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Numerical Modeling of Ice Slurry Flow Pressure Drop
in Horizontal Pipes

LIANG Yuntao', WANG Shugang®, ZHANG Tengfei*, WANG Jihong®

(1. Shenyang Branch of China Coal Research Institute, State Key Laboratory of Coal Safety Technology.,
Shenyang 110016, P. R. China;2. School of Civil Engineering, Dalian University of Technology , Dalian 116024, P. R. China)

Abstract: To predict pressure drop of ice slurry flow in horizontal pipes, a mixture CFD model was applied
to simulate the two-phase flow without considering ice melting. Based on the specific flow features, the
Newtonian and non-Newtonian rheological expressions were employed respectively. It is found that in high
speed the Thomas viscosity equation behaves well in representing the mixture fluid viscosity; whereas in
low speed the Bingham model is more suitable for describing the mixture fluid rheology. Compared with the
published pressure drop correlations, the current numerical model can involve with various factors and has
a good balance between precision and suitability. The results of numerical model are in excellent agreement
with the experimental data and the relative errors are limited to =15%.

Key words:ice slurry; pipe; pressure drop; model comparison; CFD

DX 35 4t ¥4 7 3ok T H 5 R R A v 4 T A TR BN 2 A% [ 2 B s . HHTRTR
@ KRRIE A E R N T B R FRIF 5 7 7k 22 LA S 30 I BE il 45 6 48 34 vk R It 1A
P ALk AR E H B Z B AN Z k. i) Bingham, Herschel-Bulkley, Powder Law #l Casson
VERVKIE A T CREHE T B SE PRI 9 , VIO AR B AFE AR AR e s ST UK I A 4 3 T o 5 0

Wris H#8:2011-04-15
BEEWH : HRSH AV &R XI5 H (2008AA062103)
EEB N REBHA74) . B B Rk TR L, BN F R L 2B S ARV, (E-maib liangyuntao@vip. sina. com,



http://gks.cqu.edu.cn

%6

RBF A KF R R OK R IR P A 4 TR AR R R Mk AR 153

BRI B AR BB 6 1 — 5 Vi [ A 58 Mt
AU H PRk A AL A BEL g R o (ELE P 2% 18T 220 ) L T
P SHE U 8 A A A L OB T Y R R OREAR L O IR
FIR P I 45 R0 ) e 25 22 DR 300k BEL 7 R D 52 0D
ATAEA S [T PR TR AR 7 2 (CED) B AR Oy
IFTE DRI LA BEL g e P e 1B B L. S LUK
KL AR I A RS T893 0 SR BF S X 4 4 R
TOAHAE i i 14 AR AL R A B A L a8 ) CFD A48 0 T
He AN TR B0 $EAA BT 2 B A A4 951 5 A A 151 i A2
Fetk4s 700 BE % 18 fF CFD BEUEE R 5 R A SCRR S8
R S HL e BT T 245 SR AT X e A3 #

1 HFEEl

T A AR 3 A 1 P R O TR S R RO R
Bl R B AR R AT RN AT .
1.1 EHEERFE

J . -
4%+v- (onttn ) =0 (O

X o0 WIRAMWAEREE kg « m *5u, HRA
AR EE .o o s 5 VR R .
1.2 HEFRE

S puten)+V + putintin) = — VP vt

2
{Omgg + v) ° (Zarpl’uDil:Di) (2)
i=1

Arpre i =1 F0 2 4000 S AR AR FOVKORL T 405 p i
JE 1 Pasc, AN J1, Pasa, F1 a 43 500 2 W A4 AR
VKR F AH B R B B V05w O B BB
mes ',
1.3 kfFHRERRE

FEF JCAH A 2 B ) vORL T AR R B O AR L n =X (D)
iR

N

L ap )+ Y+ ) ==V + (apur) 3

1.4 mimAE

PSR fff B U5 7 35 00 9 4k JR - 357 FE e B 7 AR
(RANS) Jy B Al i iR VR G A0 T AR i 2 19 ke J7 72
O FG) R,

i > - - < . Mim =

S k)t Ve (k) = - - VE)+
Gk,m 7(Om€ (4)

i — - = . HMim =

at(‘ome)+ Vo (Ontne) =V ( 5 Ve)+
ki(cle(}k.m - Czsme) (5

AHF:C.=1.44;C, = 1.9250, = 130. = 1. 3;C, =

2 . 1 & .
0.09;0m = ;a;pf 3 Uy = ;nzla,p,u, 3 fem =

onC, % i Grom = prom (V u Tul) :u
1.5 HAEH
1.5.1 #%ikEHER Z AR B B
FEn @ AH TR A AH B TR 2% . #E e AT AR Ok T
5 A A i R L A= (6) A (T TR

