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CHAPTER I

INTRODUCTION

A wide range of industrial systems, such as thermosiphon reboilers, chemical

reactors, heat exchangers, refrigeration, distillation, natural gas pipe line transfer involve gas–

liquid two-phase flow. Design of this type s of these system requires an understanding of the

phenomena of two-phase flow for correctly predicting flow pattern, and pressure loss.  An

understanding of two-phase flow is essential for the reliable and cost-effective design of

equipment and pipelines in the system.

Two-Phase flow is the simultaneous flow of two states of matter and can be a gas-

solid, gas-liquid , or liquid-solid system.  This study will however investigate two-phase flow

for gas-liquid system, the phenomena of which is more complex than a single phase flow.

Flow patterns shall be categorized by the flow condition, pipe orientation (horizontal, vertical

upward and vertical downward direction) for determination of flow patterns and pressure loss.

Undesirable flow pattern such as slug flow in pipeline systems that are not adequate

designed for this type of flow can result in additional force and pressure losses which can

cause unstable pressure control leading to mechanical failure of the piping system, its support

structure and related equipment.  It is important to predict the flow pattern and pressure loss

for two-phase flow system correctly and accurately in order to include this information in the

design of pipe layout to meet both process requirement and mechanical design requirement.

There are a great number of researchers who have studied techniques for analyzing

two-phase flow and proposed equations to predict pressure loss in empirical or physical

mechanism basis.  The proposed equation have been tested against the experimental data in

the specific test condition and it is found that no one method of determining flow pattern and

pressure loss calculation is good for all situations but a combination of each technique is

required based on the conditions of the flow.

To facilitate in designing pipeline system involving two-phase gas-liquid flow, a

software program is developed in this study for reducing the long calculation time. This

program is used for predicting flow pattern and its associated pressure drop after giving,

phase flow rate, physical properties and pipe orientation.
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1.1 Objective

To develop a computer program for predicting flow pattern and calculating pressure

loss from the predicted flow pattern in a two-phase gas liquid piping system.

1.2 Scope of work

Two-phase gas and liquid flow is limited in a concurrent flow for  commercial pipe

sizes.  Gases and liquids are considered as Newtonian fluids flowing in an isothermal and

steady state system with no phase change.

1 Flow pattern transitions are classified and studied by physical mechanism in

horizontal & inclined, vertical upward and vertical downward direction as shown in

Figure 1.2-1.

2 Pressure loss is calculated by use of the model based on the type of flow pattern

that is calculated from parameters mentioned in item 1 above.

3 Total pressure loss in a piping system is calculated from the summation of individual

pressure losses in each pipe route direction along the pipe length..

Figure 1.2-1 Main structure of developed program
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CHAPTER II

LITERATURE REVIEW

One of the most important aspects of the study of two-phase flow in pipes is the

understanding of flow pattern characteristics and pressure loss calculations. Many

researchers have proposed flow pattern maps or flow regimes based on their experimental

data.  Some flow pattern maps are developed from empirical methods whilst others are

developed on physical studies as shown in the flow pattern section.   After predicting the flow

pattern, liquid hold up is used to calculate pressure loss in two-phase gas-liquid systems in

each of the flow models, The liquid hold up is the ratio of liquid cross sectional to the total

pipe cross section area.  Literature relating to this study appears in the following section.

2.1 Classification of Flow pattern

Two-Phase flow patterns can be classified into three broad categories namely,

dispersed flow, separated flow, and intermittent flow as illustrated in Figure 2.1-1.

Figure 2.1-1 Flow pattern classification (Dr. Somprasong,1994)

Spedding and Ngyen (1979) proposed flow pattern maps from their experimental

data in horizontal and vertical upward to vertical downward flows.  Their experiment used air

and water in a 4.55 cm diameter pipe.  Air flow rates up to 500 kg/hr and water flow rates up

to 5000 kg/hr were accommodated in the test rig.  They found that some flow patterns such
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Annular

Flow pattern 

Intermittent

Separated

Stratified

Annular Mist 

Annular Film 

Slug / Plug

Stratified  
Smooth 

Stratified Wavy
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as stratified flow appeared only in horizontal flow direction and not in vertical upward or

downward flow.  There were 13 distinguishable flow patterns as shown in Figure 2.1-2.

These flow patterns can be combined in 4 main types.

(a) Stratified flow, designed type X, were those in which both gas and liquid phase

was continuous without liquid droplet or bubble formation occurring.  These include stratified,

stratified plus ripple, stratified plus roll wave, annular flow.  The condition for separated flow

can be found from the small amount of gas and liquid flow in the pipe, stratified flow was

occurred.  As the gas flow rate was increased for a definite low liquid flow rate, the liquid

surface was observed to pass successively from stratified flow to ripple waves and then roll

waves.  The condition of annular can be found from the slug when increasing gas flow rate

until it is high enough that the liquid slug will be blown to be annular flow.

(b) Bubble and slug flow, designed type B, were those in which the gas phase was

discontinuous while the liquid phase was continuous.  The condition for bubble flow can be

found at a very high liquid.  Slug flow was observed when the amount of liquid was moderate

and almost filled the pipe.  Increasing the gas phase let to the formation of slug flow.

(c) Droplet flow, designed type C, were those in which the liquid phase was

discontinuous and gas phase was continuous.  The condition for droplet flow was observed

when the degree of liquid was low until moderate and gas flow rate was high enough to

dispersed small amount of liquid surface until the flow was completely droplet.  Droplet flow

can be developed from stratified flow and annular flow when increasing gas flow rate.

(d) Mixed flow, designed type M, were those in which both gas and liquid phase was

discontinuous and thus includes all other flow patterns.

The data from Spedding et. al. indicated that for vertical upward flow, bubble and

slug flow were found regardless of the magnitude of the liquid flow rate.  In vertical downward

flow, annular flow was found relatively easily and bubble flow was difficult to achieve.

The data from their experimental work was used to develop a flow pattern map

using the volumetric flow rate ratio QL/QG and the Froude number gDVT  for the X axis

and Y axis respectively. Their proposed flow regime are shown in Figure 2.1-3, 2.1-4, 2.1-5

for horizontal, vertical upward and vertical downward flows respectively. The transition

between the flow regimes of type B, X, M, and D were shown in solid lines and the further

subdivisions of these main flow regime types are indicated by the dotted lines.

The proposed flow pattern maps were compared against other previous works and it

was found that it was unlikely that a universal map could correctly predict flow regimes for

two-phase flow situations.  Spedding et.al. did not consider the effect of pipe diameter on the
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type of flow regime which could be expected to have a significant effect on the accuracy of

these maps.

3

4

5

6

7

8

9

Figure 2.1-2 Schematic diagram of the flow pattern sequence observed for horizontal flow

(Spedding et.al. 1979)
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Figure 2.1-3 Flow pattern map for horizontal flow (Spedding et.al. 1979)
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Figure 2.1-4 Flow pattern map for vertical upward flow (Spedding et.al. 1979)
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Figure 2.1-5 Flow pattern map for vertical downward flow (Spedding et.al. 1979)
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Baker(1954) proposed an empirical map for horizontal flow based on air–water data.

The correlation was plotted in terms of λGm&  versus Gm&λϕ as shown in Figure 2.1-6

which is in terms of fluid properties.  Gm&  and Lm&  were are defined as the gas and liquid

mass velocities in lb/(hr- ft2).  λ and ϕ are fluid property correction factors and are defined in

below equations respectively.
5.0
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⎦
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⎝
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where Lρ  and Gρ  are liquid and gas densities in lb/ft3, Lµ  is the liquid viscosity in

centipoises and σ  is the surface tension in dyne/cm. Flow patterns such as bubble, plug,

stratified, wavy, slug, annular for oil and gas were observed in a 4 to 10 inch inside diameter

range.  Pressure loss was calculated using modified Fanning equation and it was found that

the pressure drops for large pipe (8 inch and larger) were 40-60 % less than those predicted

by Lockhart-Martinelli correlation (1949).

Figure 2.1-6 Flow patterns for horizontal two-phase flow (Baker et.al. 1958)

J.A., Manhane, G.A Gregory, K. Aziz(1974) introduced the use of superficial

velocities coordinates in the flow pattern map.  This has been widely accepted and has been

used by most of researchers to date.  Their flow pattern maps used a large data bank of data

for fluids varying physical properties.  The transition boundaries on the map were plotted

bases on correlations developed from over 1000 data points from as air-water system.  In

order to apply the air–water flow pattern map to other liquids, physical property corrections

were applied.
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To correct the physical properties, the transition lines, which were a function of the

gas and liquid velocities, would be multiplied by the correction factor give in Table 2.1-1 in

which the parameter X  was used to multiply to the value of Gu  and parameter Y  was used

to multiply to the value of Lu .
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where Lρ  and Gρ  are liquid and gas densities in lb/ft3, Lµ  is the liquid viscosity in

centipoises and σ  is the surface tension in dyne/cm.

Table 2.2-1 Coordinates for transition boundaries of Mandhane et. al. (1974) flow pattern

map

Transition boundary UG (ft/s) UL (ft/s) Physical properties correction –
multiply equation of transition
boundary by

Stratified to elongated
bubble

0.1
0.5

0.5
0.5 1.0/Y

Wave to Slug 7.5
40

0.3
0.3 Y

Elongated bubble and slug
to dispersed bubble

0.1
230

14.0
14.0 Y

Stratified and elongated
bubble to wave and slug

3.5
14.0
10.5
2.5

0.01
0.1
0.2

1.15
X

Wave and slug to Annular-
mist

70
60
38
40
50

100

0.01
0.1
0.3

0.55
1.0
2.5

X

Dispersed bubble to
Annular-mist

230
269

14.0
30 X

Flow pattern maps for two-phase flow in pipes of small hydraulic diameter were

studied by J.W. Colwman, S. Girimella (1999).  Round and rectangular tubes in the size of 1.3

mm to 5.5 mm inside diameter in the horizontal direction were used.  Flow patterns for

co-current flow of air–water mixtures were determined by video analysis to develop flow

pattern maps and transitions.  Gas and liquid superficial velocities were in the range of 0.1 to

100 m/s, and 0.01 to 10 m/s, respectively.  Bubble, dispersed bubble, elongated bubble, slug,

stratified wavy, annular flows were observed.  The interaction of gravity, inertial shear and

surface tension force and tube diameter were found to effect to flow pattern transition.
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2.2 Pressure Loss

Lockhart-Martinelli (1949) proposed a correlation to predict pressure loss and liquid

hold up of two-phase flow.  Their experiment was performed with air and liquids including

benzene, kerosene, water and various oils in pipes varying in diameter from 14.9 mm to 25.8

mm.  They proposed a graphical correlation by assuming that the static pressure in both

phases was equal, and the volume occupied by liquid plus the volume occupied by the gas at

any instant must equal to total volume of the pipe.  The parameter X , the dimensionless

pressure drop, GΦ  and LΦ  was introduced as follows

( )
( )G

TP
G dzdp

dzdp
=Φ 2 (2-5)

( )
( )L

TP
L dzdp

dzdp
=Φ 2 (2-6)

( )
( )G

L

dzdp
dzdp

X =2 (2-7)

where ( )TPdzdp  is the total two-phase pressure gradient.

Four sets of curves were given depending on whether the single phase in the pipe

were laminar or turbulent (namely turbulent-turbulent, turbulent-laminar, laminar- turbulent,

laminar- laminar flows where the first would given the state of the liquid flow alone and the

second would the gas flow alone on pipe).  However Lockhart and Martinelli ’s correlation did

not take into account the flow pattern, except that slug flow was excluded, and had limited

accuracy.  The multiplier GΦ  and LΦ  were fitted by Chisholm (1967) using the following

equations:

22 1 XCXG ++=Φ (2-8)

2
2 11

XX
C

L ++=Φ (2-9)

Where C is a dimensionless parameter dependent on the nature (turbulent or

laminar) of the gas and liquid phases.  For the most common situation when both phases

were turbulent, C had a value of 20.  The above equations were found to fit the original

correlation extremely well.
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Figure 2.2-1 Correlation of Lockhart and Martinelli (1949) in which the pressure drop multiplier

(Φ ) and the hold up (ε ) were related to X .

