PSR A I A, B o4r
&= a1, R (4 ~K () Tifye Fe Titym 2
0

W KA TAEBR (O ~X ()
B F=57' [ fz S, R, R (4) ~R (D

BB RO (8). AT AR, 30 (8) Hilmg
LT ER BRI,

rou 0
2
li ér&,z = 157557V+2§v+§(,,_87pJ§_§3 ®)
ror|l 5 126 r or 26
Er(‘)‘uv _H@_z u_sl
14 14 r 20

XA, p=pstFro, Fr N3 Froude £, p, WK
SRR
1.3 BFEH

VR JEE I R T 75 W5 A2 18 By 5 LA SR P A
%A, Kim ZEP RN r M9 A AR A X (9)
TR, EIERG W BT T LB 2%
(@3 AN W AN E ST Y DR S SRRy APy Ik S
A8 S rmrinllye A7 S T phok 45 5 7k 55 R
B, BNREH AN AR AR, AR
T B AT LA AL (10D, r=r; b PR30 S JE 5E 9 ik
ARSI (D. £k, X (8) Fimetiaft
FAE (9~ D,

14
v, =——T1, 9
1 17 1 ( )
=L L2, (10)
nr w3
= 1 = L (1 1)
2, uSyly  3ru,

1.4 fEBIE

VLI R P — AR ek, M7 i —
BRERZEP R s B, 20 |3 9k (8) T
{35 Leshev 2528 RHREHZE AT Miyasakal®® 1
BELIF0 B b, T3 459 H R K VA K - Miiyasakal %)
(S 4 4 p=1200 kg'm ™, p=(3~8)x10 Pa-s,
B Reyn N 200, m=0.1~0.3. F[LLEH, A
JE P 53 A7 5 S B0 I B A AR I . Miyasaka 78 SE56

r/m
B2 R T S Leshev 2SIl & 56f LL
Fig.2 Comparison of film thickness predicted by present

model with that measured by Leshev et al*

25

r;,=0.004 m present model
Re;,= 200 -
20F
Miyasaka [2°]
o m=0.1
\E 1.5+ o m=0.2
?2 2 m=03
X
=< 101
0.5r
0 0.02 0.04 0.06 0.08

r/m
3 VR TG 5 Miyasakal®I g6l 57 b
Fig. 3 Comparison of film thickness predicted by present

model with that measured by Miyasakal*®’

0.7

o=21rad-s'  Burns et al '*?!

06F 0=13x10""Pass A 1§ ml.s"!

predicted data v 27 ml.s™!

05 o 37ml.s™!

T O 48 mles!
% 0.4
0.3F
0.2r

Il 1 1
0 0.04 0.08 0.12 0.16

r/m

Bl 4 A2 TIME S Burns 25292000 B b
Fig.4 Comparison of radial velocity distribution predicted by

present model with that measured by Burns et a/*

PR KRB, W3 FTAE H, 3K (8) ik
T T 2 7 KERI A A2 A2, JF LS R 5
EHEMEEYE.

Burns %525 FiY e B0 LY 354 1 ok a8t



° 2324 - . T

L

68 &

TN, KIUR R E AT 70 B X N
XELE X . a4 FTRAE H, 30 (8) Xy
A4 ) 3 P PR TR 5 U B ) B A ARG SE 4] A
IREILIE P 1) =73 XRFALE -

2 HRE5IT®

RIEEE N

X (8) ~x0 (1D WJLAEH, EIR RS
K5 5253 Froude 0 FrobeiE L1242 r LM e K.
Kl 5 8e=0.01 5 r=0.1 B AN[E] Fr (7S B (B 5
HRITER) IR 5. "JUUEH, BEE Fr
EH 0 B4 22 0.04, i 5 A7 5 BeyE 1 5 5 20055 T B,
1M G E KRRV R, 7R /KR 2 5 1 T RS (R B
JetIs TG e E A . KEKER n NIAZ Fr
PRI A A YERETE 0.85 /245, FANTT >1.5 M4
X3, IR E R e E S Kt Fr A KER
BT )T RS = A T IS SR, T AN 4 OB K R Y
12 VL B e B O I AR P, RS Fr JEAE
r=0.48 Kb 5| NI KIRZE /N T 3%. K (8) AIEA
FH, 2530 Froude 50 Fr %o {8 I5AL A5 e 5 @ i
VTSR R R AR B, E FR T AL JE R — MR e 4
BOK, P ER 5R AL SE T R R Hs 5
A 535 2028, BI# Froude (7E 0.25~ o< U [
AN SRR R T TR 7= 2R YR 3 5

