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How to model multiphase flow

¢ Choose a model

— What detail of the flow is required?
— How many phases require modelling?
— What is the geometry of the flow?

— What is the relative motion between the different phases like?
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How to model multiphase flow

* Write down conservation equations
— Mass

— Momentum- what are the significant forces on the flow

components? Is the flow unsteady?

— Energy- Required when there are significant variation in
temperature or if there are important temperature related

phenomena such as phase change.
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How to model multiphase flow

e Determine the constitutive relations

~ These specify how the components of a flow behave and
interact with one another.

— Can be very difficult to achieve and often they are flaky (4N AJ
E).

— Most difficult to describe are terms for friction and the

interaction between the different phases.

Vi 228K 3 ) TAR S AR X s s Mok

»2014-05-12



Outline

® Homogeneous flow model

® Separated flow model

® Drift-flux model

® Two-fluid model

e CFD
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The homogeneous flow model

In the homogeneous model, both liquid and vapor phases move at the same
velocity (slip ratio = 1). Consequently, the homogeneous model has also been
called the zero slip model. The homogeneous model considers the two-phase flow

as a single phase flow having average fluid properties depending on quality.

The central assumption of this model is that the two phases travel at equal

velocities and mix well. Therefore, they can be treated as if there is only one phase.
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The homogeneous flow model

¢ The slip between the phases must be small i.e. uf~u, or the slip ratio uﬂ/u,Nl.

Often true when p/p>10 or G=2000kg/m?s, so that the flow regime is cither

bubbly or misty flow (adiabatic). This model also works better for two-phase flow

near the critical point, where the differences between the properties of the liquid

and vapor are insignificant.

¢ Using the homogeneous modeling approach, the frictional pressure gradient can

be calculated using formulas from single-phase flow theory using mixture

properties. For flow in pipes and channels, it can be obtained using the familiar

equations:

d (dp
f = 2\ 7.
2pU%\dz f
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The homogeneous flow model

® New combined ‘mixture’ properties (e.g. p, W) have to be defined

m
X = _g
m
0= m my 1y 1 x 1-x
p Py P P Pg P
o+ Vi my/pg+mu/p x+ (1 —x)pg/py

_Tutmg piw)A; + pg(w)A, _
A A

p{w)
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o
Darcy friction factor /=l

¢ In fluid dynamics, the Darcy—Weisbach equation
is a phenomenological equation, which relates the

head loss — or pressure loss — due to friction

along a given length of pipe to the average Henry Philibert Gaspard Darcy
velocity of the fluid flow. The equation is named 1803 —1858

after Henry Darcy and Julius Weisbach. French engineer

® The Darcy—Weisbach equation contains a
dimensionless friction factor, known as the Darcy

friction factor:
—  Lis the length of the pipe

L pu?
Ap = fp - 5 . pT D is the hydraulic diameter of the pipe Julius Weisbach
u is the mean velocity 1806 —1871
TSR 0 A TR A T A% DRk German mathematician and engineer

Fanning friction factor

® The Fanning friction factor, named after John Thomas Fanning
(1837-1911), is a dimensionless number used in fluid flow

calculations. L
Ap = f - = 2pu?
p=f 5 2pu
® The Darcy friction factor is four times the Fanning friction factor

fo =4f

® f; is more commonly used by civil and mechanical engineers, and

the Fanning factor, f, by chemical engineers
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Simple ﬁiction models

® Hagen-Poiseuille model (White, 2005)

16 circular
fRegqn, =3 24  parallel plates  Rey, < 2300
14.23 square

® Blasius model

® For turbulent flow, the value of the Fanning friction factor cannot be predicted
from the theory alone, but it must be determined experimentally. Dimensional
analysis shows that the Fanning friction factor is a function of the Reynolds

number (Rey,) and relative roughness (£/dh).

® For turbulent flow in smooth pipes (Blasius, 1912):

f =0.079Re;2?5 3000 < Regp, < 10,000
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Paul Richard Heinrich Blasius (1883—1970) 3

¢ German fluid dynamics physicist, first Ph.D.
student of Ludwig Prandtl

eaoe 20000

* Nobody would have assumed anything so simple,
especially after the numerous and complex
proposals made in the 19th century. Blasius was
again the first to realize the significance of

hy draulic similitude. Blasius at Hamburg engineering college
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Simpleﬁiction models

® Drew et al. model (Drew et al.,1932)

® Petukhov model (Petukhov,1970)

12 1/12

® Glielinski model (Glielinski, 1976) —> 8 + 1
/= Regp (a+b)3/?
® Swamee and Jain model (Swamee and Jain, 1976)
* Churchill model (Churchill, 1977)  , _ [2_457 In !
o Phillips model (Phillips, 1987) (7/Reqq) ™ + (027 ¢/dy)
® Garcia et al. model (Garcia et al., 2003) b= 37530\"°
~ \ Rean

® Fang et al. model (Fang et al., 2011)

:

€: roughness of the inner surface of the

pipe (dimension of length)
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Stuart W. Churchill

* president of AIChE, 1966

® Fellow - American Institute of Chemical

Engineers (1971)
e National Academy of Engineering (1974)

® Founders Award - American Institute of

Chemical Engineers (1980)

Stuart W. Churchill
1920-

e Founders Award of National Academy of
Professor Emeritus

Engineering — 2002
e December 2, 2013, was honored at the

==
AIChE Annual meeting @/ l_-_\-.‘-..gmll
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Effective density models

® For the homogeneous model,

x 1-x\""
pm=apg+ A —a)p =(—+

Pg P
® Dukler et al. (1964)

(1 - a)? a?