> o - - @i0i~
Ups = Us — Uy = U — E: Ty, (6)
i=1 pm
2
- - - = aip:i
Upr, — UL — Uy — 7 ULs — 2 Us; YD)
i=1 Pm

Ao s N E PGAH R A RS B B m » s LA
T 2L (8) F (o) TR,

i = — i = e (G Ty
18701 ftmg at
Bem G oy (8)
asop
1+0.15Re& ", Res <1 000
e { 0.018 3Res, Res > 1 000 )

A eds KO F B A2 m; Res 2y UKL T 55 i 50
pon NG E kg« mTt e s son 9 IR TTHOR
B f e JHHLFR B
1.5.2 M AR JK P A8 T A KR I AR R ik
TR T 2 A R R A N AR T A T AR T
UL Y] 43 A1 B Thomas Jy 21 AT AR 4 b 3
TR G A A BORG E R a0 (10D s .

pm = pl 1+ 2. 5as +10. 0548 +
0.002 73exp(16. 6a ) ] (10)
A R B MWK kg e m™ ' o s 5 N
BARFIREE kg e m ' o571

B A S A S8 IR I pKORE 1 T 7 T 48 T e O
A7 TR A A AR A R B . A WE S R
A R GEAEAR LIS 47 I B A I TR vIORE 1 B ok 2
a =306 JEHf Bingham Jii 28 852 802 0] LLAR GF 3t i
R AR E 00T oK SRR AR B A e sl (LD
B

#n,:#p+§i (1)

g, MIRGHBAEBERTE kg e m '« s g,
SR A AR A JE RN T3 s Pas v, SR TR A AF G A 2R AR
st Hiy 5o, BUAERSCERC11],

K CFD J5 PR fif LR floor e dl o e Wi
CFD & 550 X 45 8 43 77 R STt AR 43« 4R Ji ik T
JE 2 F B A B AH I B HOT AR L B 5 i SIMPLE



http://gks.cqu.edu.cn

154 + REHR YL KB TE

% 34 %

P AR SR T R . T R A L SR A
R TEA LR ARA L oy R H .
i Y7 AL S0 AR T AR W P s A RE T R K. R B A IX
SR S AR P A% B0, 7 35 RO O 1. 7 mm g 38 2o %)
JITARAR (0 BT 3 45 R R AT AR 57 PR A 56 19 A% K
AP A AL PEEOR . B T ROR 2 AT S T IR %
MM R 2N T 1077,

2 BEHIIES XS

2.1 HEHIESR

PASCHRL 12 ] f 30 1 52 50 45 R O 2 2%, F) AT i
SCHT A 28 W A i CFD 8840 J7 B iF 58 K 7 48 T
KA E R RS e, HobhRikmx%xERD=
0.016 m, K L=6 m, &% FHHF u, =0.22~
2.02mes " RRM R CL=10. 6201 LW
W S AHEAY I SH SR 1 R,

®1 RENELYESH

_ N /% w
RN | (kg * m—%) s/ ag & (kg - mles 1)
VKR AH 917 100 11.3~31.5
88.7~ 5.032X%
b 986 —
A 68.5 10 3

2.2 HEERSW

IR/ VI O N i 9% A/ N O - BTN R N
SENINC ISR oL b UYL KR (P SN SN £ o R N
B S A 5 - g R () B LR 3o SC AR L (HLTE
IR i 3 X O B s ik R N T
0.78 m s '), [ il i 05 3o B2 114 326 78 3 5 s A [
ik, I 1Ca) AT, 2% Al Thomas K K2 75 #e i
CFD L0455 5 5 50 o8 R b R B G B 4y 1) — 2K
P o ARLBE A B A CED 0000 i B e IR T
SIS R 78 L LRI T O s A 5 K i 22 ATk
48,990 o 1K IR Sy Bl A 5 A 8 IR L 5 TR K
LY JEE T 7 1 I oK RO AR 328 i o B IR A TR
REEIE . TEPTRIEAY 4 21 00 o 2 5 R g 26 3l 2
IR 0.78 m« s ' VA TE AR VIORL 7 W B2 & T 3004
S DRORE 1 A7 T8 AT 23 A AN 2 S PR R R 5 18] AH
HAF IR L I Thomas B2 J5 8 19 &5 By 90 A8 2
LA Sz R pRORE 5 () AR LA R DA B i g s AR TR A A
TARRE BERAPER) A2 L. HOZ . f5 ) T Bingham i 42
FEEIRL U] ] A5 Sy BLAR 3t %) i AR T B0 R K P E
PN PR A B A AR R . 25 T Bingham I 2 4y
P IR T PIAR L JC T R TR A B R XTI 1 Cad) R R 2K
WL R AT B IEAL B . 18 1) AT R B IE )G