5

2.1

£€=0.01,r,=0.1
a5 Fr=0
3_
)
2_
1_
0

-
KI5 Fr SHBRAR ) J5 2 2345 fR 52
Fig. 5 Effect of Fr on radial liquid film thickness distribution

6 N Fr=0 5 r=0.1 B AN 7] ef e 15 2 P 12
M. BEF e 0.001 BEZE 0.2, TN T KR
I G2 LU BB B ) R AR K ER, TKER R I A AR
ET r=0.85 MHERLAIE: 4 <15 B, HEJERS
BETNEEZR0.05 FEaTRE, MM~ HiEX
BRI A Z M1, 528 E A BT RGE
SAE N e BAREL T 0 I (K RS M, TR KR

DG RERAE S REEREAK. B 7 FinA
Fr=0 56=0.01 WAEGEE RS 7 (0 SR 4
fi. HARLHIAEE 6 254, BevE 142 r<0.1 i
KRG IF46 T r=0.85 AL tH B, 4 r, P54 0.02 LAF
i, K ERERE B A R T GG T — 8. Wang 50
SKH CFD 5y AN I RS r B AT S 37
YEHEAT T BB M, b 0=45 mlsT', p=2590
kgm™, 4=0.7 Pa's, 0=0.478 N'm™', @=209.4rs",
M 8 FIFERT AE H, AH R CHL A& PF R HedE D RE
LR KR e 75 R AR K BRI A I B RS, Tkt
KR S DX 30 TE 5

4 T
A
o Fr=0,r,=0.1
'
[ £=0.001
3r ! _
A - --.£=0.005
1 \
N £=0.01
LY RS _
wobi e £=0.02
T = e £=0.05
R
\;_
1 1 1 1 1
0 0.5 1.0 1.5 2.0 25 3.0

-
K6 elf 0 WU A 7] J5 4 A ) 2
Fig. 6 Effect of ¢on radial liquid film thickness distribution

4

BT AR VRIBEAR: [ J5E B2 23T HA 5
Fig.7 Effect of r; on radial liquid film thickness distribution

g5 e M 7 TR H, METHT, TR
BEOZME (PO RSE, WiERE) LR
BHEUE 7K R RAE, JEHEm <15 %
BRI o (EK BRI R 2R 2 AR R AR Ui
16 1=0.85 Jo47, r>1.5 FE4% DX v I R P A
R SR EEIET LA =15 NF, 1.5 EE
1 B R PR T T A2 B0 J RN P, T <15
(1 X3 AE F R BN DRI E e 1. X TR E



%6 FRPESE: AR TR AR S IR Al R 1 U B © 2325 -
35 0.24
simulation data'>"! R ] o
30h r,X10%/m 020k Miyasaka . 5
o Thomas et al " o o, o
o
250 045 0.16L o Bumns et al ®% .
o Skt regression
£ N £
(g 2.0 325 = 012 o r,/1,=1.47
% v2 )
w
L) ons 0.08F .
present model o RSO0
L 9 0.04F 2
1.0 o9
035 0.01 0.02 003 0 0.04 0.08 0.12 0.16

r/m
B8 R FIE S CFD #4ul g5 000 L

Fig. 8 Liquid film thickness predicted by present model and

CFD simulation”

IS, BoE N RS/ 51k T m ph o e Al
WERRE LT, EFPEIIER IR X SR
gi/h, THHRRE R NG, Hrahaeik b i
RETM RBUKBRIL R KA TR R ), 6]
PE 75200 DX 3R/, B O E F X3 K 5| A v
PRI NI X T T K BRI SR
22 [FEIHEXFEE