= _— + [
Pm PL Hl a T Pg 1— Hl

® Oliemans (1976)

_ pl(l - a) + pg(l B Hl)
mT T A+ - H
® Ouyang (1998)

pm = piH; + pg(1 — Hy)
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b:ﬁrective viscosity models

® In the homogenecous model, the mixture viscosity for two-phase flows
(4m) has received much attention in literature. The expressions available
for the two-phase gas-liquid viscosity are mostly of an empirical nature as a

function of mass quality (x).

® important limiting conditions:
Pm =t x=0
Pm =Hg x=1

¢ In the two-phase homogeneous model, the selection of a suitable definition
of two-phase viscosity is inevitable as the Reynolds number would require

this as an input to calculate the friction factor.
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Researcher Model
Arrhenius (1887) Mo = ,u:l_a"‘ ,uga"'
’ -1
1-
Bingham (1906) ;1,12‘ Sy S ‘
T iy
-1
MacAdams et al. X, 1-x
1942 Hon
(1942 a

Davidson et al.
(1943)

Vermeulen et al.
(1955)

Akers et al. (1959)

iy =ty (1=x)+x |

i WP )
Hoogendoom _ H I-H
(1959) Mo = My Hg
C.l[((l‘llg;l(gt al. Hog =Xl + (1-x)g

Bankoff (1960)

sy =Hyp +(1-H, )‘ug
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Owen (1961)

o = M

Dukler et al. (1964)

H o

8 A

o | a(1-x) L

Koy f'm|: 2y ( )P:_I

Oliemans (1976)

sl 70’1_1)4—;15(171{!)
M= >
" (l-a,)+(1-H)

Beattie and
Whalley (1982)

ty = w(1-a, )(1+25a, )+ Hy By

2
I

=4 —2.54111; X0 -
| x,oiJr(l—x)pg J xpﬁ(l—x_)pg |

xpy(1.54 +41,) ‘

o
. - ullt 1
Lin et al. (1991 =
in et al. ( ) . g~ 11_4(% —)
\2
Fourar and Bories He I
L= Pl 43—+ [(1-x)—
(1995) = Pl [, o |
Garcia et al. (2003, P A B Py
=y | ———
2007) " e ) xp+(l-x)e,

V22 2 SR 2 77 AR 2 AR I IR 5 A e 5
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Researcher Model
Awad and 2+ Hy =2y, —,Ugh
Muzychka (2008) Moy =14 m
Definition 1 ST T T
Awad and 2u, + iy —Z(g:g —i)(1-x)
Muzychka (2008 1, = My, — A
ke G0 e G-
Awad and - fo— i
, m
Muzychka (2008) (1-x) ey 0
Definition 3 gt 2, ngt 2,

Awad and

|: 2+ Hy —2(yy —;zg)), . Hg Zyg + 1 —Z(yg - ,u:)('l—;x)}
5

(2011)
Definition 2

{;Q

Muzychka (2008) ,
Défj_ujticn 4 " 2 + g+ 2y = ,Hg)l 2 3;:3 + 14 +(ﬂg —p)(1-x)
rehlks: 405
MuZ)E:Si\Ia) etal. . 2+ Hy —2(zy —;18);; - 2;12 + 4 —2(;.’8 =) (1-x) |
Deﬁ:ﬁtiorl . | M Qa4 (=g )x ke 2pty + gy + (g — p)(1-2) _|
2y p, =2 — 2, )x 2+ gy =2, — )1 -x)
Muzychka et al L ey e — /
uzychka et al. i _,(!!—;rg+(;{l—,ug)x & _pg+,u[+(;ig—;r[_)[1—x}

2+ Hy =2z - Hy )x

5 3y - o
{_,ug+‘u; _(,ug )1 x)}

21 + My +(4g —,ug)x H l,ug + 14 +(,ug =) (1=x)
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Iz:ﬁrective viscosity models

ty, = X1, +(1=x)g

w, = Pu, +(1- By,

1 x l-x

Hy  He H
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Cicchitti’s equation

Dukler’s equation

Isbin’s equation
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I::ﬁrective viscosity models

¢ In liquid-liquid two-phase flows, Taylor (1932) presented the
effective viscosity for a dilute emulsion of two immiscible

incompressible Newtonian fluids by

+ 0-4ucl B [ 1+ 2.5(uq/uc)

Ua
Um = Ue |1+ 2.5a
"o [ ta + He 1+ (ua/ue)

m =pc(l+a)  pg/uc <1

i = tc(L+25a) pg/uc>1

the well known Einstein model (1906, 1911). It is

frequently used in prediction of nano fluid viscosity.
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I::ﬁrective viscosity models

researcher formuler

A. Einstein (1905) Um = Y (1 + 2.5a)
Brinkman (1952) Um = Mo (1 — ¢)?S
Lundgren (1972) Um = pe (14 2.5¢ + 6.5¢2)
Wang et 1. (1999) Um = e (14 7.3¢ + 123¢2)
Chen etal. (2007) Um = e (1 +10.6¢ + (10.6¢9)?)