Hoogendoorn (1959) carried out experiments on air-water, air–oil system in a

variety of pipe diameters (24, 50, 91,and 140 mm).  The Lockhart and Martinelli ’s correlation

was applied for the pressure drop prediction and it was claimed that the correlation was

accurate only for slug and froth flow at the atmospheric pressure.  The gas phase hold up,

Gε , was corrected empirically with the slip velocity between the phases in m/s.

( ) 85.0

1
uA G

G

G ′=
−

ε
ε

ε
(2-10)

G

L

G

G uu
u

εε −
−=′

1
(2-11)

where A constant is equal to 0.60

GA. Hughmark, B.S. Pressburg (1961) proposed generalized correlation for hold up

and pressure drop in isothermal two-phase concurrent upward flow in vertical tubes.  Both

pressure drop and liquid hold up correlations could be predicted without knowing the exact

flow pattern.  These correlations were tested with the experimental data in the range of pipe

diameter 0.4 to 2.34 inch.

J. Orikiszewski (1967) reported a comparative result of pressure loss calculations in

two-phase gas liquid in gas lift production wells (in vertical pipes) between calculated

methods and the measured methods from 148 oil wells. He calculated pressure losses from

threes groups to compare with measured data.
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1. Poettman and Carpenter (1952) and Tek (1961).  This method does not

consider liquid hold up in density and flow pattern prediction.  Friction losses are

calculated from an empirically correlated friction factor.

2. Hughmark and Pressburge (1961).  This method uses liquid hold up in density

calculations.  The friction losses are based on of gas and liquid densities.  Flow

pattern is not involved in pressure loss calculations.

3. Griffith and Walli (1961) and Dons and Ross (1963).  Liquid hold up is

calculated from the basis of slip velocity (the different between gas and liquid

velocities).  The distinction of flow patterns is considered in pressure loss

calculations.

From the above methods, the results were compared by determining the deviations.

It was found that the most accurate method is the method in the third group, Don-Ros and

Griffith-Wallis method, for two-phase in gas lift operation well.  He found that there is no

method which was accurate over the entire range of conditions used.  Griffith-Wallis method

was reliable in the low flow rate range of slug flow.  It was not accurate in the high range.  The

Don-Ros method exhibited the same behavior except that it was inaccurate for the high-

viscosity oil in the low flow rate.  The considered flow patterns are bubble, slug, annular-slug

and annular-mist.

Jiede Yang, Cem Sarica, Xuanzheng Chen, Chen Brill (1996) proposed a

mechanistic model based on a slug structure for downward inclined pipe from air-kerosene

tested data in a 2 inch, 75 ft length pipe.  They proposed a method to calculate the slug

transitional velocity, slug length, slug frequency and liquid hold up.  The calculated pressure

gradient was compared with the result of Duckler and Hubbard (1975) and found that the

results of pressure loss from Duckler and Hubbard were high.  Their method was also tested

against experimental data.  They concluded that the mechanistic model gave a good

estimation of the pressure gradient with an average of ± 15%.

C. Sarica, O. Shoham, J. Brill and Y. Taitel (1991) proposed a result of two different

types of flow patterns for operating off shore wet gas using Simplified Transient Simulator

Program.  The gas and liquid produced from the field were separated at the platform and

transported to Gas Plant on shore.  When heavier hydrocarbons condensed by the sea water

temperature, liquid phase in pipe line could accumulate in the offshore section at low input

flow rates.  Slug flow conditions occurred and frequent pigging process was required.  For

high input flow rates, stratified flow condition occurred, resulting in less liquid accumulation

and liquid was transported in to the onshore.  These different modes were related in leak

detection analysis for pipeline system.  Liquid hold up and pressure loss calculation from their

simulator were based on the method proposed by Begg and Brill correlation (1983).
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Malasri (2001) studied two-phase air water flow in the vertical upward in glass tube,

19 mm inside diameter, at atmospheric pressure outlet conditions. The superficial gas velocity

was in the range of 0.003 to 0.7 m/s and superficial liquid velocity was in the range of 0 to

0.742 m/s. By increase in the superficial air velocity, maintaining constant superficial water

velocity bubble to slug flow transition occurred in a range of transition values, not a single

point value.

Winai et. al (1995) studied the flow pattern map of air-water co-current flow at

ambient condition and the flow pattern maps for developing steady state and transients flow

were determined.  The experiment was performed in 54 mm and 29 mm inside diameter.

Flow pattern types of the form, stratified flow, stratified wavy, plug and slug flow were

observed.  In the developing the steady state flow, air flow rate was increased in small

increments while the water flow rate was hold constant at the selected value.  Transient flow

experiments performed under constant air and water flow rate, followed by a sudden increase

in the air flow rate, which resulted in temporary wavy flow occurring in the beginning with the

final flow pattern being stratified flow.  In the same manner temporary slug flow occurred in

the stratified wavy flow condition.



CHAPTER III

CALCULATION BASIS

3.1 Flow pattern classification

The flow observed in two-phase gas liquid flow has many different configurations with

respect to the distribution of the gas and liquid interfaces. Classification of flow patterns has

not yet been accurately standardized and in many cases the flow pattern definition depends

largely on the individual interpretation of each study. The following section describes

characteristics of flow patterns categorized the pipe orientation.

3.1.1 Horizontal & inclined flow direction

Flow patterns for two phase flow in horizontal & inclination direction can be classified in

five patterns based on physical mechanisms proposed by Taitel and Duckler (1976) as shown

in Figure 3.1.1-1 and the descriptions are as below:

Figure 3.1.1-1 Flow patterns in horizontal direction (Taitel and Duckler 1976)

1) Stratified smooth (SS)

This pattern is found in a range of low gas velocities. Liquid flows along the bottom of

the pipe, and the liquid surface is smooth. Sometime stratified smooth is called stratified flow.
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2) Stratified wavy (SW)

The liquid flows as a stratified layer, but increased gas velocity causes its surface to

develop waves.  Sometime stratified wavy is called wavy flow.

3) Intermittent/slug and plug (I)

The liquid bridges the pipe cross section forming a slug or a plug.  The liquid slug

moves down the pipe at the gas velocity.  Sometime intermittent is called slug or plug flow

4) annular with dispersed liquid (AD)

The liquid flows as an annular film on the pipe wall with the gas phase flowing as a

central core. Some of the liquid is entrained as droplet in this gas core. The annular liquid film

is thicker at the bottom than at the top of pipe, except at very low liquid rates, the liquid film is

covered with the large waves.

5) dispersed bubble (DB)

At high liquid rates and low gas rates, the gas is dispersed as bubble in a continuous

liquid phase. The concentration of these bubbles is higher above the pipe centerline than

below.

3.1.2 Vertical upward direction

Flow patterns for two phase flow in vertical upward direction can be classified in four

patterns from the study of Hewitt and Hall-Taylor (1970) as shown in figure 3.1.2-1 and the

detail descriptions are as below:

Figure 3.1.2-1 Flow patterns in vertical upward direction (Hewitt and Hall-Taylor 1970)
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1) bubble flow

The gas phase is approximately uniformly distributed in the form of discrete bubbles in

a continuous liquid phase.

2) slug flow

Most of the gas is located in a large bullet shaped bubble having a diameter almost

equal to the pipe diameter. The gas bubbles move uniformly upward and are referred as

“Taylor bubbles”. Taylor bubbles are separated by slugs of continuous liquid, bridging the pipe

and contain small gas bubbles between the Taylor bubbles and the pipe wall. Liquid between

pipe wall and the Taylor bubble flows downward in the form of a thin film.

3) churn flow

Churn flow is similar to slug flow but much more chaotic, frothy and disordered. The

bullet shaped Taylor becomes narrow, and its shape is disordered.  There is no clear

structure and the flow is highly irregular.  The Taylor bubble is destroyed by the high gas rate

in the slug.

4) annular flow

Annular flow is characterized by the continuity of the gas phase in the core of pipe.

Liquid phase moves upward partly as a wavy liquid film and partly in the form of liquid

traveling as entrained droplet in the gas core.

3.1.3 Vertical downward direction

Flow patterns for two phase flow in downward direction can be classified in 3 (three)

patterns based on experimental observed of Barnea, Shoham and Taitel (1982) as shown in

figure 3.1.3-1 and the detail descriptions are as below:

1) annular flow

The most natural regime in vertical downward is annular flow. Similar to annular

upward flow, it is characterized by the continuity of an axial gas core. Liquid phase move

downward partly as liquid film and partly as in the forms of drops entrained in the gas core.

Even at very low liquid rate without gas, the liquid moves as a symmetrical falling film.

2) intermittent flow

A high liquid flow rate transition from annular to slug flow will take place. The gas flows

downward in the form of large bubbles that are separated by liquid slugs that bridge the pipe
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and usually contain small gas bubbles. The major difference between downward slug and

upward slug is that gas bubble shape of a downward slug is eccentric relative to the pipe axis.

3) dispersed bubble flow

Similar to upward flow, bubble flow is characterized by uniformed distributed bubbles in

the continuous liquid phase.

Figure 3.1.3-1 Flow patterns in vertical downward direction

3.2 Flow pattern map determination

Flow pattern maps are used for classification of flow patterns or flow regimes of two-

phase gas liquid flow.  Flow pattern map is based on physical concepts and the relationship

between gas and liquid mass flow rate, fluid physical properties, pipe diameter, and angle of

pipe inclination.  Due to the difference of flow patterns found in the pipe orientation, the flow

pattern map can be categorized in three main types (horizontal/ inclined, vertical upward and

vertical downward direction map). Details of determination are as below.

3.2.1 Flow pattern map for horizontal and inclined flow direction

There are five basic flow patterns in analyzing flow patterns in horizontal flow: (SS)

stratified smooth, (SW) stratified wavy, (I) intermittent–slug and plug, (AD) annular with

dispersed liquid, and (DB) dispersed bubble.  The process starts from the condition of

stratified flow by obtaining the solution of the force balance equation. Combination of the

pressure loss with fluid properties into dimensionless forms ( KFYX ,,, ) allows the

classification of the flow pattern.  The generalized flow pattern map is shown in Fig 3.2.1-1.

annular slug bubble
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Fig 3.2.1-1 Flow pattern map for horizontal direction (Taitel and Duckler 1976)
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where

X is the parameter introduced by Lockhart and Martinelli (1949) which is the ratio of

liquid phase pressure drop and gas phase pressure drop along the pipe.

Y is a relative force acting on the liquid due to the gravity force and pressure drop

of gas phase along the pipe

F  is a dimensionless parameter modified with the density ratio named Froude

Number.

K ,T are dimensionless numbers used for determining horizontal flow transition

Flow patterns are separated by transition solid lines ( DCBA ,,, ) on the map. The

graph coordinates in the horizontal and vertical axis ( FTXK ,,, ) and transition lines

( DCBA ,,, D) are summarized in Table 3.2.1-1.
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Table 3.2.1-1 Flow pattern transition defined by dimensionless groups.

Transition Dimensionless Group

stratified to intermittent (A) AXF ,,

stratified to annular dispersed liquid (A) AXF ,,

stratified smooth to stratified wavy(C) CXK ,,

intermittent to dispersed bubble (D) DXT ,,

intermittent to annular dispersed liquid (B) BXF ,,

1) Transition between stratified and non-stratified (Transition A)

At low flow rate, stratified flow is observed however as the flow increase to the range in

which intermittent flow occurs the flow pattern changes to intermittent flow.  As the liquid rate

is increased while the gas rate is low, the liquid level rises and waves are formed and grow

rapidly to block the gas flow and cause intermittent flow.  Under conditions of high gas rates

and low liquid rate, there is insufficient liquid flow and the liquid in the wave is swept up and

round the pipe to form annular flow.