IR T 00 Ak, CFD BEBLR AT 145 58 3 i Ak % —
BOEE R B ZE AR 152,

7
TE 6
=5
=3
g 4T
T e
22 2
4] ~
;;‘?!1 1
&L= I.,;--{
0Ld

00 05 1.0 L5 20 25
TR A AT Bk ik B/ (m - s7)

(a)Thomas ki R Y
-
zor
PRl
<,
d
=3
£
’;U_:J A
gl
o Lt - . . . )
0.0 0.5 1.0 1.5 2.0 2.5

TR A AT B4 26 B (m - s7)
(b)Thomas/Bingham il 55 £
o SR 11.3%  — AHE11.3%
A SEIH16.1% - Bfbl{16.1%
© SCIGE27.5%  ——BH{E27.5%
A SIE31.5% - BHIME31.5%

B1 KEEENREKERE T KRRENEEER

2.3 FMARBIXTEE

PRI ARG 18 B 32 Z2 R R 2 T B AT A S
T 7 LS 56 B0 G T S S 1) BEL g R A AR A £
ME LAAR G 3t SF- A 5 8L (00K B Sl MM OC R . X2
DAL Sy b S B 8 2 2 A B UK R IR AR A i AR 4
PR F45 G AR AR B Darcy PR, 18
AR AR TR ST LR B B 2K
A TSl S DN I W Sl U 7 B DR S LW K /s |
PEHCCHR 13 ] [14 ] K [15 T pr g sr iy 3 R B A 3R
P 45 T T 9 0 ASE TR AT 1 B LT A 0 B
W 2 pis,

B2 25 T 25 2 TOUI00 A 28 (9 T30 4% 2R 5 5 56 %)
Fo. i 2 diCa) . (b) B Co) AR B, SCrk[13]fr
A 28 11 He 8 T I00 A5 76 B B A e b 00 A 43 T
SR A AL o LA A 310 T 50 o5 Ak R TR 0 3000 6 R O R
FooaE , 000 455 R % B B M R i ML M A R, i SC ik
CLAJFRLLS ] Jr g 37 i o 000 A 750 AN A v ol AIGVk B3 T
B0 AR B HE R G i L S5 R > R ok R T
R R AR T o ASE TR U (5 S 50 A TR) 7 A A K A 22
TR H 55 7 T A4S A8 g s A (. B 2(dD) 2y
Fr R F ) CFD A5 70 1 25 5, ly % B ] 60, #5400 {E



http://gks.cqu.edu.cn

%6

RIE 5 KT B A R RS ) A TR AR AL R AR 15

(o2

5 S B0 (L I £ A ok 158 22 T 4 ) 7 4 1506 P B DL 45

RELBMIEE R 5 RIS

R2 OKRREEEEETNEREEFHR

3% 3k I RE S BF R D 07
[13] oo 1 fu He He 5 UK AR S R 5 TR AR 3 3 i S S DURAR B AL Rew AN
SRR R = 76 SRen? | 3/ Ren® Hedstrom ¥ (He) K 4 B S5 BB L) R K.
it - /i = 4lg (Ren /47— 0.4
[14] . b ST S BT WA AH 9 A5 TERE ) 43 A AR L 5 T UKORL T ok R RL AR B R R A
Jo = Sitbiag foCy |y o | &5 ‘ HREI B A IR by~ by 1 S50 BT
L
[15] fo— FE BRI BEL 7 2R B0 A R T A ST RS 1Y BEL g e 0 A5
- " Ref, B, o MR 9250 I E .
6r1 6
+15% I +15%
=5} £ =5t X 4
g x g | =
24 X o7 g4 x5
® | Z Bt
;;E 2F * é 2r y - x
Mo © A ] Py
gm 1| fm 1 =X
0 ) 1 1 1 1 L ] 0 04 = |; 1 1 1 1 )
0 1 2 3 4 5 6 0 1 2 3 4 5 6
B SR/ (kPa - m™) FHIEERE SR E/ (kPa « m™)
(a) SCHR[ 13RI T AE 5 S I(E X H (b)SCHR14 LR35 5 S B (X b
or 6 _ 16mm 11.3%
~.L +15% L 16mm161% +15%
g > T t6mm275%
é - o . ab 16mm 31.5% N b
=2 & ~15% g I B E+150% a -15%
g 3r - g 3f B EaAS% -
% 2T o_x- %}' 2 r /o=
m £ m 5
cull 5 jﬂ 17
% 1 2 5 4 s 6 % I 1 l 2 3 4 5 ‘ 6
A RS2/ (kPa + m) PR S (<P - )
(o) SCHR[ LSRR 5 S g (X L (AR SCAYREFE S S SR (e % e
F:016 mm 11.3% 416 mm 16.1% =16 mm 27.5% * 16 mm 31.5% — 1%2£+15.0% — i%2%-15.0%
B2 AFEEENARREEEEETNERNTNES LI EXTE
3o B VKR A 32 3 2% B AR A 0 4R R P L b B R
=]

SR PP AR L TR 5 8 28, ) A ) T2 00 A B &2
LAY A 5 A A W A R 4 T BB R
CFD BLALLT5 3 W58 1 /K 148 T8 A I 1A 114 45 il
mEh AT .