Burns 242V FH F EL i 0 T R (10~ 2442 ) 3o
FERAT I, RIAR R FE AT Al o X
X LR X . LA 9 w1 r=0.15 A, TipesE:
RO S TRV SR TR, AEK
R S PR P B A AR, T 5 50 7 5 S T ) )
ERES %, frEEWRAEN EAEE
=153 Wik R, mAHANFEDX . HMNE 9
ATLAEH, Bl B RS 4 /N s IR B 1
FIIE R, BV XY BN R, T el B R ek
TR AR 5, T X YE S A, G
BRI A, (HAFZm [F 2 X RS . B 10 sl

0.6 D i
\ .
Lol Fr=0,£=0.01
0.5r i \ r=0.01 == r,=0.15
\
04k ' W - 1=0.05 «eeeuee r,=0.2
T o3t
0.2r
O | acceleration synchronised
injection e Zone
zone ) ) .
0 0.5 1.0 1.5 2.0 25

Oy AN Y T~ P4 42 1) 3 EE 73 5

Fig. 9 Effect of 7, on mean radial velocity distribution

Iy /m
10 [R5 R4 SR R R 2
Fig. 10 Regression of synchronized radius measured in

references?232!

AR SR B 1S 2[R D X AR B AT R . AT
DEH, BN 1 FPXFE =147, SRR
AT A RIEA B, X WIGE T AT RS .

3 % W
AR 3L LB 45 45 THT 40 L 07 R 25 L 3 e A T

XI5, RHEN 1 A 51353540 16 N-S J7F%,
AL T BN BB, BT SEAL Froude
B Fre B eMBEE D RS 0 HED 1 E R
I ARIREIR, PRI T IR KR P42 DA K R0 [X
BESEESEN —RE. BBLINE R,

(1) Z5%L Froude ¥ Fr £ 0~0.04 JulHE N,
Fr X6} RS 14D 5 1) = 2B 3ok Y S Ak R R AR B
L EH T LA R — MR AE B A oK, A R B
AEET H B R UR R A B s, A
PN 1 R e A R, E KRR S
Fr it

(2) BN 1 el RPEEDRSS r BigE T/K
BRI G  R A o ey L RSE 4/ 5| T b
BAOHEE R B, B ol RpeE X
oS | ETES =i 2 A TR N VAT s Ly NI = Il e i S 3
Ay TR 77 50 0 DX 3o 2 A A T B KT kS, S
O DX 3N KT 5 | 7 ATl gk N\ ke [Ty e 7K
BRIMG KA . MR esiFH 5/ ry AR T KRB K
A, BN 1 KRR IR A YERFTE 1=0.85.

(3) r>1.53 XS B AR [l i sh 4 1t 3 52
B0 SR E S, T <1.53 B X HRAE A D R
N DI RIEEPE T, R S B R I T S8 4% )
SIIA =50 DCRFIE,  Ai/NRIE LRSS o 515
VA DX B I K T e [X 3 LR 2 i/, SR T



= 2326 °

e L %

68 &

B s I G B HE N RE X, H [F)E X 4200
YRR r=1.53, SR EEE R =1.47 FA 5

F 5 W B

F—71, N
g ——FSIEEE, ms?
h —— R, m
Iy WERAE KL, m
p——=M 1 R
ps——NEM, Pa
0 — L&, m s
B 1 B
7 N1 OE
Finsljs's —— 3 AR LB AR KRB AR S RE X 2
%, m
uy,w — BRI [ VI S, mesT!
U0,V0, W0 Sl e 1 HEEAR ] YA e R
& FEEREIE R B, m
& —— VAR ) P 5 K U AR
u——LBN /15 %, Pas
p——LIA%E, kgm™
v TREHEE, m*s
o —FEREER, rad-s™!
TR
i Ve
j—IKERFAR
0 —HFIES 4L

r

References

[1] BATISTELLA C B, MORAES E B, MACIEL W M R. Comparing
centrifugal and falling film molecular stills using reflux and cascade
for fine chemical separations[J]. Computers & Chemical Engineering,
1999, 23: S767-S770.