Nguyen et al. (2007)

47nm Al,O, / water fm = HeX 0904014829

2
Masoumi et al. (2009) pPVpdy

13 and 28nm AL O, / Hm = be T 772C8
t
an Al 7 water 0 is the distance between the nanoparticles

Latest developments on the viscosity of nanofluids. International Journal of Heat and Mass Transfer 55 (2012) 874885
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Bankoff variable density model

® It was at time when boiling-water nuclear reactors were just being developed, and

the science of two-phase flow and heat transfer was still in its infancy I B,

Mechanistic models were needed to describe the fact that in an upward or

horizontal steam-water flow the steam flows faster than the water.

® My model, taking into account radial distributional effects, was the simplest that

could be derived which quantified the steam-water velocity ratio, and at the same

time enabled the designer to predict the frictional pressure drop.

e It is interesting, however, that shortly afterward, it led directly, by way of minor

modifications, to a more famous model, due principally to Zuber, called the ‘drift

flux model. ... it has been enshrined (¥41L}) in the two-phase flow literature, and

is today probably the most important single concept in two-phase flow modeling,
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Bankoff variable density model

o fETEF A _E MBS R,
RERRE PO IX &S, HEETE LK
TIRAE AT EIRIE LR IR AE
A R )N
o Bankoff BRI TA SR I FS . itiE
A L XA P . AR, P
AT E ey TR VIR RE . AR T LA
WL FEAR L L R R AR A, PR AR

L,
1 1

u V\m a V\n '

e )" @ ol " I
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Bankoff variable density model

1 1

Qg = JORauZHrdr = JOR dcLlcy (%)m (%)H 2n(R —y)dy

2nR?ac uc m?n?

=(m+n+mn)(m+n+2mn)

Qg

2mR?*uc m?n?
(1+m)(1+2m)

R
Q =f u2nrdr =
0

_ag(L+m)(A + 2m)n?
= m+n+mn)(m+n+2mn)
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BankofT variable density model

1 (R R y 7 20, n?
a ”szo aemrar fo dcL (R) mrar 1+n)(1+2n)

a 2(m+n+mn)(m+n+ 2mn)

B~ A+mA+2m)A+n)(1+2n) 4

1

09 — = e for turbulent profiles, C,
Zj hovers (AEAI) between 0.8 to
0.6 // 0.9
1/C, 05
04 —m=2 * Thus variable velocity and

0 —m=s density profile is able to

02 m=7

01 explain C, being less than 1

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 09 1

R a
5= Ca= 0833

P 2 A0 IR F 20 77 TAE L ARV I X s = ot
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S. George Bankoff

¢ amember of the National Academy of Engineering
(NAE) : “For contributions to the field of two-phase
flow and heat transfer and its application to nuclear-

reactor thermohydraulics.”

® won numerous awards, including the Ernest W.

S. George Bankoff
Thiele, Robert E. Wilson, Donald Q. Kern, and Heat

1921-2011

Transfer and Energy Division awards from the Professor Emeritus

American Institute of Chemical Engineers. Chemical Engineering
® “This paper was written in the course of a summer
pap
appointment at Argonne National Laboratory, and I

certainly never thought that it would be regarded as a

Jassic i » NORTHWESTERN
classic piece of work. UNIVERSITY
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The homogeneous flow model

® The homogeneous flow model provides an easier approach to
determining flow properties and behaviors, but it
underestimates the pressure drop, particularly in a

moderate pressure range.

* Furthermore, the homogeneous flow model is less accurate
when velocity and flow conditions for both phases are more

dispersed.
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Outline

* Homogeneous flow model
® Separated flow model

® Drift-flux model

* Two-fluid model

e CFD
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The separated flow model

Two-phase flow is considered to be divided into liquid and vapor streams.

Hence, the separated model has been referred to as the slip flow model.

® The phases are modelled separately with a set of mass, momentum, and

energy equations for cach phase.

® Terms are required to describe the interaction between the phases, i.e.,

the exchange of mass, momentum and energy over the boundaries.

® Geometry (the structure of the flow) is still lost.
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The separated flow model

® The separated model was originated from the classical work of
Lockhart and Martinelli (1949) that was followed by Martinelli and
Nelson (1948).

® The Lockhart-Martinelli method is one of the best and simplest
procedures for calculating two-phase flow pressure drop and hold up.
One of the biggest advantages of the Lockhart-Martinelli
method is that it can be used for all flow patterns. However,

relatively low accuracy must be accepted for this flexibility.

