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Lecture — 03
Modelling of Two-Phase Flow
-The Homogeneous Model

Welcome back to the course on Two-Phase flow with phase change in conventional and miniature
channels. Today, we will discuss the Modelling of Two-Phase Flow and in particular the homogeneous
model. Modelling of two-phase flow is important to calculate pressure drop in two-phase flow and to

design two-phase flow equipment.
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* Modelling of Two-Phase Flow

* Flow-regime based models
¢ Annular flow modg}
+ Slug flow model
v
o Etes
* Flow-regime independent models
* Homogeneous equilibrium mixture (HEM) model - homogeneous mixture having
weighted averaged properties, gwit’ie/s of phases, thermal equilibrium
* Separated flow model (SFM) - separate motion of two phases, different phase velocities,
thermal equilibrium o

+ Drift flux model (DFM) - Homogeneous model with empirical correction for the effect of
relative motion between phases ==
—_—

There are different types of models of two-phase flow. There are flow regime based models. These are
for specific types of flow regimes. If we know the flow regime then we can use the model for that
particular flow regime. For example, there are models for annular flow; there are models for slug flow

and similarly, there are specific models of different types of flow regimes.
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Homogeneous Model

* Homogeneous mixture of two phases,_~

* Equal velocities of the two phases,~

* Thermal equilibrium between phases.””

* Weighted average of the properties of the two phasey
* Use of two-phase friction factor/

But suppose we do not know the flow regime then there are some models which can be used regardless
of flow regimes. The simplest of them is the Homogeneous equilibrium mixture model or in short it is
called HEM model or popularly known as homogeneous model. In this the two-phases are assume to be
a homogeneous mixture. And the properties of the mixture are calculated by weighted averaging of the

properties of the two-phases. It is assumed that the velocities of the two-phases are the same.

Actually, the phase velocities are usually different, but for simplicity in this model, it is assumed that both
phases are moving together with the same velocity and it is also assumed that there is thermal equilibrium
between the phases; that means, both phases are at the same temperature. If both phases are liquid and
gas phases of the same substance; for example, water and steam, then both of them will be at the saturation

temperature at the local pressure.

So, therefore, the properties of the liquid and gas phases can be calculated by knowing the pressure. Then,
there is a separated flow model which is comparatively general. In this the separate motion of the two-
phases is considered and the balance equations for the two-phases are written separately and solved. The
phase velocity is are taken as different, but thermal equilibrium is assumed ok. Then there is a drift flux

model.

In this there is a concept of drift flux which we will discuss later and using that the relative motion between
the phases is accounted for. But this combines the simplicity of the homogeneous model, but also takes
into account the relative motion of the phases. The homogeneous model is used, but there are empirical
correlations for the effect of the relative motion between the phases. So, first we will discuss the

homogeneous model.
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Figure 1: Two phase mixture flowing through a pipe

In the homogeneous model, the two fluid is assumed to be a homogeneous mixture of the two-phases and
the velocities of the two-phases are assumed to be the same thermal equilibrium is assumed; that means,
the same temperature and the properties are calculated by weighted averaging and there is a two-phase

friction factor which is used to calculate the friction and pressure gradient.
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Ug — Uf = [~

@= VptX0pg, p=1/0
m=pUA,G=pU=U/v

Mass balance

=1y + 1y .

mg =mx= GAx/

i =1 (1-x) = GA(1 - x)v~
Momentum balance

PA-(P+dP)A-1,P,dz~pgsingAdz = GA(U + dU) - GAU
—AdP -1,P,dz - pgsing Adz = GA dU

W—TWP‘HG +pgsinf

So, suppose a two-phase mixture is flowing through a channel (figure 1) and suppose the channel is at an
angle theta with the horizontal. The inlet a mass flow rate is m dot and we will consider steady state. So,
inlet and outlet mass flow rates are the same. The inlet pressure is P and outlet pressure is P+dP. We are
considering a small element infinitesimal element of the length dz. The axial coordinate is denoted by Z.
The inlet velocity is U outlet velocity is U+dU. As | have already mentioned the velocities of the of both
phases assumed to be the same. The cross sectional area is A that is this and the wetted perimeter is

denoted by Py the wall shear stress is t,,,.