DTE/RFAE T8 A R My 2% 5 B b, R
R JRE 58 ey I DACORE 1 A AT T L S 2 5 A L it
I} Thomas J5 7% AT AR 47 i 48 A 18 15 AR I 1A 1R B2 4
P BEA I A T 2 AR L A5 T8 T IOk 19 B T

Bingham i {445 A4 A8 I T80 1 1R & AR AL A4 19
UL R P AR A A SR AR

2) [R) 3 T UK I AR AR A 00 A AR R 4 I T A T
AL T AR LE » 2 38 T R A% ML T 5 8 18 ) 4 Ty 2%
JE B J AR 6 AR R VIORE T BOVR B DRLAR LB
AR 1R o 208 R 8 T ) ) e T2 25 22 T 3R ) A R Y R
JEE 55 8 P DA B A . AERTIRAIERY 4 41 T 00
Hh SR T B ST 2R ) 0 (-5 55 98 L =2 T ) A Xk
REH R 155 LN .



http://gks.cqu.edu.cn

156 + REHR YL KB TE

% 34 %

S 30K

C 1T B, 25 Pt 16 48 1A ok Il I A% A R 8 1) i A B 5%
[J]. TR K224, 2006,26(3): 1-3.
WEI Qi. Analytical study on heat transfer of ice slurry
in a circular tube with constant heat flux [J]. Journal of
Soochow University: Engineering Science, 2006, 26(3):
1-3.

[ 2 ] Grozdek M, Khodabandeh R,

Experimental investigation of ice slurry flow pressure

Lundqvist  P.

drop in horizontal tubes [J]. Experimental Thermal and
Fluid Science, 2009, 33(2): 357-370.

[ 3] Mllan F, Viedma A. Experimental study on pressure
drop and heat transfer in pipelines for brine based ice
slurry Part II. dimensional analysis and rheological
model [ J]. International Journal of Refrigeration,
2009, 32(5): 1024-1031.

[ 4] Ayel V, Lottin O, Peerhossaini H. Rheology, flow
behaviour and heat transfer of ice slurries: a review of
the state of the art [ J]. International Journal of
Refrigeration, 2003, 26(1): 95-107.

[ 5 ] Kitanovski A, Vuarnoz D, Caesar D A, et al. The fluid
dynamics of ice slurry [J]. International Journal of
Refrigeration, 2005, 28(1). 37-50.

[ 6 ]Ling J, Skudarnov P V, Lin C X, et al. Numerical
investigations of liquid-solid slurry flows in a fully
developed turbulent flow region [ J]. International
Journal of Heat and Fluid Flow, 2003, 24 (3). 389-
398.

[7] Lin C X, Ebadian M A. A numerical study of
developing slurry flow in the entrance region of a

horizontal pipe [J]. Computers &. Fluids, 2008,37(8) ;

965-974.

[ 8 ] Skudarnov P V, Lin C X, Ebadian M A. Double-
species slurry flow in a horizontal pipeline [J]. Journal
of Fluids Engineering, 2004, 126(1); 125-132.

913k, Miges, Wiokte. 7K1 B4 B WA R S 0 3l

TSR ERE BT ). AL T2k, 2009, 60(5) . 1162-
1168.
ZHANG Hongbing, CHEN Lulu, XIE Ronghua.
Numerical simulation of solid-liquid two-phase steady
flow in horizontal pipe [ J]. Journal of Chemical
Industry and Engineering, 2009, 60(5);: 1162-1168.

[10] Thomas D G. Transport characteristics of suspension
[J]. Journal of Colloid Science, 1965, 20(3) . 267-277.

[11] Beata N Z, Zelasko J. Generalized non-Newtonian flow
of ice-slurry [J]. Chemical Engineering and Processing,
2007, 46(10): 895-904.

[12] Beata N Z, Wojciech Z. Momentum transfer of ice
slurry flows in tubes, experimental investigations [ J].
International Journal of Refrigeration, 2006, 29 (3):
418-428.

[13] Tomita Y. On the fundamental of non-Newtonian flow
[J]. Bulletin of the Japanese Society of Mechanical
Engineers, 1959, 2(7) . 469-474.

[14] Kauffeld M, Kawaji M, Egolf P W. Handbook on ice
slurries-fundamentals and engineering [ M ]. France:
International Institute of Refrigeration, 2005.

L1570 XUAREL. VK3 i gl ke M FLAE PR BE R BF 5 (D], i .
[F P K%, 1997,

(%% BHE)