Consider the gas flow over a solid wave in the flat plate in Figure 3.2.1-2, liquid height

Lh′ , and the gas gap dimension Gh′ . The equilibrium dimensions are Lh and Gh . Pressure at

the equilibrium and above the wave are P  and P′ .  If the motion of the wave is neglected,

the condition for wave growth can be shown as

PP ′−  > ( )( )ghh GLGG ρρ −′− (3-6)

The pressure difference is determined by

)(
2
1 22

GGG uuPP −′×=′− ρ (3-7)

The criterion for instability when 1C  is equal to 1 and the instability becomes
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Figure 3.2.1-2 Instability for wave generation
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This simple analysis can be easily extended to the round pipe and inclined pipe with

the Taylor series.  It is suggested that the below equation describes the conditions from

stratified (S) to intermittent (I) and to annular dispersed liquid (A) flow.
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when parameter 2C  and ( LL dhdA / ) are determined by
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Transition between stratified and non-stratified flow can be written in dimensionless form as

below equation. Note that all the terms in the square brackets are functions of Lh~ .
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where parameter Gu~  and GA~  are determined by
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2) Transition between intermittent and annular dispersed liquid (transition B)

Equation (3-12) gives the relationship under which the flow pattern can be classed to

be either stratified or non stratified.  If it is observed that the flow is non stratified, the flow

pattern can be then separated into intermittent or annular dispersed flow along the transition

B.  A stable slug can form when the supply of liquid in the film is large enough to maintained a

slug flow.  If the liquid level is not enough, the wave is swept by the high gas rate around the

pipe wall as described by Butterworth (1972), and annular or annular mist will take place.  It is

suggested that intermittent flow will develop when liquid height in the pipe exceeds half the

pipe diameter, as indicated below  and if liquid level is less than half of the pipe, annular or

annular dispersed liquid flow will result.

D
hL =   0.5 (3-15)

3) Transition between intermittent and dispersed bubble (transition D)

At high liquid rates and low gas rates, the equilibrium liquid level approaches the top of

the pipe.  With such a fast running liquid stream, the gas tends to mix with the liquid.  It is

suggested that the transition to dispersed bubble flow takes place when the liquid turbulent
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fluctuations are strong enough to overcome the buoyancy forces tending to keep bubble at

the top of pipe.

Levich (1962) estimated the turbulent force (surface force) related to the friction velocity term

as follow.

i
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1 2ρ (3-16)

The force of buoyancy (body force) per unit length of the gas region is as below:

( )( ) GGLB AgF ρρα −= cos (3-17)

When the effect of turbulent force ( TF ) overcomes the buoyancy force ( BF ), dispersed

bubble flow occurs as indicated in below equation.
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Transition between Intermittent and dispersed bubble flow can be written in dimensionless

form as below:
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Where n  is the constant number, n is equal to 1.0 and 0.2 for laminar and turbulent flow

respectively.

4) Transition between stratified smooth and stratified wavy

The waves, above the stratified smooth surface, are caused by the gas flow under

conditions where the velocity of gas is sufficient to cause waves to form but slower than that

needed for annular flow.  It is generally accepted that waves will be initiated when the

pressure force and shear force on the wave overcome the viscous dissipation in the waves.

The idea of Jefreys (1925,1926) on the wave generation has been used and some

parameters have been simplified as shown in below equation.
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Transition between Stratified Smooth and Stratified Wavy can be written in dimensionless

terms as
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K (3-21)
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3.2.2 Flow pattern map for vertical upward direction

The flow pattern map in vertical upward direction that was proposed by Taitel, Bornea

and Dukler (1980) indicates four basic flow patterns (bubble, slug, churn, annular) for

two-phase gas liquid flow in vertical upward direction.  This classification is based on the

study of Hewitt and Hall-Taylor (1970).  The map is based on physical mechanisms as shown

in Figure 3.2.2-1.

Figure 3.2.2-1  Flow pattern Map for Vertical upward direction, air-water at 25 0C, 0.1 MPa,

5.0cm pipe diameter (Taitel et. al 1980)

(I)-bubble, (II)-finely dispersed bubble, (III)-slug, (IV)-churn, (V)–annular.

1) Transition between bubble and slug (transition A)

When gas is introduced at low flow rates into a large diameter vertical column of liquid

(flowing at low liquid rate), the gas phase is distributed into discrete bubbles moving in

zigzag motion with the occasional appearance of larger bubbles.  If the gas flow rate is

increased, at these low liquid rates, the bubble density increases and a point is reached

where the dispersed bubbles become so closely packed that many collisions occur. Slug flow

requires a process of agglomeration or coalescence of these bubbles into a large vapor

space, this results in the transition to slug flow as shown in Figure 3.2.2-2.

Figure 3.2.2-2 Slug flow geometry (Taitel 1980)



22

However when the liquid rate increases, the turbulent fluctuations can cause breakup

of the large bubbles formed as a results of agglomeration. If this break up is strong enough to

prevent re-coalescence, then the dispersed bubbles can be maintained.

Experiments suggests that the bubble void fraction (ε ), at which slug flow occurs, is

approximately 0.25 to 0.3 ( Graffith and Synder 1964).  A semi-theoretical approach to this

problem was given by Radovicich and Moissis (1962), by considering a cubic lattice of the

bubbles, and it was shown that this occurs at void fraction of approximately 0.3.  If

considering the spherical bubbles in the cubic lattice, the void fraction of gas can be, at most,

0.52.

Thus if liquid flow rates are low enough such that the bubble break up due to turbulent

flow is small, the criteria for transition from bubble to slug flow is that the void fraction is

between 0.25 and 0.52. To determine the bubble to slug transition, the equations below shall

be combined.

If the gas bubbles rise at a velocity Gu , this velocity is related to the superficial gas S
Gu by

εε

S
GG

G
u

A
Q

u == (3-22)

where ε  is the void fraction.  Likewise, the average liquid velocity is given by the term of the

liquid superficial velocity as

)1()1( εε −
=

−
=

S
LL

L
u

A
Q

u (3-23)

Designating 0u as the rise velocity of the gas bubbles relative to the average liquid velocity,

equation (3-22) and (3-23) yield

( ) 011 uuu S
G

S
L ε

ε
ε

−−
−

=  (3-24)

The rise velocity 0u has been proposed by Harmathy (1960) to be quite insensitive to bubble

size and given by the relation of phase density ( ρ ) and surface tension )(σ

( ) 4/1
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(3-25)

By combining the above relations equation (3-22, 3-23, 3-24, and 3-25) and substituting the

rise velocity of gas bubbles and the physical properties of the fluids, the transition from bubble

to slug flow can be represented at a void fraction (ε ) equal to 0.25 as shown in equation

(3-26)
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2) Transition between bubble to dispersed bubble (transition B)

At higher liquid flow rates, turbulent forces act to break and disperse the gas phase into

small bubbles even for void fractions higher than 0.25. The theory of breakup of immiscible

fluid phases by turbulent forces was given by Hinze(1955). He determined that the magnitude

of the dispersion results from a balance between surface tension force and turbulent

fluctuations. His study of the relationship of surface tension and energy dissipation lead to the

maximum stable diameter in the dispersed phase maxd .

If the bubble size produced by the breakup process is large enough to permit

deformation, then the void fraction approaches 0.25 and the large Taylor bubbles of slug flow

are formed by the process of coalescence.  If at high liquid rate, the turbulent breakup

process can prevent agglomeration then the bubble size is small enough to remain a

spherical bubble. The bubble size at which this occurs is given by Brodkey (1967) as a

function of surface tension and buoyancy force, critd .

For critdd >max , the bubble rise velocity is almost independent of bubble size and the

bubble rise velocity is given by equation (3-26), But once the turbulent fluctuations are strong

enough to cause the bubbles to break into a smaller critical size, coalescence is suppressed

and dispersed bubble flow must exist even for void fractions is over 0.25.

The dimensionless expression relating surface tension force, turbulent force, the critical

size of rigid spherical bubble shape properties and pipe size at which turbulent induces

dispersion take place is as below.
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3) Transition between slug and dispersed bubble( transition C)

However, regardless of how much turbulent force is available to disperse the mixture,

bubble flow cannot exist at void fractions above 0.52.  Thus the transition B delimiting

dispersed bubble flow must terminate at transition which relates S
G

S
L uu , for void fractions

equal to 0.52 in below equation.
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4) Transition to annular ( transition E )

At high gas flow rates the two-phase flow becomes annular. The liquid film flows

adjacent to the wall and the gas flows in the center carrying entrained liquid droplets. The
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liquid moves upwards due to the interfacial shear and form drag on the liquid surface and on

the droplets.  The effect of these forces, annular flow cannot exist, unless the gas velocity in

the core is not sufficient to lift the entrained liquid droplet.

The minimum gas velocity required to suspend a drop is dependent on the gravity force

and drag force acting on the liquid drop as shown below:

)()6/()4/(
2
1 322

GLGG gdudCd ρρπρπ −= (3-29)

The droplet size ( d ) is determined by the balance between the impact force of the gas that

tends to shatter the droplet and surface tension force that holds the droplet together.  Hinze

(1955) showed that the maximum stable droplet size related to surface tension , gas density

and gas velocity is as shown below:

2
GGu

Kd
ρ

σ
= (3-30)

As suggested by Turner et. al (1969)  value of K = 30 and dC  = 0.44 were selected.

A characteristic of annular flow is that the film thickness is quite low even for relatively high

liquid flow rates. As a result the true gas velocity ( Gu ) can be replaced by the superficial gas

velocity rate ( S
Gu ) and the final transition boundary is given by
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(3-31)

This simple criteria shows that the transition to annular pattern is independent of liquid flow

rate and pipe diameter.

3.2.3 Flow pattern map for vertical downward direction

Flow pattern maps in the vertical downward direction have been proposed by Barnea,

Shoham and Taitel (1981) and are based on physical mechanisms.  Only three regimes were

observed: annular flow, slug flow, and dispersed bubble flow.

The most natural flow regime in the vertical flow is the annular flow which takes the

form of falling film at low gas rate and typical annular flow for high gas rate.  When the liquid

at low flow rate is introduced into a vertical downward pipe, without gas, it moves as a

symmetrical falling film.  When gas is introduced concurrently with the liquid, the gas flows

through the liquid annulus, while the liquid flow along the pipe wall.  The process to determine

the flow regime begins with a check to determine if the flow is in the annular flow regime.  If it

is found that it is not annular flow, then the flow regime is either intermittent flow or dispersed

bubble flow.  Check is then performed to determine if the flow is intermittent or dispersed

bubble flow.
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From the force balance on the equilibrium annular flow in the gas phase and liquid

phase,  a solution of the force balance yields the film thickness as a function of superficial

liquid and gas velocities, the physical properties of the fluid, and the pipe diameter.  The film

thickness shall be used to determine the flow pattern in vertical downward direction as shown

in Figure 3.2.3-1a and Figure 3.2.3-1b.

Figure 3.2.3-1 Flow pattern map for vertical downward flow,2.5 cm pipe (a) and 5.0 cm(b)

         Experiment, - - - - - - Theory;

A= annular, I = intermittent, DB= dispersed bubble.

1) Transition between annular and slug

The criteria for transition from annular to slug flow occurs when the supply of liquid in

the film is large enough to provide the liquid volume needed to maintain such a slug.  When

the liquid hold up in the slug flow is twice the liquid hold in annular flow then transition to slug

flow occurs.  From the study of Taitel et. al (1980) liquid hold up in the slug is equal to 0.7,

Thus transition to slug flow will take place at

5.0
7.0

=
A

AL or 35.0=
A
AL (3-32)

2) Transition between slug and dispersed bubble

The transition from slug to dispersed bubble flow takes place when sufficient turbulent

force is available to overcome interfacial tension to dispersed gas into small bubbles, thus the

basis of Taitel et.al.(1980) , for the case of vertical upward flow, is applicable here and may

give the transition line as below:
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Figure 3.2.3-1a Figure 3.2.3-1b
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3.3 Pressure loss

In single phase flow, Bernoulli theorem expresses the application of the law of

conservation of energy to the flow of fluids in a pipe.  The total energy (total head H ) at any

particular point, above some reference plane, is equal to the sum of the elevation head ( Z ),

the pressure head (
ρ
P

) , and the velocity head (
g

u
2

2

) as follows:

H
g

uPZ =++
2

2

ρ
(3-34)

In two-phase flow, the type of flow pattern is major factor to define the cause of

pressure loss.  In general, there are four types of pressure drop in two phase gas-liquid flow:

friction, acceleration, elevation, and minor loss.  Pressure loss can be calculated from the unit

pressure loss multiplied by pipe length. And the total pressure loss ( TP ) is the summation of

individual loss as below.

fitgafT PPPPP +++= (3-35)

3.3.1 Frictional Pressure Loss ( fP∆ )

Friction loss is a result of unit pressure loss multiplied by pipe length.