U,=U;=U

U=V +xV5g, p=1/D
m=pUA, G =pU =U/v

Mass balance:

= 1my, + my

gy =mx = GAx
1y =1 (1—x) = GA(1 — x)
Momentum balance:
PA — (P +dP)A—r1,P,dz — pgsin@ Adz = GA(U + dU) — GAU
—-AdP —rt,P,dz—pgsinf Adz = GAdU

dP_TWPW_I_GdU_I__ -
dz A dz pg s
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where

M? = —G%x oy

P ap
If M2 > 1then1 - M2 - 0 and
v/ vl

G%x

dp
—— - 0 = Choked flow
dz
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This is the maximum mass flow rate that can flow through the channel.

where
dv, dv,
2 _ _ 2 9 _ 2 9
M- = Gxdp Gxdp

If M2 > 1then1— M? - 0 and

—— — 00 = Choked flow
dz
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Thermophysical Properties

* Property Tables
* Steam tables

* Equations of State
* IAPWS (http://www.iapws.org)
e

* Software

* SteamTah Companion (http://www.chemicalogic.com)
v

This is the maximum mass flow rate that can flow through the channel. What does this mean? It means
that if you go on increasing the inlet pressure or go on reducing the outlet pressure, then the pressure drop
will increase; pressure gradient can increase in definitely, but the mass flow rate or the mass flux will not

increase beyond a certain value. This is called Choked flow.

Now, we will consider some numerical examples, but before that we will discuss how to calculate
properties of fluids. So, there are property tables available for various fluids. Here, we will consider the
properties of steam water mixture. So, properties of steam water mixture can be obtained from steam
tables and there are equations of state for water and steam, there is an international association for

properties of water and steam and its website is http://www.iapws.org.

The equations of state can be downloaded from here and there is software called steam tab companion
which is a free software and it is based on a IAPWS as equations of state which are very accurate. Let us
look at that.


http://www.iapws.org/
http://www.iapws.org/
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(1 Chemicalogic SteamTabk Companion X

About ] Saturated ] Superheated,/Subcooled ] Constants ]

Chemicalogic SteamTab Companion

Themodynamic and Transport Properties of Water and Steam
Version 2.0 (Based on the IAPW5S-95 Formulation)
Chemicalogic SteamTab Companion is a steam property
lockup lication. Values displayed cannct be cut and
pasted.

Chemicalogic Web Site SteamTab Information

Chemicalogic Corporation Tel: (781) 4256738

59 South Bedford Street, Suite 207 Fax: (781) 4256741

Burington, MA 01803 www chemicalogic.com

LISA cle support @chemicalogic.com

Copyright © 1555-2003 Chemicalogic Corporation. All rights reserved.

CHEMICALOGIC

Chemicalogic® and SteamTab® are registered trademarks of
Chemicalogic Corporation

Figure 2: Screen shot of steam tab companion

Figure 2 shows the interface of steam tab companion.

And if you want to calculate the properties of saturated water or a steam, then you give input either
temperature or pressure. So, let us give pressure in bar; 1 bar and press the calculate button. So, here it

gives the saturation temperature is 99.6 degree C and various properties are given.

Similarly, if you select liquid; then, it will give properties of saturated liquid at that pressure. If we select
two-phase and give a quality. Let us say 0.1; 10 percent quality and click the calculate button, then it

gives the properties of the mixture. Then, superheated and sub cooled properties can also be calculated.



So, suppose we want sub cooled liquid water at 1 bar pressure and 25 degrees C. Here, it is giving; it is
giving the condition as sub cooled and it is giving the properties of the sub cooled water at 1 bar and 25
degree C. Now, suppose we want to calculate the properties of superheated steam at 1 bar and 125 degree

C; now, it says that it is superheated and gives the properties of super heated steam ok.
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Example-1: Water+steam @100 kPa, horizontal flow, D=2 mm, L =10 cm

_ 2 i g 2 G
G =100 kg/m*s,x(0)=0, ¢" = 20 kW/n\l/
To find the pressure gradientat z=5cm

Solution:
Properties of water+ steam @100 kPa

Hy = 2829 X 107 Pas, iy = 12.26 X 107 Pas, by = 225745 kg
vy= 1043 x 107 m? kg, I.’g/= 16939 m’ /kg, v,&= 1.693 m*/kg
B 3w x(sem) = 00221
tlz-Gthg- RIS xem) =Abeel,

) /
2 {9 o

dv, Av, 1.6782-1.6939
g g =531, g=1Da=1
Ly e = 157 x 10" m’kg"'Pa
/
d} \A/P 1000 e

M= G2 |28 = 3471070 « 1,1 - M = 1,(1 - M)~ 1
] A7 v \/
Regy =— =707 = Laminar flow
T e