[2] BOIARKINAI NORRIS S, PATTERSON D A. Investigation into the
effect of flow structure on the photocatalytic degradation of
methylene blue and dehydroabietic acid in a spinning disc reactor[J].
Chemical Engineering Journal, 2013, 222(4): 159-171.

3] Whit, KM, SN, S T REERERR ARSI A B
[J]. L4, 2008, 59(2): 478-483.

HANJ, ZHU T, JIN J G, et al. Solubilization of excess sludge by high
speed rotary disk[J]. Journal of Chemical Industry and Engineering
(China), 2008, 59(2): 478-483.

[4] ZESF, SROREE, WERAR. Feah SN & i e AR A B A R B A 7

RIS, A6 L24H, 2007, 58(9): 2347-2351.
LI D, ZHANG D H, TAN T W. Product ion of lipase by repeated
batch fermentation with immobilized Rhizopus arrhizus using
rotating biological contactor[J]. Journal of Chemical Industry and
Engineering (China), 2007, 58(9): 2347-2351.

[5] ARFEHL, JSAR, WEidE, & GUREOKAEEORBTFURE ). 1
TR, 2013, 64(1): 84-94.

REN N Q, ZHOU X J, GUO W Q, et al. A review on treatment

(6]

(7

(8]

]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

methods of dye wastewater[J]. CIESC Journal, 2013, 64(1): 84-94.
INER, Bt SRR, 5. DU SLIK SR S B R AR TS e ).
T 54K, 2016, 67(12): 5229-5236.

SUN Z C, HAN J, ZHANG M Y, et al. Disintegration of excess
sludge by mechanical rotary disk combination with ultrasonication[J].
CIESC Journal, 2016, 67(12): 5229-5236.

BOIARKINA I, NORRIS S, PATTERSON D A. Investigation into the
effect of flow structure on the photocatalytic degradation of
methylene blue and dehydroabietic acid in a spinning disc reactor[J].
Chemical Engineering Journal, 2013, 222 (4): 159-171.

UK, TRIGEE, XA, S e MR AL AR OR T IR K Bl
F1ET). BT AR AR, 2016, 10(3): 1305-1309.

WEI B, ZHANG Q L, LIU Y Z, et al. Kinetics of phenol by
photocatalysis degradation in spinning disk reactor[J]. Chinese
Journal of Environmental Engineering, 2016, 10(3): 1305-1309.
WANG D X, LING X, PENG H, e al. Experimental investigation of
ligament formation dynamics of thin viscous liquid film at spinning
disk edge[J]. Industrial & Engineering Chemistry Research, 2016,
55(34): 9267-9275.

REE, FR7, KM, 55 R B ORI P 2R AR )], AT
4k, 2015, 66(7): 2474-2480.

WU J J, WANG H, ZHU X, et al. Characteristic of ligament in
centrifugal granulation by spinning disc[J]. CIESC Journal, 2015,
66(7): 2474-2480.

AHMED M, YOUSSEF M 8. Influence of spinning cup and disk
atomizer configurations on droplet size and velocity characteristics[J].
Chemical Engineering Science, 2014, 107(14): 149-157.

ZHANG H, WANG H, ZHU X, et al. A review of waste heat recovery
technologies towards molten slag in steel industry[J]. Applied Energy,
2013, 112(4): 956-966.

BARATI M, ESFAHANI S, UTIGARD T A. Energy recovery from
high temperature slags[J]. Energy, 2011, 36(9): 5440-5449.

WANG D X, LING X, PENG H. Simulation of ligament mode
breakup of molten slag by spinning disk in the dry granulation
process[J]. Applied Thermal Engineering, 2015, 84: 437-447.
JACOBSEN N C, HINRICHSEN O. Micromixing efficiency of a
spinning disk reactor[J].
Research, 2012, 51(36): 11643-11652.

AHMED M, YOUSSEF M S. Characteristics of mean droplet size
produced by spinning disk atomizers[J]. Journal of Fluid Engineering,
2012, 134(7): 1-9.

BOIARKINA I, NORRIS S, PATTERSON D A. The case for the

photocatalytic spinning disc reactor as a process intensification

Industrial & Engineering Chemistry

technology: comparison to an annular reactor for the degradation of
methylene blue[J]. Chemical Engineering Journal, 2013, 225(3):
752-765.