ZPP ff ∆×∆= (3-36)

3.3.2 Acceleration Pressure loss ( aP∆ )

Acceleration loss is determined by the distribution of gas and liquid over the pipe cross

sectional area.  In a near homogeneous flow, the velocity is quite uniform, and mixture

velocity change can be used to find the acceleration pressure loss

aP∆  = ( ) ( )[ ]upstreamdownstream
PC

rateMomentumrateMomentum
Ag

⋅−⋅
1   (3-37)

ZPP aa ∆×∆= (3-38)

3.3.3 Elevation Pressure Loss ( gP∆ )

The density of gas and liquid in the inclination occupies a fraction ε  and (1-ε ) of the total

volume, the elevation head can be calculated as follows

)()1( ερερ ggP GLg +−=∆ (3-39)

Elevation loss is calculated from the pressure loss per unit length ( gP∆ ) multiplied by pipe

length ( Z∆ ) in the individual flow pattern

ZPP gg ∆×∆= (3-40)
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3.3.4 Minor loss from valves or fittings ( fitP∆ )

The pressure drop due to fittings fitP∆ for a particular segment can be calculated from

the same concept of minor loss in single-phase flow.  This loss is independent of orientation

or flow pattern.  Many experimental studies shown that the pressure loss due to valves and

fitting is proportional to a constant power of velocity, fluid density and resistance coefficient

( K ) as shown in below equation.

2
)(

2
)(

22 uKu
D
LfPfit

ρρ
×=×=∆ (3-41)

The K  value for sudden enlargements ( Kenl ) and Sudden Contractions ( Kcon ) are

calculated from inside diameter on inlet side  ( 1d ) and outlet side ( 2d ) proposed by C.C.

Heald in Cameron Hydraulic Data (1988)
2
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The K  value for pipe fittings in terms of equivalent length ( L ) feet of valves, friction factor

( f ) for  00 45,90 elbow, etc are shown in Table 3.4.1-1 and the total fitting loss ( fitP )

depends on the number of fittings ( N ) in the system

NPP fitfit ×∆= (3-44)
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Table  3.3.4-1 Representative equivalent length in pipe diameter ( L/D) of various valves and
fittings ( Data from The Crane, 1988).
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3.4 Pressure loss in stratified flow

Pressure loss in stratified smooth and stratified wavy flow can be calculated from the

force balance equation of gas phase and liquid phase. The equilibrium stratified flow is shown

in Fig 3.4-1.  It is assumed that the gas and liquid are flowing separately as stratified pattern.

From the uniform steady state flow, hydraulic gradient is negligible. The value of pressure

gradient in gas phase and liquid is equal.  Unit pressure loss can be calculated by substitution

of flow parameters in below equations.

Figure 3.4-1 Equilibrium Stratified flow

( ) 0sin)/( =++−− αρττ gASSdZdPA LLiiLWLLL (3-45)

( ) 0sin)/( =+−−− αρττ gASSdZdPA GGiiGWGGG (3-46)

where

( )LdZdP , ( )GdZdP = pressure gradients ( pressure loss per unit length) in

the liquid and gas phases.

GA , LA  = cross sectional areas for flow for the gas and liquid

phases.

WGτ , WLτ , iτ  = wall shear stress for the pipe perimeter contacting the

gas and liquid, and the interfacial shear stress

respectively.

GS , LS , iS = pipe perimeters in contact with gas and liquid and

interface perimeter respectively.

Gρ , Lρ = density of gas and liquid phase

g = acceleration of gravity

α = angle of inclination of pipe from horizontal , positive for

downward and negative in upward direction, radian

unit.
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For a uniform steady state stratified flow and a minor value of hydraulic gradient in a

horizontal pipe, the value of ( )GdZdP  is assumed to be equal to ( )LdZdP . The force

balance equation for the liquid phase and gas phase can be combined into a single equation

as below.
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To solve the above equation and calculate the pressure loss in the two-phase system,

the two-phase variables and the physical properties shall be substituted in equation (3-47).

Shear stress at the liquid wall surface, gas wall surface and gas/liquid interface can be

calculated from these empirical equations

2
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The friction factor f  for laminar flow ( Re < 2300 ) and turbulent flow( )2300Re ≥ can

be determined from equation (3-51) and (3-52). Miller (1980) suggested that a single iteration

produced a result within 1 percent if the initial estimate was calculated from the modified

Colebrook ‘s equation as equation (3-52). Friction factors for fully developed flow in circular

pipes from the Moody chart are also shown in Appendix B.
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Gi ff ≈ (3-53)

where

=Re Reynolds Number

e  =  pipe roughness ( see details in Appendix B)

D  =  inside diameter of pipe

The Reynolds number of liquid and gas phase is calculated by using the actual velocity

and hydraulic diameter of each phase, not the superficial velocity and pipe diameter.

µ
ρ uD

=Re (3-54)

Hydraulic diameters are suggested by Agrawal et. al (1973)
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Superficial velocities and gas, liquid velocity are calculated as below.
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Void fraction ( )ε  is the ratio of pipe cross sectional area occupied by gas phase per total pipe

cross sectional area.

A
AG=ε (3-61)

The parameter GA , LA , GS , LS , iS , and others are geometric function of the

dimensionless liquid height,
D
hL , and can be evaluated as follows:

D
hh L

L =
~

(3-62)

( )1~2cos~ 1 −= −
LG hS (3-63)

( )1~2cos~ 1 −−= −
LL hS π (3-64)

( )21~21~
−−= Li hS (3-65)
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(3-67)
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LLLL hhhA π (3-70)
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~ π
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2~ DAA GG ×= (3-72)
2~ DAA LL ×= (3-73)
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Pressure drop for one phase alone in a pipe is calculated from below equations.  These

calculation results are then used to evaluate flow pattern and pressure loss in stratified flow

using the equation (3-45) or (3-46).
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3.5 Pressure loss in horizontal slug flow

A horizontal slug model was proposed by Duckler and Hubbard in 1975.  This study

was carried out in a 1.5 inch pipe, 65 ft long in the horizontal plane.  It is tested against the

proposed model with good agreement.  A sketch of an idealized slug in a fully establish flow is

shown in Figure 3.5-1.

Figure 3.5-1 A sketch of idealized slug flow

The mechanism of slug formation is shown in Figure 3.5-2.

1) Liquid and gas flow concurrently in a pipe.  At the gas and liquid velocities under

which slug flow takes place, the liquid layer decelerates as it moves along the pipe.  So liquid

level increases, such that a wave develops on the liquid surface.  The liquid height increases

to the point where it bridges the pipe and momentarily blocks the gas flow rate. (See Figure

3.5-2A, 3.5-2B, 3.5-2C)
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2) When the liquid bridging occurs,  the liquid appears to be accelerated to the gas

velocity.  In this manner the accelerated liquid acts as a scoop, picking up the slow moving

liquid in the film ahead of it and accelerating it to slug velocity. The fast moving liquid build its

volume and eventually becomes a liquid slug (See Figure 3.5-2D)

3) As the slug is formed, liquid is shed from the back of the slug and forms a liquid film

of length ( fl ) below the gas zone.  This liquid film decelerates rapidly from the slug velocity to

a much lower velocity, due to the effect of wall and interfacial shear.

4) The liquid slug gains liquid film which has been shed from the preceding slug, and

thus the slug picks up liquid at the same rate that it is shed, making it stable. The slug unit

length is constant ( fl + Sl )

5) The slug mixing zone occurs at the slug nose of length ( fS ll + ).  In this zone, the

liquid film ahead of the slug is overrun by the fast moving slug.  The liquid is accelerated to

the slug velocity via violent mixing and entrains with it gas bubbles.

If the gas rate and slug velocity increase, the degree of aeration of the slug increases.

If liquid slugs begin to bypass the gas, the slug cannot maintain a competent bridge to block

the gas.  This is the point at which the annular flow pattern begins.

Figure 3.5-2 Process of slug formation
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3.5.1 Pressure loss from frictional effect ( fP∆ )

In a liquid slug, pressure drop due to wall friction occurs behind the mixing eddy. The

similarity Model (case I) developed by Taitel et. al (1964) is used to determine the pressure

loss through friction. The two-phase is assumed to be homogeneous mixed phase.
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(3-79)

3.5.2 Pressure loss from acceleration effect ( aP∆ )

In a stable liquid slug, there is a difference between the liquid film velocity and slug

velocity. The pressure force to accelerate this liquid film to slug velocity cause a pressure loss

in the system:

( )tS
c

a uu
Ag
xP −=∆ (3-80)

Figure 3.5.2-1 Pressure loss in Horizontal slug model

The above flow parameters can be calculated by the following equations. Liquid hold

up ( SR ) is calculated from an experimental correlation given by Gregory, Nicholson, and Aziz

(1978) as a function of the average slug velocity ( Su ) in units of feet per second.

( ) 39.1405.281
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= (3-81)
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S
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uu + (3-82)

Based on the experimental data from the study of Duckler et. al (1985) in small

diameter pipes, the liquid slug length ( Sl ) can be evaluated as below

DlS 30= (3-83)

Translational velocity at the slug nose ( tu ) is the sum of the slug velocity and rate of build up

at the front due to film pick up
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The relation between SRe  and C  can be approximated from experiment by observing the

log linear relationship over the range 30,000< SRe <400,000. The constant C  can be

calculated from the relation of SRe  as below.
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Where SRe is the two phase Reynolds Number from similarity model proposed by

Duckler et al (1964).
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Slug frequency:
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Length of liquid film:

Sf lll −= (3-88)

Fraction of pipe flow area occupied by film ( fR ) can be calculated from:
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The length of the mixing eddy appears to depend on the relative velocity between slug and

film velocity head from observation.
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where Ls is the specific weight of the liquid.
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3.6 Pressure loss in annular and bubble flow (Similarity model)

The similarity model was proposed by Duckler, Wicks and. Cleveland (1964). The

experimental data from many sources are grouped and selected by flow condition.  Many data

were rejected due to error.  2,620 data points were selected to evaluate the most widely used

correlations for two–phase pressure drop and liquid hold up for annular and dispersed bubble

flow. This model is a so called “black box” method which is flow pattern independent.

Liquid hold up ( LR ) used in pressure drop calculation and two-phase flow parameters

calculation is based on the Hughmark correlation.

In this model the parameters for two phase flow corresponding to the Euler number

( Note that the Euler no. is twice the friction factor ) and Reynolds numbers for a single phase

flow will be developed.  If two flow systems in single phase flow are dynamically similar, it can

be shown that the Reynolds no. and the Euler no. for the two phase system must be equal. If

the dynamic similarity is to exist, the two phase density ( TPρ ), two phase viscosity( TPµ ),

liquid volume fraction ( Lλ ) are defined by,
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Case I This case is used for friction pressure loss calculation in horizontal slug flow which is a

homogeneous mixed with negligible slip. Under this conditions, 121 ==CC , LL R=λ ,

GL R=− )1( λ . The mixture properties are defined by

( )LGLLTP λρλρρ −+= 1 (3-94)

( )LGLLTP λµλµµ −+= 1 (3-95)

Case II  This case is used for friction pressure loss calculation in slug flow (in vertical upward,

vertical down flow ), bubble flow ( in horizontal, vertical upward and vertical down flow) and

annular flow for (in horizontal, vertical upward flow ) when slip take place. The constant 1C

and 2C  is assumed to be 1, the mixture properties are defined by

( )
)1(

1 22

L

L
G

L

L
LTP RR −

−
+=

λρλρρ (3-96)

( )LGLLTP λµλµµ −+= 1 (3-97)
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3.6.1 Hughmark Liquid hold up ( LR )

Liquid hold up can be calculated from the Hughmark correlation, which is a modification

of the one originally proposed by Bankoff (1960), as shown in Figure 3.6.1-1.