W/

fio = 16/Re = 0.0226
— ———

Numerical problem 1: Water+steam @100 kPa, horizontal flow, D = 2 mm, L = 10 cm, G = 100 kg/m?s,
x(0)=0, ¢"" = 20 kW/m?. To find the pressure gradient at z = 5 cm.
Solution: Properties of water+ steam @100 kPa

ur = 2829 x 1076 Pa.s, p, = 12.26 X 107 Pa.s, hy, = 2257.45 k] /kg

vy = 1.043 X 107> m3/kg, v; = 1.6939 m*/kg, vy, = 1.693 m3/kg

b _ 27 443 met (5cm) = 0.0221
dz_Gthg_ . m~— -, x(5cm) = 0.
dv, Av, 1.6782-1.6939
~ = = —1.57 X 10~ 5m3ke~1pPa~1
7P ~ Ap 1000 1.57 x 107°m~kg~"Pa
M? =G |22 =347x 103« 1, 1-M> ~ 1, (1 -M?) " ~ 1

D
Res, = ll_ = 707 = Laminar flow
f

fro = 16/Re = 0.0226
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7= v +xvsy = 00180 m° /kg

fTP;Pfo _2[).022g
_(E) =%sz =i0jkPa/m
dp F—(;Z ) o sokp
dz a_ o\ gz) T2 afm
dP gsing\
&
dp\’
- (—2) =407 4750+ 0=1157kPa/m

1
2
J ) = 1984 kg/m’s

dvg|\ 2
max = | X |55

dP

U =vp+xvp, = 0.0180 m?/kg
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P\ 2
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1 x 1-x 6
—=—+—2[1=1901x10""Pa.s
g Wy —_—

GD
Resp = T = 1052 = Laminar flow

frp = 16/Re =0.01521

() fTPGZﬁ—ZMkPa/m

™ N

\__/\_/\_/

=17.50 kPa/m

™ N

™ N

=274+750+0= 1024kPa/m

1 x 1-
S — : g =190.1 x 107® Pa.s (McAdams correlation)
u Uy My

GD
Rerp = — = 1052 = Laminar flow

frp = 16/Re = 0.01521

dP\ 2
—( ) Hrr o = 2.74 kPa/m

dz D

= 7.50 kPa/m

%I%

a

)
)=
)-

Sk

2.74+7.50 + 0 = 10.24 kPa/m

(
-
(

%I%
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Example-2: Water+steam @100 kPa, vertical upward flow, D=2 cm, L=2m
G = 1000 kg/m?s, x(0)=0, X(L)=2% -
To find the pressure gradient at z=1m

Solution: Properties of water+ steam @100 kPa

1y = 2829 % 1076 Pa.s,py = 1226 X 107 Pa.s,
v = 1043 x 107 m* /kg,v, = 1.6939 m’ /kg, vy, = 1,693 m’ /kg

dx 0.2
x(Im) =001, —=—=001m™"
= az 2 —

dv, Ay, 1.6782-1.6939 TR
F..XP--W-jELxﬂLm kg~'Pa

Vg

d

dp
GD

Ry =—=7.07x 10* = Turbulent flow

i

M2 =G

=0157,1- M? =0.843,(1- M?)~!=1.186

—

Numerical Problem 2: Water+steam @100 kPa, vertical upward flow, D=2 cm, L=2m, G = 1000 kg/m?s,
x(0)=0, x(L)=2%. To find the pressure gradient at z=1m.

Solution: Properties of water+ steam @100 kPa
Uy = 282.9 X 1075 Pa.s, py = 12.26 x 1076 Pa.s,
vy = 1.043 X 107° m3/kg, v; = 1.6939 m*/kg, vf, = 1.693 m*/kg

dx 0.02
x(1m) = 0.01, —=——=0.01m™?
dz 2

dv, Avy; 1.6782-1.6939

~ = —157 X 10~5m3ka~1Pq1
7P = Ap 1000 1.57 x 107>m°kg~"Pa

dv,
M? = G%x |d—lf| =0.157, 1 —M? =0.843, (1-M?)"1 =1.186

GD
Res, = m = 7.07 X 10* = Turbulent flow
f

fro = 0.079 Re;0?° = 4.85 x 1073
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7= v +xvsy = 00180 m /kg
frp = fro =485 107

dP\  2frp ,_ 1t
-\ _TG v (1-M*)"" = 1036 kPa/m

U =vp+xvp, = 0.0180 m?/kg

fTP =~ f}‘o - 4‘.85 X 10_3

dp _ 2frp 2= 2\-1 _
(dz)F =3 G (1 —M*)"" =10.36 kPa/m
dP dx
() =2 hattd — m2)-1 —
(dz)a G*vpg (dz) (1-M2) 20.1 kPa/m
dpP sin 6
— (—Z> = (g — ) (1—-M?»)"1=0.646 kPa/m
Z
dpP
— (E) = 10.36 + 20.1 + 0.646 = 31.1 kPa/m

1

dvg|\ 2 5
Gmax =\{x |ﬁ| = 2949 kg/m S
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1 x 1-x