Vi 228 R 3 1 TRR AR X s s Mok

The separated flow model

® The homogeneous model lumps (253 both phases together to
provide a homogeneous flow. In the separated flow model, however,
the flow of each phases is determined independently and the effects
of the two phases are then summed.

® It allows two phases to have different properties and one-
dimensional velocities, while the conservation equations are

written for the combined flow.

Y TR AR
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The separated flow model

The separated model is popular in the power plant industry. Also, the
separated model is relevant for the prediction of pressure drop in heat
pump systems and evaporators in refrigeration. The success of the
separated model is due to the basic assumptions in the model are closely

met by the flow patterns observed in the major portion of the evaporators.

For two-phase flow modeling in microchannels and minichannels, it
should be noted that the literature review on this topic can be found in
tabular form in a number of textbooks such as Celata (2004), Kandlikar et
al. (2006), Crowe (2006), Ghiaasiaan (2008), and Yarin et al. (2009).

RN TRRZ AR E K E LI E Rk
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Lockhart-Martinelli model

Lockhart and Martinelli (1949) presented data for the simultancous flow of air
and liquids including benzene (PK), kerosene (Jt7H), water, and different types of

oils in pipes varying in diameter from 0.0586 in. to 1.017 in.

Turbulent Viscous Turbulent Viscous

The data used by Lockhart and Martinelli consisted of experimental results
obtained from a number of sources as detailed in their original paper and covered
810 data sets including 191 data sets that are for inclined and vertical pipes and

619 data sets for horizontal flow (Cui and Chen (2010))

RN TRRZ AR E K E LI E Fowk
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Lockhart-Martinelli model

Two-phase Single-phase Two-phase
pressure =  pressure % multiplier
gradient gradient ¢?

L

oy based on G, @, based on G,

T y, based on G ,, based on G

Different sorts of two-phase multipliers
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Lockhart-Martinelli model

¢ Lockhart and Martinelli (1949) correlated the pressure drop resulting from these

different flow mechanisms by means of the Lockhart-Martinelli parameter (X):

2 _ (dp/dz)s,
(dp/dz)s,q

¢ In addition, they expressed the two-phase frictional pressure drop in terms of

factors, which multiplied single-phase drops. These multipliers

$? = (dp/dz)s 52 = (dp/dz)

~ (dp/d2);, 9" (dp/dz)y g

Vi 228K 3 ) TAR S AR X s s Mok
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Lockhart-Martinelli model

Flow Condition X
turbulent-turbulent 18 \ 30.2
-] |2 |4
=
X LA ) My
laminar-turbulent CoN . \
X2 =Re8| L 1*“*1 [iJ [L
It g - .
G L A ) 4
turbulent- laminar JP N
x2 =Reds| S| (1] (&J .
Ce) VxSl ) 4
laminar-laminar NN
X3 H] Pl
Sl x i \/Jg
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Lockhart-Martinelli model

Although the Lockhart-Martinelli correlation related to the adiabatic flow of low

pressure air-liquid mixtures, they purposely presented the information in a

generalized form to enable the application of the model to single component

systems, and, in particular, to steam-water mixtures. Their empirical

correlations were shown to be as reliable as any annular flow pressure drop

correlation (Collier and Thome, 1994).

The disadvantage of this method was its limit to small-diameter pipes and low

pressures because many applications of two-phase flow fell beyond these limits.

Since Lockhart and Martinelli published their paper on two-phase or two-

component flows in 1949 to define the methodology for presenting two-phase

flow data in non-boiling and boiling flows, their paper has received nearly 1000

citations in journal papers alone is a testament (H1IE) to its contribution to

the field of two-phase flow.

Vi 228K 3 ) TAR S AR X s s Mok
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Turner model

In his Ph. D. thesis, Turner (1966) developed the separate-cylinder model by assuming
that the two-phase flow, without interaction, in two horizontal separate
cylinders and that that the areas of the cross sections of these cylinders added up to the
cross-sectional area of the actual pipe.

The liquid and gas phases flow at the same flow rate through separate cylinders. The
pressure gradient in each of the imagined cylinders was assumed to be equal,
and its value was taken to be equal to the two-phase frictional pressure gradient in the
actual flow. For this reason, the separate-cylinder model was not valid for gas-liquid
slug flow, which gave rise to large pressure fluctuations.

The pressure gradient was due to frictional effects only, and was calculated from single-
phase flow theory.

The separate cylinder model resembled Lockhart and Martinelli correlation (1949) but had

the advantage that it could be pursued to an analytical conclusion.

The method is still widely accepted because ofits simplicity.