( ) ( ) ( )[ ]111
1

+−
=−

LG
L x

KR
ρρ

(3-98)

Figure 3.6.1-1 Hughmark ‘s liquid hold up Correlation

where the Bankoff parameter ( K ), Z parameter, liquid volume fraction (λ ), Froude Number

( FRN ), and Reynolds number ( Re ) are calculated as below:

( ) ( )
25.0

125.0167.0Re
λ

FRNZ ⋅
= (3-99)

gD
u

N TP
FR

2

= (3-100)

GLLL

TP
TP RR

DG
µµ )1(

Re
−+

= (3-101)

Liquid volume fraction, two-phase velocity, two-phase mass velocity, and quality are

calculated as below:

S
G

S
LTP uuu += (3-102)

( )
A

QQ
G GGLL
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ρρ +

= (3-103)

( )LLGG

GG

QQ
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x
ρρ

ρ
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= (3-104)
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λ

FRNZ =
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3.6.2 Pressure Loss

Frictional Pressure Loss and Gravitation Pressure Loss are calculated by the equation

derived by the dynamic similarity in two corresponding points.  Flow parameter formula from

experimental data and liquid hold up are used to calculate pressure loss as below.

( )
Dg

uuf
P

C

S
G

S
LTPTP

f 2

2
+

=∆
ρ

(3-105)

( )[ ]LGLL
c

g RR
g
gP −+=∆ 1ρρ (3-106)

Two-phase friction factor is calculated from the normalized curve 
0f

fTP  in Figure 3.6.2-3

or below equations.

( )
( ) ( ) ( ) ( )

}
ln00843.0ln094.0ln444.0ln478..0281.1

ln{0.1 432 λλλλ
λλα

−+−−−+−−
−=

(3-107)

32.00 Re
125.000140.0
TP

f += (3-108)

Figure 3.6-3 Normalized 
0f

fTP curve

Figure 3.6.2-1 Normalized curve 
0f

fTP

3.7 Pressure loss in vertical upward slug flow

A vertical upward Slug flow model was proposed by Fernandes, Semiat and Duckler

(1983).  Their physical model was developed from the equilibrium isothermal, concurrent gas-

liquid in vertical upward pipes at low pressures in a steady state flow. The cause of pressure

loss has three components, namely friction loss, acceleration loss, and elevation loss.

3.7.1 Pressure loss from frictional effect ( fP∆ )

In general the gas density and viscosity are much lower than liquid density and

viscosity.  The Taylor bubble is a region of negligible pressure loss.  Frictional pressure loss

 



39

From the liquid slug can be calculated using the similarity case II with bubble distributed in the

slug by Taitel et. al(1964). Void fraction in the liquid slug( LSα ) equals to 0.25.

2
2

40
2

LLSTPTPLS
LLSTPTP

f ufl
D

uf
P ρ

ρ
==∆ (3-109)

Liquid volume fraction ( Lλ ) is calculated from

)()1( S
G

S
LLSLLSL uuu +−= αλ (3-110)

3.7.1 Pressure loss from acceleration effect ( aP∆ ) Liquid film around the Taylor Bubble

falls in a reversed direction with a liquid film velocity, ( LTBu ).  The liquid slug velocity ( LLSu ) is

in upward direction.  The acceleration pressure gradient results from the force needed to

accelerate the liquid in the film to liquid slug velocity

( ) ( )LLSLTBTBCLTBLa uuguP +×−=∆ αρ 1)( (3-111)

3.7.2 Pressure loss from gravitational effect ( gP∆ ) pressure loss is calculated from

average void fraction over slug unit ( SUα ).

( ) ( )[ ]SUGSULCg ggP αραρ −+−=∆ 11)( (3-112)

A sketch of an idealized slug pattern is shown in Figure 3.7-1.  The large Taylor

Bubbles flow upward at a translation velocity ( Nu ), its nose shape is almost perfectly bubbled

shaped and flat at the tail. The gas Taylor bubble length ( TBl ) is constant in the axial direction

when assumed to have constant volume.  Small entrained are distributed almost uniformly

over the liquid slug length, except at the tail of Taylor bubble.  The small bubble quantity is

high after the slug tail.  The void fraction in the Taylor bubble, liquid slug, and after the Taylor

bubble are defined as TBα , LSα Hα respectively.  These small bubbles are distributed evenly

over the slug length ( l ), except at the tail of Taylor bubble where the void fraction ( Hα ) is

considerably higher than the void fraction in liquid slug ( LSα ) because of the amount of

entrained gas bubbles from the falling film to the back of the Taylor bubble.  The abbreviation

of Taylor bubble and liquid slug are as below.
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Figure 3.7.1-1 A slug unit for vertical upward slug model

TBl = length of gas Taylor bubble

LSl = length of liquid slug

l = length of slug unit

GTBu = velocity of the gas in the Taylor bubble

GTBu = velocity of the gas in the liquid slug

LTBu = velocity of the liquid in the Taylor bubble

LLSu = velocity of the liquid in the liquid slug

Nu = velocity of translation of Taylor bubble

The average void fraction over the slug unit ( SUα ) is the ratio of the volume of gas in

the slug unit ( GV ) and volume of the slug unit itself ( SUV ). It can be rearranged in the form of

Taylor bubble void fraction TBα , void fraction in the liquid slug ( )LSα  and β  ratio as below.

)]([)( LSTBGLSLSGTBTBSUGSU llAAlAlVV +×+==α (3-113)

SUα ( ) LSTB αββα ×−+= 1 (3-114)

A
AGTB

TB =α (3-115)

A
AGLS

LS =α (3-116)
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LSTB

TB

ll
l
+

=β (3-117)

where GTBA  represents the cross sectional area of the cylindrical portion of Taylor bubble,

GLSA  is the effective cross sectional area occupied by gas in the liquid slug.

Superficial gas and liquid velocities can be calculated from the over all mass balance of

incompressible gas bubbles. Thus mass and volume balance are equivalent. Consider the

flow of the slug unit through a fixed cross sectional plane.  The time interval that the Taylor

bubble takes to pass the cross section plane in Taylor bubble length ( TBl ) and liquid slug

length ( LSl ) are TBt∆  and LSt∆  at translation velocity ( Nu ).

NTBTB ult =∆ (3-118)

NLSLS ult =∆ (3-119)

The volume of gas carried upward by the Taylor bubble and volume of gas carried by liquid

slug are GTBV and GLSV .

)()()( NGTBTBTBTBTBGTBBGT uuAltAuV αα =∆= (3.120)

))(()( NGLSTBLSLSLSGLSGLS uuAltAuV αα =∆= (3.121)

During the time corresponding to the passage of one slug unit ( LSTB ttt ∆+∆=∆ ), the

volume of gas entering the cross section area is equal to the summation of gas volume being

carried by the liquid slug and Taylor bubble in a slug unit.

]))[(()( NLSTB
S

GLSTBGGTB ullAuttQV +=∆+∆= (3.122)

Superficial gas velocity can be calculated by combined equations (3.121) and (3.122).

( ) GLSLSGTBTB
S

G uuu αββα −+= 1 (3-123)

Liquid superficial velocity can be calculated in the same manner as the above method.

( ) ( ) ( ) LTBTBLLSLS
S

L uuu αβαβ −−−×−= 111 (3-124)

Translation velocity is related to other flow parameters by below equations.  The Taylor

bubble travels through the two-phase mixture of liquid slug at a transnational velocity, Nu ,

greater than that of either the gas or liquid phase.  Thus, independent continuity relation can



42

be developed by considering the flow relative to the nose of the Taylor bubble.  For liquid

phase one obtains

( ) ( ) TBGTBNLSGLSN uuuu αα −=− (3-125)

The above equation states that in a coordinate system which translates upward , the

rate of liquid flow approaching the nose from the slug is equal to that being drained in the film.

The same concept, applied to the gas phase gives

( ) ( ) ( ) ( )TBLTBNLSLLSN uuuu αα −×+=−×− 11 (3-126)

The rise velocity of a Taylor Bubble is calculated using a slight modification of the

equation by Collins, Davidson and Harrison (1978).  A Taylor bubble moves steadily upwards

with a rise velocity ( Nu ) in the stagnant liquid.  For water which is not very viscous, an

approximate analytical solution leads to a specific constant value for rise velocity of 0.35.  The

mean velocity of liquid just ahead of the Tailor Bubbly is approximate to S
L

S
G uu + .  Further,

near the nose of Taylor bubble at the center of the tube, where the velocity is the highest, the

liquid velocity is approximated to  )(29.1 S
L

S
G uu +× .

)(29.135.0 S
L

S
GN uugDu +×+= (3-127)

Bubble velocity in the liquid slug can be estimated by the rise velocity, and buoyancy

forces acting on the bubbles.  Liquid film velocity around the Taylor bubble can be calculated

from the film thickness relation as

( )
LS

L

GL
LLSGLS

g
uu α

ρ
ρρσ

−⎥
⎦

⎤
⎢
⎣

⎡ −
×+= 153.1

4/1

2 (3-128)

( )[ ] 2/1
1916.9 TBLTB gDu α−×= (3-129)

From the above assumption, one approach to solve the solution of flow parameters is

to assume the void fraction in the liquid slug ( LSα ) equals to 0.25.  This void fraction value

exists at the transition from bubble to slug flow which is proposed by Taitel et. al(1980).

Stable liquid slug ( Sl ) from experimental work of Fernandes et. al shows that DlS 20≈

which agrees with the proposal of Taitel et. al(1980).  Two-phase pressure loss in the slug

flow can be calculated by these calculated flow parameter as the previously mentioned.
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3.8 Pressure loss in vertical upward bubble flow

This model is based on the study of Dukler et. al.  In this flow pattern, a continuous

swarm of bubbles flows upward with the liquid stream.  Buoyancy force cause bubbles to flow

past the liquid phase so that bubbles velocity is higher than the liquid with the difference

between gas and liquid velocity called rise velocity.

Pressure loss can be calculated from the two-phase friction factor ( TPf ) as shown in

Figure 3.6-3 and void fraction (ε ) value from rise velocity

3.8.1 Pressure loss from frictional effect ( fP∆ )

Frictional pressure loss can be calculated using the similarity case II model proposed

by Taitel et. al (1964) and other flow parameters.

Dg
uuf

P
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TPTP

f
GL

2
)( 2+

=∆
ρ

(3-130)

3.8.2 Pressure loss from gravitation effect ( gP∆ )

( )[ ]lGg gc
gP ρεερ −+=∆ 1 (3-131)

3.8.3 Void fraction (ε )

Void fraction can be calculated from the definition of rise bubble velocity and

superficial phase velocity ( S
L

S
G uu , )

GL uuu −=0  (3-132)

( ) 01
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(3-133)
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It should be noted that at low liquid flow rate, bubble flow will occur if the average void

fraction does not exceed 0.25.  But at high liquid rate, the turbulent forces tend to break up

the larger Taylor bubble which is formed at void fraction above 0.25 and bubble flow can exist

at void fractions as high as 0.5.  So the calculated void fraction shall be in the range of 0.25 to

0.5.



44

3.9 Pressure loss in vertical down annular flow

Pressure loss in annular flow can be calculated in the same manner as the stratified

model.  Force balances on the gas and liquid are rearranged in the form of film thickness (δ )

and the proposed correlation of others parameter for solving the unit pressure balance of

annular flow.  Details of calculations are as below.