CAPRARIIS B D, RITA D M, STOLLER M, et al.
Reaction-precipitation by a spinning disc reactor: influence of
hydrodynamics on nanoparticles production[J]. Chemical Engineering
Science, 2012, 76(28): 73-80.

YT, 2R, AR, A IRR AR S AR SR P D). b
LR 4), 2005, 32(1): 59-65.

YAN W P, YE X M, LI H T. Hydrodynamics and heat transfer of
liquid thin films[J]. Journal of North China Electric Power University,
2005, 32(1): 59-65.

CHIANG C, CHANG M, LIU H, et al. Process intensification in the



6 W

FARARSE . R R I RV R A A R BB

« 2327 -

(21]

(22]

(23]

(24]

[25]

[26]

production of photocatalysts for solar hydrogen generation[J].
Industrial & Engineering Chemistry Research, 2012, 51(14):
5207-5215.

PENG H, WANG N, WANG D X, et al. Experimental study on
critical characteristics of liquid atomization by spinning disk[J].
Industrial & Engineering Chemistry Research, 2016, 55(21):
6175-6185.

FARE, AR, N, AL Rk AR TR B R A B A A
BEFE]. R AR5 (A R RER), 2015, 37(3): 67-73.
WANG D X, LING X, PENG H. Numerical simulation of film flow
characteristics of molten slag on spinning disk in centrifugal
atomization process[J]. Journal of Nanjing Tech University (Natural
Science Edition), 2015, 37(3): 67-73.

WANG D X, LING X, PENG H, et al. Experimental investigation of
ligament formation dynamics of thin viscous liquid film at spinning
disk edge[J]. Industrial & Engineering Chemistry Research, 2016,
55(34): 9267-9275.

frsesR, £, R, 5. BYE & e R4 AR AR He vy o S
SR TL[)]. TRERVER2E4R, 2015, 36(8): 1748-1751.

HE X Y, WANG H, ZHU X, et al. Experiment study on air-cooled
of Sn-Pb alloy
droplets[J]. Journal of Engineering Thermophysics, 2015, 36(8):
1748-1751.

EMSLIE A G, BONNER F T, PECK L G. Flow of a viscous liquid on
a rotating disk[J]. Journal of Applied Physics, 1958, 29(5): 858-862.
MIYASAKA Y. On the flow of a viscous free boundary jet on a

phase change heat transfer characteristics

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

rotating disk[J]. Bulletin of the JSME, 1974, 40(331): 1461-1468.
THOMAS S, FAGHRI A, HANKEY W. Experimental analysis and
flow visualization of a thin liquid film on a stationary and rotating
disk[J]. Journal of Fluids Engineering, 1991, 113(1): 73-80.

LESHEV I, PEEV G. Film flow on a horizontal rotating disk[J].
Chemical Engineering and Processing, 2003, 42 (11): 925-929.

KIM T S, KIM M U. The flow and hydrodynamic stability of a liquid
film on a rotating disc[J]. Fluid Dynamics Research, 2009, 41(3):
475-479.

WANG D X, LING X, PENG H. Theoretical analysis of free-surface
film flow on the rotary granulating disk in waste heat recovery
process of molten slag[J]. Applied Thermal Engineering, 2014, 63(1):
387-395.

WOODS W P. The hydrodynamics of thin liquid films flowing over a
rotating disk[D]. United Kingdom: University of Newcastle, 1995.
BURNS J R, RAMSHAW C, JACHUCK R J. Measurement of liquid
film thickness and the determination of spin-up radius on a rotating
disc using an electrical resistance technique[J]. Chemical Engineering
Science, 2003, 58 (11): 2245-2253.

SISOEV G M, MATER O K, LAWRENCE C J. Axisymmetric wave
regimes in viscous liquid film flow over a spinning disk[J]. Journal of
Fluid Mechanics, 2003, 495(495): 385-411.

PRIELING D, STEINER H. Unsteady thin film flow on spinning
disks at large ekman numbers using an integral boundary layer
method[J]. International Journal of Heat and Mass Transfer, 2013,
65(7): 10-22.