\\ﬁﬁ?ﬁi@ﬁ%%ﬁiﬁ%*ﬁiﬁ%ﬁﬁiiﬁ% Pt
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Turner model

Turbuler.lt 'Flows (calculefted ona ) 5~35 f = const n=25
mixing-length basis)
Turbulent-Turbulent Regime 4
All Flow Regimes 3.5

1
+(L)ﬁ-1
®z)

1
()
P}

Laminar Flow 2 f = 0.079/R€0'25 n = 2375

Turbulent Flow (analyzed on a
basis of friction factor)

\\ﬁﬁ?ﬁi@i%%ﬁiﬁ%*ﬁiﬁ%ﬁﬁiiﬁ% Pt

2.375~2.5 f =0.046/Re%2° 5 =24
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Chisholm model

¢ Chisholm (1967) proposed a more rigorous analysis that was an extension of
the Lockhart-Martinelli model, except that a semi-empirical closure was
adopted. Chisholm ‘s rationale (3, ) for his study was the fact that the
Lockhart-Martinelli model failed to produce suitable equations for predicting the
two-phase frictional pressure gradient, given that the empirical curves were only

presented in graphical and tabular form.

2
X X Turbulent Turbulent 20
3 (dp/dz), 1/2 Laminar Turbulent 12
- (dp/dz)¢ Turbulent Laminar 10
Laminar Laminar 5

Apgrice = Apy - P2

\\ﬁﬁiii@i‘%fwﬁiﬁ%’*ﬁ?ﬁ%iﬁii\%% Pt

Chisholm model

0.5
d d d d d
i = (d_p) = (d_p) +C[(d_p) (d_p) ] +(d_p)
Z/ f e Z) i 2) i\ ¢ g “) g

® The physical meaning is that the two-phase frictional pressure
gradient is the sum of three components: the frictional pressure
of liquid-phase alone, the interfacial contribution to the
total two-phase frictional pressure gradient, and the

frictional pressure of gas—phase alone.
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Chisholm model

() -cl@) @) ]

e Constant C in Chisholm's model can be viewed as a Weighting factor
for the geometric mean of the single—phase liquid and gas only

pressure gradients.

® The Chisholm parameter (C) is a measure of two-phase
interactions. The larger the value, the greater the interaction,
hence the Lockhart-Martinelli parameter (X) can involve 1, tl, It,
and tt regimes. It just causes the data to shift outwards on the

Lockhart-Martinelli plot.
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Chisholm model

¢ The Chisholm constant (C) can be derived analytically for a number of
special cases. For instance, Whalley (1996) obtained for a homogeneous

flow having constant friction factor:
P 0.5 p 0.5
SORE
Pg Pg

e that for an air-water combination gives C = 28.6 that is in good
agreement with Chisholm's value for turbulent-turbulent flows.

® Whalley (1996) shows that for laminar and turbulent flows with no
interaction between phases the values of C = 2 and C = 3.66 are

obtained, respectively.
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Chisholm model

* Awad and Muzychka (2007, 2010b) mentioned that a value of C = 0

can be used as a lower bound for two-phase frictional

pressure gradient in minichannels and microchannels.

d d d
@) - @ &)
Z) fp “) i 2] N\ g g

0.5 d
(@)
“) ¢

g

* which means there is no contribution to the pressure gradient

through phase interaction.

® Using the homogeneous model with the Dukler et al. (1964)

definition of two-phase viscosity for laminar-laminar flow leads to

the same result.
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Hemeida-Sumait model

¢ The Lockhart-Martinelli (1949) correlation

2.303a + bLn(y)
in its present form cannot be used to study ¢ =exp n c (Ln()())z
. . 2.30
a large set of data because it requires the
use of charts and hence cannot be
simulated numerically. Parameter | b c
ot 0.4625 | 0.5058 | 0.1551
® Asa rcsult, Hemeida and Sumait (1988) o 05673 | 04874 | 0.1312
. el 0.5694 | 0.4982 | 0.1255
developed a correlation between Lockhart " 06351 0as10 To113s
and Martinelli parameters ¢ and X for a hu 0.4048 | 04269 | 0.1841
fui 0.5532 | -0.4754 | 0.1481
two-phase pressure drop in pipelines using i 05665 | -0.4586 | 0.1413
e 0.6162 | -0.5003 | 0.124

the Statistical Analysis System (SAS).

Vi 228K 3 ) TAR S AR X s s Mok
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Hemeida-Sumait model

® Hemeida-Sumait model enabled the development of a computer
program for the analysis of data using the Lockhart-Martinelli (1949)
correlation. Using this program, they analyzed field data from Saudi
flow lines. The results showed that the improved Lockhart-Martinelli
correlation predicted accurately the downstream pressure in flow
lines with an average percent difference of 5.1 and standard
deviation of 9.6%.

e It should be noted that the Hemeida-Sumait (1988) model is not
famous in the literature like other models such as the Chisholm
(1967) model although it gave an accurate prediction of two-phase

frictional pressure gradient.
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Other models

® Modified Turner model (Awad and Muzychka (2004b))

"a’p 1 _ "a"p "‘.r ’dp Y v 5 1y v 2 1 (X2Pr
@) (@] () PRIEES #2=[1+(X7Y]

\dz ), | ld= :‘If; \ dz /f.e

® Modified Chisholm models (Saisorn and Wongwises (2008, 2009,

and 2010)) _
éf=1+%+%

g =1+ AX" = X?

8
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Outline

* Homogeneous flow model
® Separated flow model

® Drift-flux model

* Two-fluid model

e CFD
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The drift flux model

® The drift flux model is a type of separated flow model. In the drift
flux model, attention is focused on the relative motion rather

than on the motion of the individual phases.

e This model is cast in a form that corrects homogeneous model. A

closure is found for a rather than s.