The process of analyzing transition for vertical downward flow is started from annular

flow determination. When gas is introduced concurrently with the liquid in a pipe, the gas

flows along the pipe core while the liquid flows separately along the pipe wall as shown in

Figure 3.9-1. The force exerted on the fully developed flow can be described by determining

force balance per unit pipe length between liquid phase and gas phase:

Figure 3.9-1 Equilibrium Annular flow

0)/( =++−− gASSdZdPA LLiiLWLLL ρττ (3-135)

0)/( =+−− gASdZdPA GGiiGG ρτ (3-136)

For a uniform steady state and in the absence of hydraulic gradient, the value of

( )GdZdP  is equal to ( )LdZdP . The pressure balance in the liquid and gas phases are

combined as below:

( ) 011
=−−+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+
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L
WLGL

GL
ii A

S
g

AA
S τρρτ (3-137)

A dimensionless liquid film thickness (δ~ ) is defined as the ratio of liquid film height per

pipe diameter. This dimensionless parameter can be calculated at each flow condition and its

physical properties by below equation.
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Pressure loss in annular flow is calculated from the flow parameters and the liquid film

thickness as indicated in these equations.
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~
(3-139)

DSL π= (3-140)
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Shear stress at the liquid wall and interface ( iWL ττ , ) and friction factor are calculated

from the correlation proposed in 3.4 Stratified model from equations (3-48) to (3-53)

respectively.

3.10 Pressure loss in vertical downward slug flow

Pressure loss in vertical downward slug consists of friction loss and gravitational loss.

Friction loss can be calculated using the similarity model by Taitel et. al(1964) and the

gravitation pressure loss using liquid hold up calculated from drift flux which is proposed by

C.S, Martin (1998).

3.10.1 Pressure loss from frictional effect ( fP∆ )

Frictional pressure loss can be calculated by the similarity model case I as below
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where Sl  is liquid slug length, Tl  is total slug unit length, mu  is the mixture velocity.

These following flow parameters are calculated from the similarity model.  Void fraction

of liquid slug (ε ) is assumed to be 0.25 by Dukler et. al.(1980). Thus the value of two-phase

friction factor ( TPf ) is evaluated at a liquid volume fraction value (λ ) equal to 0.75.

3.10.2 Pressure loss from gravitation effect ( gP∆ )

( )[ ]GLLLg HH
gc
gP ρρ −+=∆ 1 (3-149)

3.10.3 Drift flux Liquid hold up ( LH )

Liquid hold up can be calculated from the gas superficial velocity ( S
Gu ) and the Taylor

bubble velocity ( )bu .  For the vertical downward slug model, average constant value of the

distribution parameters 0C  and Drift flux coefficient K value are 1 and -0.6 respectively.
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Because the void fraction of the liquid slug is around 0.25, LH obtained from the above

equation is limited to 0.75.

3.11 Pressure loss in vertical downward bubble flow

Pressure for vertical downward bubble flow can be calculated in the same manner as

vertical downward slug flow.  The similarity model is used for frictional pressure loss

calculations and Drift flux model is used for gravitational loss and liquid hold up ( LH ). Details

of the calculations are as below.
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3.11.1 Pressure loss from frictional effect ( fP∆ ):

Frictional pressure loss can be calculated using the similarity model case II by

Taitel et. al (1964) using the flow parameters as indicated:

gcD
Uf

P mTPTP
f 2

2ρ
=∆ (3-152)

3.11.2 Pressure loss from gravitation effect ( gP∆ )

Gravitation pressure loss is calculated using equation (3-149)

3.11.3 Drift flux Liquid hold up ( LH )

C.S Martin (1973) obtain the value of constant parameter 0C = 0.9 and the value of K

equal to zero from his experimental data. The liquid hold up for vertical downward flow is

simply calculated as

m

S
G

L u
u

H
9.0

1−= (3-153)



CHAPTER IV

PROGRAM DEVELOPMENT

4.1 Program basis

The basis of the two-phase flow program is developed from the physical mechanisms

from experimental data of air and water in the pipe at low pressure and room temperature.

The list of the original scope of experimental condition ranges used to develop the models is

shown in Table 4.1-1, 4.1-2, 4.1-3 for horizontal, vertical upward and vertical downward

direction respectively. The unit conversion table is shown in Table 4.1-4.

Table  4.1-1  Basis of horizontal flow pattern determination

Table  4.1-2 Basis of vertical upward flow pattern determination

Item Description English unit Metric unit

1 Source of data reference Manhane  et. al.
1974

Manhane  et. al.
1974

2 Fluid type air - water air - water
3 Pipe size, ID 1 inch 2.5 cm
4 Pipe length, L - -
5 Temperature 77 0F 25 0C
6 Pressure, P 14.7 PsiA 0.1 Mpa
7 Range of Velocity, UL

S 0.03-26 ft/s 0.01 - 8 m/s
8 Range of Velocity, UG

S 0.33-260 ft/s 0.1 - 80 m/s
9 Range of Volume flow rate, QL 0.07-50 (10-3) ft3/s 0.02-16 (10-3) m3/s
10 Range of Volume flow rate, QG 0.7-530 (10-3) ft3/s 0.2-160 (10-3) m3/s

Item Description English unit Metric unit
1 Source of data reference Taitel et. al. 1980 Taitel et. al. 1980
2 Fluid type air-water air-water
3 Pipe size, ID 1 - 2 inch 2.5 - 5.1 cm
4 Pipe length, L 28 ft 8.5m
5 Temperature 77 degF 25 degC
6 Pressure, P 14.7 PsiA 0.1 Mpa
7 Range of Velocity, UL

S 0.1 - 10 ft/s 0.03 - 3 m/s
8 Range of Velocity, UG

S 0.1 - 100 ft/s 0.03 - 30m/s
9 Range of Volume flow rate, QL 0.2 - 20 (10-3)ft3/s 0.06 - 6 (10-3) m3/s

10 Range of Volume flow rate, QG 0.2 -200 (10-3)ft3/s 0.06-60 (10-3) m3/s
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Table  4.1-3 Basis of vertical downward flow pattern determination

Table 4.1-4 Unit of measurement

4.2 Program layout

The developed program is called “ Two-Phase program”. It is designed to reduce the

time required to perform of manual calculations for flow pattern, pressure loss, and two-phase

flow iterations of gas-liquid flow in pipeline systems.  The program is developed in Visual

Basic version 6.0 and is run under Microsoft Windows. Each run result is stored in the

Notepad application which the user to print out the result for review and record keeping.

The program has two sections, namely the input section and the results section. Details

of each section are as explained below.  The program is ready for calculation once the data of

the flow condition of the gas and liquid is entered in the input box and the pipe orientation is

Item Description Metric unit English unit
1 Source of data reference Barnea et. al. 1981 Barnea et. al. 1981
2 Fluid type air-water air-water
3 Pipe size, ID 2.5 - 5.1 cm 1 - 2 inch
4 Pipe length, L 10 m 33 ft
5 Temperature 25 0C 77 0F
6 Pressure, P 0.1 MPa 14.7 PsiA
7 Range of Velocity, UL

S 0.02 - 20 m/s 0.07 - 65 ft/s
8 Range of Velocity, UG

S 0.05 - 5 m/s 0.16 - 16 ft/s
9 Range of Volume flow rate, QL 0.04 - 40 (10-3) m3/s 0.1 - 130 (10-3) ft3/s

10 Range of Volume flow rate, QG 0.1-10 (10-3) m3/s 0.3 - 33 (10-3) ft3/s

To convert to SI  multiply byAbbreviation Dimension English unit
Factor SI Unit

A Cross section area inch2 6.5416 cm2

d Pipe inside diameter inch 2.54 cm
deg Angle of inclination degree Pi/180 radian
g Acceleration of gravity 32.174ft/s2 - 9.81m/s2

L Length ft 0.3048 m
mu Viscosity cP 1 (10-3)Ns/m2

P Pressure psi 0.07031 kg/cm2

Ps Pressure loss Psi/100 ft 0.23068 kg/(cm2x100m)
Q Flow rate ft3/s 35.3145 m3/s
Rho Density lbm/ft3 16.0184 kg/m3

Surf_L Surface tension lbf/ft 14.5938 N/m
T Temperature deg F (T-32)/1.8 deg C
V Velocity ft/s 0.3048 m/s
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selected.  The result of calculation i.e., flow pattern, and pressure loss will be shown in the

provided results box.

4.2.1 Input Section

Information of calculation data such as calculation number, revision, date, can be input

to provide a history record of the calculation. A save button command supports the save and

retrieve functions.  This function helps the user when the input data is required repeatedly to

calculate flow over many line sections in many cases.  The benefit of this is in the terms of

input time saving and the human error factor in the inputting process.

Process input data such as physical properties for the gas phase and liquid phase. and

pipe size properties are as shown in Figure 4.3.1-1.  All input boxes must be filled in to allow

the calculation process to be completed. Input descriptions are listed as below:

1. Liquid volume flow rate and Gas volume flow rate ( QL,QG )

2. Liquid density and gas density ( rhoL, rhoG )

3. Liquid viscosity, gas viscosity ( muL,muG )

4. Surface tension (sur_f)

5. NPS : norminal pipe size

6. Schedule : schedule of pipe

7. D(id) : inside diameter, The program provides values of inside diameter based on

the input nominal pipe size and pipe schedule. The commercial pipe size are based on

ANSI B31.3 Standard ( See more detail in Appendix A).  A specific value can be input

by user as an option.

8. Inclination: angle of pipe orientation

9. Length: length of pipe

Figure 4.2.1-1 Program ‘s Input screen
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4.2.2 Calculation result

Result of Two Phase flow pattern and pressure is shown in a provided list box

separate into horizontal flow or vertical upward or vertical downward flow as below:

Figure 4.2.2-1 Results section screen

4.3 Calculation Procedure

The process of flow pattern determination starts when all the input data has been filled

in completely and pipe orientation has been selected. The calculation procedures of

horizontal direction, vertical upward and vertical downward are shown in Figure 4.3-1, 4.3-2,

4.3-3 respectively.

Once the program has completed the flow pattern determination, it continues to

calculate pressure loss based on the proposed models of each flow pattern.  A flow chart of

the program procedure for stratified model, horizontal slug model, similarity model, vertical

upward slug model, vertical upward bubble model, annular downward model, vertical down

slug model, and vertical down bubble model are shown in Figure 4.3-4, 4.3-5, 4.3-6, 4.3-7,

4.3-8, 4.3-9, 4.3-10, 4.3-11 respectively.
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Figure 4.3-1 Flow chart for horizontal flow pattern
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Figure 4.3-1( Cont.) Flow chart for horizontal flow pattern
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         ( rhoL-rhoG)xgxsin(deg)

H-2/1

ReL>2300
No

Yes

fWL = 0.25x(log (rft/3.7 + 5.74/ReL 0̂.9) ) -̂2 fWL=64/ReL

F = sqr(rhoG/(rhoL-rhoG))xUGS / ( sqr(D/12)xgxcos(deg) )            
tranA = (F^2) x (1/(1-hL_D) 2̂) x ( 0.25 x Pi x sqr (1-a1 2̂) ) / (AG/D 2̂) 2̂

tranA >=1
No

Yes

tranB< 0.5
No

Yes

UL>=UL_D
No

Yes

No

Yes

print"slug "
variable

print"DB",
variable

print
"Annular"
variables

print"SS",
variables

print"SW"
variables

UG>=tranC

A3

A2

A1

tranD = sqr( 4x(AG/Si/12)xgxcos(deg)/fWL)
            x (1-rhoG/rhoL) )

tranB = hL_D

H
1/2

No
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Figure 4.3-2 Flow chart for vertical upward flow pattern

A= 0.25 x Pi x D^2                           
ULS = QL/(A/144)                        
UGS = QG/(A/144)
Uo =1.53x (gxgcx(rhoL-rhoG)xsurf_Lxgc/rhoL 2̂) 0̂.25    
UGS_E = 3.1x(sft_Lxgx32.174x(rhoL-rhoG)/rhoL 2̂) 0̂.25 
ULS_B= 4x( (D/12) 0̂.429 x ( gcxsurf_L/rhoL) 0̂.089x (gx(rhoL-rhoG)/rhoL) 0̂.446
              /( muLx6.719E-4/ rhoL) 0̂.072 -UGS  