—=—+——2>1=190.1x 10" Pa.s
O N —
GD
ReTP = T = 1052 = Laminar flow
frp =16 /Re =0.01521
dP
(—) Ure o5 = o4 2.74kPajm
dz
dP 750kP
E = a/m
dp\" 0
E =l
P\’
-\3)= = 2744750 +0 = 10.24 kPa/m

1—x
+ = g =232 X 107° Pa.s (McAdams correlation)

X
Hg My

GD
Rerp = T = 8.62 X 10* = Turbulent flow
frp = 0.079 Re;0*° = 4.61 x 1073

dPy 2
—( ) Hrp o2 (1— M?)~t = 9.85 kPa/m

dz D

= 20.1 kPa/m

a

%I%

Z

( = 9.85 + 20.1 + 0.646 = 30.6 kPa/m

=)
) — 0.646 kPa/m
)

%I%
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Example-3: Water+steam @10 MPa, vertical upward flow, D=2 cm, L=2m
2 N ey ———

G :_@ﬂg/m s, )@E_O, x(L)=2J%

To find the pressure gradient at z=1m

Solution:
Properties of water+ steam @10 MPa

r = 8180 X 107 Pa.s, g = 2027 x 10 Pass,

3
vr = 1453 1_0:‘%,170 =1.803 x 1£2 m* /kg, vrg = 0.01658 Ln‘/kg
dx 002
x(1m) = 0.01, i 0.01m™
Butitd % iy

dy, bv, DOVBI-DOIBO3_ L
—y———— = -220x 10" “*Pa”
IRV TEUE TR

dv,
M =G |2
¥l

=220x105« 1,1-M* = 1,(1-M¥)1 ~ 1
— o o7

Reso = = 244 x 10° = Turbulent flow

f S
fro = 0079 Rej 4 = 355 x 1077
355x 1077

Numerical Problem 3: Water+steam @10 MPa, vertical upward flow, D=2 cm, L=2m, G =
1000 kg/m?s, x(0)=0, x(L)=2%. To find the pressure gradient at z=1m.

Solution: Properties of water+ steam @10 MPa

s = 81.80 X 107® Pa.s, iy = 20.27 x 107° Pa.s,
3
vy = 1453 X 10_3T—g, v, = 1.803 x 107% m? /kg, vf, = 0.01658 m*/kg

dx 0.02
x(1m) = 0.01, —=——=0.01m™?!
dz 2

dv, Av, 0.01781-0.01803

TN X105 =—-220%x10""m3kg~1Pa?!

dv
M? = G2%x |—g| =220x10°«1,1-M?=1, (1-MH)1=1

dP

GD
Res, = m = 2.44 x 10° = Turbulent flow
f

fro = 0.079 Re;*® = 3.55 x 1073



(Refer Slide Time: 38:41)

7=v+xvs = 1619 X107 m*fkg
pr~ffo—355X10 3

dP _2
f —26% = 0575 kPa/m

- (d—P) vfg (d ) = 0.166 kPa/m

dP g sin
|7 = 6.05 kPa/m

( ) 0.575 +0.166 + 6.05 = 6.79 kPa/m

Gmax (

g
dp

) =2.13 x 10° kg/m?s

U=v+xvr, = 1619 x 1073 m3/kg

pr = f}‘o = 355 X 10_3

dp 2frp
_ (E) =556%5 = 0.575 kPa/m

dP

(dz)a G? Vrg (—) = 0.166 kPa/m
dP gsin6

(_Z) < ) — 6.05 kPa/m
dP

(E) — 0.575 + 0.166 + 6.05 = 6.79 kPa/m

1

dvg 2
Gmax = T | = 2.13 x 10° kg/m?s
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1 x 1-x
—=—+——21=794x107%Pa.s
Bl GD'uf
Rerp = 7= 2.52 x 10° = Turbulent flow
fre = 0079Re;,925 =353x10°°

dp
( f =629 = 0572 kPa/m

1z
1
1

=0.166 kPa/m

N

N

|
[
:

~N

0.572 4 0.166 + 6.05 = 6.79 kPa/m

x 1—x

1
—=—+——= =794 x%x107° Pa.s (McAdams correlation)
K Uy Ky
GD
Rerp = i 2.52 X 10° = Turbulent flow

frp = 0.079 Re;0*° = 3.53 x 1073

dp 2frp
(dz) D ——G?7 =0.572 kPa/m
(d ) = 0.166 kP

i), = a/m
(dP> = 6.05 kP

7). = a/m

Z

= 0.572 + 0.166 + 6.05 = 6.79 kPa/m

S
SN—

|
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