¢ The drift flux model has widespread application to bubble flow
and plug flow. The drift flux model is not particularly suitable to a
flow such as annular flow that has two characteristic
velocities in one phase: the liquid film velocity and the liquid

drop velocity.
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The drift flux model

* Drift velocity

Ug = Ugj =Ug—J

® Drift flux: Volume flux of gas relative a surface

moving with a velocity j

Jgr = augj = a(uy —j) = aug —aj = jg — aj T TR
jg =aj +jgl
e The volume flux of gas = Conc. X average volume flux

+ relative velocity correction

Vi 228 R 3 1 TRR AR X s s Mok

The drift flux model

jg:aj+jgl
u T
g 1+-2 1 5
. ) ]
T
aj aj

* Homogeneous model over-predicts the void fraction due to the

neglect of void fraction distribution

® To define the local phase velocities, there is a need to appreciate the

time averaged local parameters
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The drift flux model

® Zuber-Findlay (1965) introduced the void weighted averages:

Qy =j fiydA, :f i, adA
A A

® The phase averaged velocity is the weighted average denoted by:

Qg [, TyadA

Ay [ ada

® Fora general variable

b, raan_g

Fo _(Fa
1f, @aa @
W5 S A 1 TR 2 MR 5 A et
The drift flux model
o_, (@) _((+5,)8) _ga) | (1)
a 9 () (@) (@) (@)
m G,
gJay # K@) Co = o [
0= Ty ks
(])(a) Di>50mm 1-0.5pr
[
jg Co(i{@) (ﬁgﬁ) o ~ YR De<50mm 1.2(pr<0.5)
0= O I - () + 1y, | TR
a (@) (@) [ 5 1.4-0.4pr
De<50mm (pr=>0.5)
E:]izc +@ HvE 1.4-0.4pr
a (a7 G) -
R 1.2
W5 S A 1 TR 2 MR 5 A AR 10
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e

Elevated pressures 1.13

Bubble flow (vertical, no

1.0

coalescence)
Slug flow 1.2
Annular flow 1.0

1.1 (7>200kg/m?’s)

1.54 (j<200kg/m?’s)

\\ﬁﬁﬁéi@ﬁ‘%iﬂﬁiﬁzﬁifﬁ%ﬁﬁiiﬁ%ﬁ Pt

Distribution coefficient C,

Vertical channel

it | e

1/4
1.41 M Zuber et al. 1967
pt

1/4
1 53]79(P = pg) Wallis 1969
2
14
1/4
— 0. )d:
035 [H(Pz ng) 1]
141
23 (”l_"l> (b =pg) Ishii et al. 1976
Pgdi P
1/4 :
18 g(Pl _ Pg) Rouhani &
o p? Axelsson 1970

e

a—ay T
— W —1—-(=
ac. — ay, (R)

2 [1 ay
m+n+2 (a)

. m+2 1+ac< n )]
T m4n+2 (@) \m + 2

=1 ac=a,=(a)

CO=1+

>1 ac > ay,
Cos <1
n+2 U < Gy

m=na, =0
n+1 W

\\ﬁﬁﬁéi@ﬁ‘%iﬂﬁiﬁzﬁifﬁ%ﬁﬁiiﬁ%ﬁ Pt

Distribution coefficient C,

l‘("}l
L All void (Cg = 1.0)
of 100% Vapar

-m] f
Annular flow (Cg => 1.0)
®F---= 2
cml/
Fully Developed Bubbily Flow
S andior Siug Flow (Cg = 1.1 -1.2)

@
Ml sz
@henen (€o=10)
“Y)IN il Bubbly Fow
ol (Co<1)
"‘"] Subcooled Void

@}\ /] Initiation (Cg < 1)
lr)

I Zoro voids (Co = 0)

Of === 0% el

Lahey 1974
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RichardT. Lahey

e Dr. RichardT. Lahey. ]r.

® The Edward E. Hood
Professor Emeritus of Engineering

® Rensselaer Polytechnic Institute

® member of the National
Academy of Engineering
(NAE), the Russian Academy
of Science-Bashkortostan
(RAS), a Fellow of the ANS
and ASME
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Distribution coefficient C,

Horizontal channel

I N N

29(0 = pa)] "
1+ co(1—x) 118(1 - ) [%] Steiner 1993
1

4108, 0 = 54, 5 = 200 [ipher's), Tow® 5 ['€]
el . ._'__-_,___._‘_.—.—-.—'—.'-"_
om0 §
am 1
T
i
Bam )|
&
!uu.l
o0 4 f
al
wm gh
o | )
ool — I S
s o [t ] (2] LT s A ar -
Wapar quaiiy [

o R410A, Wojtan et al. 2003
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The drift flux model

e The drift flux model reduces to the homogeneous void fraction when

Co=1 and either u, = 0 or the mass velocity becomes very large

® The drift flux model has widespread application to bubble flow and
plug flow. The drift flux model is not particularly suitable to a flow such
as annular flow that has two characteristic velocities in one

phase: the 1iquid film Vclocity and the 1iquid drop vclocity,

® The terms ‘drift flux’ and ‘drift velocity’ had been previously introduced
by Graham Wallis (1969), who developed the continuity relationships and

introduced the idea of continuity waves into two-phase flow.
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Dr. Novak Zuber

e Dr. Zuber was a Montenegrin (& LL1), a member of the
Balkan Air Force. The unit was active from June 1944 until
July 1945 under the command of Royal Air Vice Marshalls
William Elliot and George Mills.