Yes
No

start

QL,QG,rhoL,rhoG,muL,muG,surf_L
D, pipe schedule,e,deg

print 
"Annular"
variables

A3

ULS_C = 0.923xUGS - 0.48xUo

ULS>ULS_C

ULS>ULS_B

UGS>UGS_E

No

Yes
D<1

A4A5

print 
"Slug"
variables

print 
"Bubble "
variables

No
Yes

Yes

No

UGS_A =(ULS + 0.75xUo)/3

UGS>UGS_A

No

Yes

UG = 0.35sqr(gD)

Uo>UG

No
Yes
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Figure 4.3-3 Flow chart for vertical downward flow pattern

ReL>2300
No

Yes

fWL= 0.25x(log (rft/3.7+5.74/ReL 0̂.9) )^ -2 fWL=64/ReL

thk_L_d = 0

thk_L_d = thk_L_d +0.0001

start

QL,QG,rhoL,rhoG,muL,muG,surf_L,D,e

ReG>2300
No

Yes

fWG= 0.25x(log (rft/3.7+5.74/ReG 0̂.9) ) -̂2 fWG=64/ReG

thk_L = thk_L_d x D 
A = 0.25 x Pi x D^2                                       
AG = Pi x ( D/2 - thk_L )^2
AL = Pi x( Dxthk_L - thk_L ^2)
alpha =AG/A     'alpha = void fraction               
UGS = QG/(A/144)                                 
ULS = QL/(A/144)
UG = 4xUGS / (1-4xthk_L_d + 4xthk_L_d^2)
UL = ULS / ( 4x(thk_L_d - thk_L_d 2̂) )
DG = D x (1- 2xthk_L_d)                                  
DL = 4 x D x (thk_L_d - thk_L_d 2̂)
ReG = rhoGxUGx(DG/12) / (muGx6.7197E-4)
ReL = rhoLxULx(DL/12) / (muLx6.7197E-4)
rft = (ex12)/D          

VD-2/1

V
1/2
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Figure 4.3-3 (Cont.) Flow chart for vertical downward flow Pattern

AL/A< 0.35

ULS_DB=4x( (D/12) 0̂.429 x (gcxsurf_L/rhoL) 0̂.089x
               ( gx(rhoL-rhoG)/rhoL) 0̂.446 / (muLx6.7197E-4/rhoL) 0̂.072 ) - UGS

No

Yes

No
Yes

fi = fWG
Taui = 0.5 x fi x rhoG x (UG-UL) 2̂
TauWL =  0.5 x fWL x rhoL x UL^2
Mvd1= ( Taui / ( (D/12) x (thk_L_d - thk_L_d 2̂) x (1 - 2xthk_L_d) ) ) + 
           ( ( rhoL-rhoG)xg ) - ( TauWL / ( D/12 x thk_L_d x thk_Ld^2) ) 

print 
"Annular"
variables

A6

print "Slug 
Flow",
variables

A7

print "DB",
variables

A8

ULS>ULS_DB

/Md1/<1

No
VD-2/1

Yes

V
1/2
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Figure 4.3-4 Flow chart for stratified model

dP/dL)f  = ( 100/(ALxgc)) x (TauixSi/12)-(TauWLxSi/12) )
dP/dL)g = ( 100/144xgc) x ( rhoLxgxsin(deg) )
dP/dL)a =  0
dP)f = dP/dL)f x L
dP)a = dP/dL)a x L 
dP)g = dP/dL)g x L
Total dP= dP)f +dP)a +dP)g+dP)fit

End of program

A1

Print Variables
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Figure 4.3-5 Flow chart for horizontal slug model

dP/dL)f = (100/144) x ( fsxrhoSxUs^2) x ( Ls-Lm ) / ( 2 x gc x (D/12) x Lu)
dP/dL)a = (100/144) x ( rhoLxRfx(Ut-Uf)x(Us-Uf) / ( gcxLu ))
dP/dL)g =0
dP)f = dP/dL)f x L
dP)a = dP/dL)a x L 
dP)g = dP/dL)g x L
Total dP= dP)f +dP)a +dP)g+dP)fit

Res>2300

fs=64/Res

Yes

No

fs = 0.25x(log (rft/3.7 + 5.74/ReS 0̂.9) )^ -2

End of program

A2

muS =  (muL x Rs) + (muG x (1-Rs))
rhoS =  (rhoL x Rs) + (rhoG x (1-Rs))
ReS = (rhoS x (D/12) x Us) / (muSx6.7197E-4)
Us = ULS + UGS
Rs = 1 / (1+ Us/28.405)^1.39
Ls = 30 x (D/12)
C=0.021ln(ReS)+0.022
Ut= (1+C)xUs
freq=0.0226 x ((ULS/(gxD/12) x ((19.75/Us)+Us) )^1.2
Lf=(Ut/freq) - Ls
Lu=Lf + Ls
Rf=((freqxLs/Us)xRs - QL/(A/144)xUs - CxRs x(1/( (freqxLs/Us)-1-C))
Uf= Ut-(CxUsxRs/Rf)
Lm=0.3x62.43x(Us - Uf)^2/(2xgc)

Print Variables
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Figure 4.3-6 Flow chart for annular and bubble flow (similarity model)

 RG= 0

RG = RG + 0.001

UTP = ULS+UGS
GTP= (QLxrhoL+QGxrhoG)/(A/144)
lamda = QL/(QL+QG)
x_q = (QxrhoL)/(QLxrhoL+QGxrhoG)
muTP = ((1-RG) x muL)+(RG x muG)
rhoTP= (rhoLxlamda 2̂/(1-RG)) + (rhoGx(1-lamda) 2̂/RG)
ReTP = (D/12) x GTP / (muTP x 6.7197E-4)
NFR = UTP 2̂ / (g x (D/12))
Z = Re 0̂.167 x NFR^0.125 / lamda 0̂.25

/R chk/<0.001

Yes
No

 
RG_A = K / ((1/x-1) x ((rhoG/rhoL) + 1))

R chk = RG - RG_A

A3

A3
1/2

10<=Z<40 40<=lamda

Z =0.0017Z ^ 3 - 0.0398Z^ 2
     + 0.3271Z - 0.1848

Z = -7 * 10 ^ -5  Z^ 2 +
          0 .0048 Z + 0.7481

Z = 0.1038 lnZ + 0.4823

1<=Z<10
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Figure 4.3-6 (Cont.) Flow chart for annular and bubble flow (similarity model)

ReTP>2300

fo=64/ReTP

No
Yes

fTP per fo =  1 + (lamda / (1.281 - 0.478 * lamda + 0.444 * lamda ^ 2 - 0.094 *
                   lamda ^ 3 + 0.00843 * lamda ^ 4))
f TP = (fTP per fo) x fo
dP/dL)f = (100/144)x( fTP x rhoTP x UTP 2̂) / ( 2 x gc x (D/12) )
dP/dL)a = 0
dP/dL)g = (100/144)x(g/gc) x (rhoLx(1-RG)+RGxrhoG)xsin(deg)
dP)f = dP/dL)f x L
dP)a = dP/dL)a x L 
dP)g = dP/dL)g x L
Total dP= dP)f +dP)a +dP)g+ dP)fit

fo = 0.25x(log (rft/3.7 + 5.74/ReTP 0̂.9))̂ -2

 message box 
"error lamda 
value,

lamda < 1.0

Yes

No

N

End of program

A3
1/2

Print Variables
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Figure 4.3-7 Flow chart for vertical upward slug model

lamda = ULLs x (1-alphaLS) / (UGS +ULS)
rho TP = [ rhoG x (1-lamda) 2̂ / alphaLS ] + [ ( rhoL x lamda 2̂) / (1-alphaLS) ]
mu TP = (mu L x lamda) + [mu G x (1-lamda)]
Re TP = rho TP x (ULS + UGS) x D / mu TP

ReTP>2300

fo4=64/ReTP

No

Yes

beta = LTB / ( 20D + LTB )
L = LTB + LLS
alphaSU = beta x alphaTB + (1 - beta) x alphaLS
UGS= beta_a4 x alphaTB x UGTB + (1-beta)x alphaLS x UGLS 
USL = (1-beta)x(1-alphaLS)x ULLS - beta x (1-alphaTB) x ULTB
(UN - UGLS) x alphaLS = (UN - UGTB) x alphaTB
(UN - ULLS)x(1-alphaLS) = (UN + ULTB ) x (1- alphaTB)
UN = (0.35 * Sqr(g * (D / 12))) + (1.29 * (UGS + ULS))
UGLS = ULLS + 1.53 * (surf_L * g * 32.174 * (rhoL - rhoG) / rhoL ^ 2) ^ 0.25
ULTB_G4 = 9.916 * (Sqr(g x D / 12 x (1 - Sqr(alphaTB_a4)))

fo = 0.25x(log (rft/3.7 + 5.74/ReTP 0̂.9))̂ -2

A4

fTPperfo= 1 + (lamda/ (1.281 - 0.478 * lamda + 0.444 * lamda ^ 2 - 
                0 .094 * lamda  ^ 3 +0.00843 * lamda ^ 4))
fTP = (fTP per fo) x fo
dP/dL)f = 40 x fTP x ULLS^2
dP/dl)a = rhoL x ULTB x ( 1-alphaTB) x (ULLS+ULTB) /(gc x Lu)
dP/dL)g = ( g / gc) x( rho L x ( 1-alphaSU) + (rhoG x lapha SU)
dP)f = dP/dL)f x L
dP)a = dP/dL)a x L 
dP)g = dP/dL)g x L
Total dP= dP)f +dP)a +dP)g+ dP)fit  

Print  Variables"
End of program

 message box 
"error lamda value,
lamda='

lamda < 1

Yes

No

LLS = 20 * (D / 12) 
alphaLS = 0.25 
alphaTB = 0

alphaTB = alphaTB+.0001
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Figure 4.3-8 Flow chart for vertical upward bubble model

Uo=1.53 x (surf_Lxgcxgx(rhoL-rhoG)/rhoL 2̂) 0̂.25
alpha_1=((UGS+ULS+Uo) + sqr( (UGS+ULS+Uo) 2̂ - (4xUGSxUo) )/(2xUGS))
alpha_2=((UGS+ULS+Uo) - sqr( (UGS+ULS+Uo) 2̂ - (4xUGSxUo) )/(2xUGS))

UTP = ULS + UGS
lamda = ULS / UTP
rhoTP = rhoGx(1-lamda) 2̂/alpha + (rhoLxlamda2̂) / (1-alpha)
muTP = muLxlamda + muGx(1-lamda)
ReTP = (D/12)xUTPxrhoTP /(muTPx6.7197E-4)

ReTP>2300
No

Yes

-1<alpha_1<1

alpha = alpha_1

-1<alpha_2<1
Yes

No

alpha = alpha_2
Yes

No

fo=64/ReTPfo = 0.25x(log (rft/3.7 + 5.74/ReTP 0̂.9))̂ -2

alpha = 0.25

A5

dP/dL)f = (100/144)x(fTPxrhoTPx UTP2̂) / (2xgcx(D/12))
dP/dL)g =(100/144)x(g/gc)x (rhoLx(1-alpha)+rhoGxalpha)
dP/dL)a =0
dP)f = dP/dL)f x L
dP)a = dP/dL)a x L 
dP)g = dP/dL)g x L
Total dP= dP)f +dP)a +dP)g+ dP)fit  

End of program

Print  Variables"

 message box 
"error lamda valuelamda<1

Yes

No

fTPperfo= 1 + (lamda/ (1.281 - 0.478 * lamda + 0.444 * lamda ^ 2 - 
                0 .094 * lamda  ^ 3 +0.00843 * lamda ^ 4))
fTP = (fTP per fo) x fo
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Figure 4.3-9 Flow chart for annular downward model

ReG = rhoGxUGSx(D/12) / (muGx6.7197E-4)
ReL  = rhoLxULSx(DL/12) / (muLx6.7197E-4)