® He found his way to the University of California at Los
Angeles and was able to enroll in their mechanical
engineering program. In order to complete his education, he
performed odd jobs such as washing dishes, washing cars or Novak Zuber

gardening, 1922-2013
General Electric

® He was the first recipient of ASME Heat Transfer Division’s
New York University

Memorial Award in 1961, the Technical Achievement Award

from the Thermal Hydraulics Division of the American

Nuclear Society in 1990, fellow of the ASME.
VG 22380 K23y ) TRE ARV 5K R pU s = o

Georgia Institute of Technology

U.S. Nuclear Regulatory Commission

%
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The drift flux model

100 100
.000e-5 m3/s 25

= 0.833¢-5 m3/: =1
Qe s e =23.568e-5 m3/s

F QI =23.568¢-5 m3/s |
80 80 L
B 0.1171 L 0.1228 20 |-
= 0.1093 - 0.1146
P

wno

Bla=1.0+1.0U /]

0.1015 0.1064
0.0937 0.0982
0.0859 0.0900 15
0.0819

0.0780
0.0702 0.0737
0.0624 0.0655 10
0.0546 0.0573
0.0468 0.0491
0.0390 0.0409
0.0312 0.0327 5
0.0234 0.0246
0.0156 0.0164
L 0.0078 0.0082 0 !
- L ; ‘ 0 5 10 15 20 25
% 6l 60
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The drift flux model

e [shii 1977

e where Dg is the drift coefficient based on the void fraction a,. The
first term on the right-hand side takes into account for the effect of

gravity and forces which is usually the dominant part of the drift velocity.

® v, is the terminal velocity of a single particle in an infinite medium
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The drift flux model

® For a viscous regime

V, ~10.8

K, QAP]W (] — oy )].5 ¥ (a.r)
P

y L'(-;r}' )4..-"-‘ { 4+ L-'-(-;;; )}
o))

Ta

v ()= 0.55{(1+0.08%)"" - 1}”'?S

\\ﬁﬁiii@i‘%fwﬁiﬁ%’*ﬁ?ﬁ%i)ﬁi%% Pt

The drift flux model

* For a Newton’s regime (rq = 34.65)

2

12
]f’:h = 2.43['”5:0&] (1 e Q_r!)l.s f(ad)

y 18.67
1+17.67{f (a,)}""

® For a distorted-fluid-particle regime

I
A Nz (1 _Gf) H,. >> H,
Vy =2 [M xA(1-a,)  p=p,
Pe
l:—e; i

\\ﬁﬁii@k%z‘:}muiﬂwmﬁ'zﬁﬁﬁ%ﬁa R
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The drift flux model

® For a churn-turbulent flow regime

1/4

(1 -—(1”.)'

V2 ogip v £. — Py
13

v,
Y lor1.57 Ap

14
A _

~ /3|94 p] P =P
: A

P, ap

® the proportionality constant 2 is applicable for bubbly flows and
1.57 for droplet flows

e Fora slug flow regime if2
i ApD
V, =0.35 !
pr'

\\ﬁﬁiii@j{%fwﬁiﬁ%’*ﬁ?ﬁ%ﬁ.)ﬁiiﬁfﬂz T /

The drift flux model

Bridge et al. (1964)

5 . Column LD, 3.2 cm 4
-2 @ j0em's

= 20 - . . 35 - .

é . Lackme (1973) Air-Water

_ ® Nitrogen-(Kerosene-Heptane) _l olumn LD 5.1 em . ]
- N O (Kerosene-Heptane)-Water Bubble Diam. 0.2-0.4 em

=

Jl-a) [emis]

O jr-54lem's .

= 10 1 AT
2 L 15 B
-.3 . -
- = il < 3
2 2 1 = B ~* Theory
f_-. ) & {Distorted Particle)
il = 05 F e
e (Dhstorted Particle)? e
¢ \ 1 : : 0.0 -
0.0 0.2 0.4 0.6 0.8 1.0 (.0 0.1 0.2
Voud Fraction of Dispersed Phase, «, [-] Voiud Fraction, « [-]
Difference between bubble system Comparison of gas volumetric flux
and droplet-dispersion system in with distorted-bubble-regime data in a
distorted particle regime (Ishii and flowing system (Ishii and Chawla,
Chawla, 1979) 1979)
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10 T T T T T
za Kerosene-Water
@ Colunm LD 15 cm
E 8 Nozzle LD. 0.15 em
Rt .9 © Letan and Kehat (1967)
-~ 6
=
2
z 4 S i
-
5 2
a Theory
(Distorted Particle)
L

0 L L 1 L
00 01 02 03 04 05 06

Void Fraction of Dispersed Phase, «, [-]

Comparison of predicted distorted-
particle-regime drift velocity to data
in a Kerosene-water system (Ishii

and Chawla, 1979)
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The drift flux model

V al(l-a) [em/s]

Batch Gas Flux,

]!
i Air-Dilute Solution of Na SC ), in Water
Yoshida and Akita (1965)
Column LD
® TTcm
1 O 152em
)k
I & 301 em
O 60em
Nozzle LD
10" 3
Theory
(Chumn-Turbulent)
-1
107 = . 0

107 10" 10

Voud Fraction, e [-]

Comparison of predicted gas
volumetric flux based on churn-flow-
regime drift velocity to data (Ishii and

Chawla, 1979)

Outline

® Homogeneous flow model

Separated flow model

Drift-flux model

Two-fluid model

e CFD
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Two-fluid model

e It is based on the mass, momentum and energy balance equations for every
phase (Ishii, 1987).

® In this model, every phase or component is treated as a separate fluid
with its own set of governing balance equations. In general, every phase

has its own velocity, temperature and pressure.

® This approach enables the prediction of important non-equilibrium
phenomena of two-phase flow like the velocity difference between
liquid and gas phase.

e This prediction is important for two-phase flows in large shell sides of
steam generators and kettle reboilers, where even different gas and

liquid velocity directions exist.

\\Eﬁﬁéi@ﬁ‘%iﬂﬁiﬁzﬁiﬁ%iﬁiiﬁ% Pt

e

Two-fluid model

SR considering each phase separately considering the mixture as a whole

three-mixture conservation equations

. . of mass, momentum, and energy with

3254 two sets of conservation equations of - o =

P . d ©) one additional diffusion (continuity)
£ mass, momentum and ener: . .

’ &y equation which takes account of the

concentration changes (4)

A mixture conservation equation can

be obtained by adding t
S aninteraction term coupling the two € optaine ) yadding V‘{O )
A . g corresponding conservation equations
HE phases through jump conditions . .
for each phase with an appropriate

jump condition
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Two-fluid model

[ LOCAL INSTANT FORMULATION |

Phase 1 Interface Phase 2
Field Equations Jump Conditions Field Equations
Constitutive Laws | Interfacial B, C. Constitutive Laws

TIME AVERAGING

| INTRODUCTION OF MACROSCOPIC VARIABLES |

AXIOM OF
CONTINUITY "
| TWO-FLUID MODEL FORMULATION |
Phase 1 Interfacial [ Phase 2
Field Equations Transfer Conditions Field Equations

Macroscopic
Constitutive Laws

Macroscopic Constitutive Laws
Constimtive Laws for Interactions
for Phase 1 | for Phase 2

TERR L 1= a4 spus e Bt i
\\fﬁaxﬁj{ F ) LRRZ AR E X s % Bt Twwo-Phase Flow. Springer, 2011

Ishii M. & HibikiT., Thermo-Fluid Dynamics of

Two-fluid Model

* Continuity equations

(=]

% o _ -‘
({;;fpfl IV (a*' Py vx.-) =TI, z:!:f =0

o I’ represents the rate of production of kth-phase mass from the phase

changes at the interfaces per unit volume.

* If each phase is originally incompressible
day, - B
Y + Ve (n,.l_‘vﬁ.) = f

® For low speed two-phase flow without phase change
Oay, N
—+ V- (,9,)=0

ot
\\Eﬁiii@i%%ﬁiﬁ%*ﬁ?ﬁ%i)ﬁiiﬁﬁ Pt
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Two-fluid Model

® Momentum equations

z. iz ]} + o508, + M,

.l
_ == H
> M, =M,=2H, Va, + M"
k=l
the momentum equation for each phase has an interfacial source term Mk that
couples the motions of two phases. H,; and g are the average mean curvature of
interfaces and the surface tension, whereas the term given by Mm takes account

for the effect of the changes in the mean curvature.
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Two-fluid Model

¢ Energy equations

) =(do|Da == = da
E=FE =T |—|=—~+2H, c—+ E"
2 F =E, '[ci'f‘] Dt R T

¢ the sum of the interfacial energy transfer terms E, for each phase balances with the

time rate of change of surface energy and the work done by the surface tension.
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Mamoru Ishii

Fellow, American Nuclear Society (ANS)

® American Society of Mechanical Engineers
(ASME)

® Atomic Energy Society of Japan

® Honorary Member, Japanese Society of

Multiphase Flow

e U.S. Nuclear Regulatory Commission (on

LWR safety, ALWR safety, Severe Accidents)

® Argonne National Laboratory

Brookhaven National Laboratory
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Mamoru Ishii
Walter H. Zinn Distinguished Professor

Purdue Univesity

Outline

* Homogeneous flow model
® Separated flow model

® Drift-flux model

* Two-fluid model

e CFD
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/
CFD
Ca=8.75X10* Ca=1.4X102
To be continued......
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