ReG>2300
No

Yes

fWG=64/ReGfWG= 0.25x(log (rft/3.7+5.74/ReG 0̂.9) ) -̂2

ReL>2300
No

Yes

fWL=64/ReLfWL = 0.25x(log (rft/3.7+5.74/ReL 0̂.9) ) -̂2

 Hlf = 0

Hlf = Hlf + 0.01

A6

X = sqr(fwLx rhoLxULS 2̂) / sqr(fWGxrhoGxUGS 2̂)
Y = (gx(rhoL-rhoG)xsin(deg) / ( (4xfWGx(rhoGxUGS 2̂) / (2x(D/12)) )
f i = fWGx( 1+75xHlf )
X1= (1+75xHlf)xHlf 2̂ / (1-Hlf)^2.5 - (Yx Hlf^3)
C_chk = X 2̂-X1

/C_chk/< 0.001

YesNo

dP/dL)f =  2(100/144)x(fi)x(rhoGxUGS 2̂/(gcx(D/12))x((1-Hlf )^2.5)
dP/dL)g = (100/144)x(g/gc)xrhoGxsin(deg)
dP/dL)a = 0
dP)f = dP/dL)f x L
dP)a = dP/dL)a x L 
dP)g = dP/dL)g x L
Total dP= dP)f +dP)a +dP)g+dP)fit

End of program
Print  Variables"
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Figure 4.3-10 Flow chart for vertical down slug model

Ub = C0xUm + Kdxsqr (gx(D/12)x(rhoL-rhoG)/rhoL)
C= 0.021 ln(ReLS)+.022
freq=0.0226x ( (ULS/(gxD/12)) x ((19.75/Um)+Um) ) 1̂.2
Ls = 30x(D/12)
LT = (1+C)x Um/freq
Hlh = 1-UGS/Ub  ' liquid hold up
Hsf = Ls/LT         ' slug fraction

C0 = 1
alpha = 0.25
Kd = -0.6
Um = UTP
rhoLS = rhoL x (1-alpha) + (rhoG x alpha)
muLS = muL x (1-alpha) + (muG x alpha)
ReLS = rhoLSxUmx(D/12)/(muLSx6.7197E-4)

ReLS>2300
No

Yes

fo=64/ReLSfo= 0.25x(log (rft/3.7+5.74/ReLS 0̂.9) ) -̂2

 message box 
"error lamda value,lamda< 1

Yes

No

A7

End of program

dP/dL)f = (100/144)x(fTPxrhoLSxUm 2̂xHsf) / (2xgcx
(D/12))
dP/dL)g =(100/144)x(g/gc)x ( rhoLxHlh+rhoGx(1-Hlh) )
dP/dL)a =0
dP)f = dP/dL)f x L
dP)a = dP/dL)a x L 
dP)g = dP/dL)g x L
Total dP= dP)f +dP)a +dP)g+dP)fit

Print  Variables"

fTPperfo= 1 + (lamda/ (1.281 - 0.478 * lamda + 0.444 * lamda ^ 2 - 
                0 .094 * lamda  ^ 3 +0.00843 * lamda ^ 4))
fTP = (fTP per fo) x fo
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Figure 4.3-11 Flow chart for vertical down bubble model

 message box 
"error lamda value"

A8

C0 = 0.9
K = 0

Ugb = C0 x UTP
Hlf = 1 - ( UGS/Ugb )
lamda = QL / (QG +QL)
rhoTP = rhoLxlamda 2̂/Hlf + rhoGx(1-lamda)^2/(1-Hlf)
muTP = muLxlamda + muGx(1-lamda)
ReTP = rhoTPxUTPx(D/12)/ (muTPx6.7197E-4)

ReTP>2300
No

Yes

fo=64/ReTPfo= 0.25x(log (rft/3.7+5.74/ReTP 0̂.9) ) -̂2

lamda< 1

Yes

No

End of program

dP/dL)f = (100/144)x(fTPxrhoTPxUTP 2̂) / (2xgcx(D/12))
dP/dL)g =(100/144)x(g/gc)x (HlfxrhoL+ (1-Hlf)xrhoG)
dP/dL)a =0
dP)f = dP/dL)f x L
dP)a = dP/dL)a x L 
dP)g = dP/dL)g x L
Total dP= dP)f +dP)a +dP)g +dP)fit

Print  Variables

fTPperfo= 1 + (lamda/ (1.281 - 0.478 * lamda + 0.444 * lamda ^ 2 - 
                0 .094 * lamda  ^ 3 +0.00843 * lamda ^ 4))
fTP = (fTP per fo) x fo



CHAPTER V

PROGRAM RESULT AND DISCUSSION

The developed program has been tested against the experimental data generated

by other researchers.  The tested data comes from experiments per formed with an air-water

system in pipe under low pressure conditions.  The program accuracy is tested in the term of

flow pattern prediction as well as pressure loss calculation with the raw experimental data in

the below section.

5.1 Program Result
The flow pattern prediction and pressure loss calculation accuracy is tested

separately in three pipe orientations, namely horizontal, vertical upward and vertical

downward. The ranges of pipe diameter were between 1 inch to 3 inch.

5.1.1 Flow pattern prediction result in the horizontal direction

The flow pattern prediction was tested against experimental data in 29 mm, 54

mm glass pipe under atmospheric outlet condition and 77.92 mm carbon pipe at 5 barG

pressure.

Table 5.1.1-1 Program result compared with air-water system at room temperature, 1 barA,

ID = 29 mm in horizontal direction.

Superficial velocity Flow pattern
ULS(ft/s) UGS(ft/s) Experiment Predict

Flow pattern
result

0.11 8.08 Stratified SW correct
0.11 11.39 Stratified SW correct
0.11 13.88 Stratified SW correct
0.11 15.99 Stratified SW correct
0.11 17.85 Stratified SW correct
0.07 11.39 Stratified SW correct
0.07 15.99 Stratified SW correct
0.07 19.53 Stratified SW correct
0.07 22.52 Stratified SW correct
0.07 25.15 Stratified SW correct
0.07 27.52 Stratified SW correct
0.07 29.71 Stratified SW correct
0.07 31.72 Stratified SW correct
0.07 33.63 Stratified SW correct

Properties are Lρ = 62.1179 lbm/ft3, Lµ =0.8 cP; Gρ =0.0723 lbm/ft3, Gµ =0.02 cP ,

=σ  0.005 lbf/ft ( Raw Data from  Winai W. and Wattanapong K 1996)



67

Table 5.1.1-2 Program result compared with air-water system at 20 oC, 5 BarG, ID=77.92

mm in horizontal direction

Superficial velocity Flow pattern
ULS(ft/s) UGS(ft/s) Experiment Predict

Flow pattern
result

0.13 3.12 stratified SS correct
0.13 4.92 stratified SS correct
0.26 4.92 stratified SS correct
0.2 5.91 stratified SS correct
0.33 8.86 stratified SS correct
0.39 8.69 stratified SS correct
0.49 10.5 stratified SW correct
0.52 14.76 stratified AN incorrect
0.66 14.76 stratified AN incorrect
0.33 18.37 stratified SW correct
0.72 19.03 stratified AN incorrect
0.95 23.62 stratified AN incorrect
0.33 25.59 stratified AN incorrect
0.98 27.56 stratified AN incorrect
0.85 29.53 stratified AN incorrect
0.49 6.89 Slug SS incorrect
0.52 8.86 Slug SS incorrect
0.69 10.17 Slug SW incorrect
0.75 11.48 Slug AN incorrect
0.82 14.76 Slug AN incorrect
0.98 16.4 Slug AN incorrect
1.05 18.37 Slug AN incorrect
1.21 18.37 Slug AN incorrect
1.25 20.01 Slug AN incorrect
1.28 24.28 AN AN correct
0.95 22.97 AN AN correct
0.69 23.29 AN AN correct
0.59 26.25 AN AN correct
0.46 26.25 AN AN correct
0.33 26.57 AN AN correct

Properties are Lρ = 62.32 lbm/ft3, Lµ =1.0 cP; Gρ =0.46 lbm/ft3, Gµ =0.02 cP,

=σ  0.005 lbf/ft (Raw data from  Dr. Somprasong, 1994)
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Table 5.1.1-3 Program result compared with air-water system at room temperature, 1 barA,

ID=54 mm in horizontal direction

5.1.2 Flow pattern prediction result in vertical upward direction

The flow pattern prediction for vertical upward flow was tested against

experimental data for flow condition in 50.74 mm, 25 mm and 19 mm pipe under

atmospheric outlet conditions

Table 5.1.2-1 Program result compared with air-water system data at room temperature

P= 1 BarA, ID= 50.74 mm in vertical upward direction

Superficial velocity Flow pattern
ULS(ft/s) UGS(ft/s) Experiment Predict

Flow pattern
result

0.24 4.73 Stratified SW correct
0.24 5.27 Stratified SW correct
0.24 5.73 Stratified SW correct
0.24 6.68 Stratified SW correct
0.24 7.06 Stratified SW correct
0.1 6.3 Stratified SW correct
0.1 7.06 Stratified SW correct
0.1 8.48 Stratified SW correct
0.1 11.17 Stratified SW correct
0.1 13.44 Stratified SW correct
0.1 15.76 Stratified SW correct
0.1 17.61 Stratified SW correct
0.1 20.63 Stratified SW correct

Properties are Lρ = 62.1179 lbm/ft3, Lµ =0.8 cP, Gρ =0.0723 lbm/ft3, Gµ =0.02 cP,

=σ  0.005 lbf/ft ( Raw data from  Winai, et. al1996)

Superficial velocity Flow pattern Result
ULS(ft/s) UGS(ft/s) Experiment Calculated  

0.07 0.10 Bubble Bubble Correct
0.07 0.16 Bubble Bubble Correct
0.33 0.16 Bubble Bubble Correct
0.95 0.16 Bubble Bubble Correct
1.94 0.16 Bubble Bubble Correct
1.94 0.33 Bubble Bubble Correct
2.26 0.66 Bubble Bubble Correct
3.22 0.23 Bubble Bubble Correct
3.22 0.59 Bubble Bubble Correct
6.56 0.26 Bubble Bubble Correct
6.56 0.49 Bubble Bubble Correct
9.84 0.98 Bubble Bubble Correct
9.84 1.64 Bubble Bubble Correct



69

Table 5.1.2-1 (Cont.) Program result compared with air-water system data at

room temperature P= 1 BarA, ID= 50.74 mm in vertical upward direction

Table 5.1.2-2 Program result compared with air-water system data at room temperature,

P= 1BarA, ID=19 mm in vertical upward direction

Superficial velocity Flow pattern Result
ULS(ft/s) UGS(ft/s) Experiment Calculated  

0.33 1.31 Slug Slug Correct
0.33 2.30 Slug Slug Correct
0.33 3.28 Slug Slug Correct
0.33 3.44 Slug Slug Correct
0.66 2.30 Slug Slug Correct
0.66 2.95 Slug Slug Correct
0.66 6.23 Slug Slug Correct
0.98 2.62 Slug Slug Correct
0.98 3.28 Slug Slug Correct
0.98 6.56 Slug Slug Correct
1.31 4.92 Slug Slug Correct
1.31 6.23 Slug Slug Correct
1.51 3.94 Slug Slug Correct
1.51 6.56 Slug Slug Correct
1.97 19.69 Slug Annular Incorrect
2.95 22.97 Slug Annular Incorrect
2.95 26.25 Slug Annular Incorrect
2.95 29.53 Slug Annular Incorrect

Properties are Lρ = 62.32 bm/ft3, Lµ =1.0 cP; Gρ =0.46 lbm/ft3, Gµ =0.018 cP,

=σ  0.005 lbf/ft (Raw data from R.C. Fernandes , R.Semiat and A.E. Duckler. (1983)

Superficial velocity Flow pattern Result
ULS(ft/s) UGS(ft/s) Experiment Calculated  

0.04 0.02 Bubble Slug Incorrect
0.06 0.04 Bubble Slug Incorrect
0.08 0.04 Bubble Slug Incorrect
0.10 0.02 Bubble Slug Incorrect
0.12 0.02 Bubble Slug Incorrect
0.15 0.02 Bubble Slug Incorrect
0.17 0.04 Bubble Slug Incorrect
0.19 0.04 Bubble Slug Incorrect
0.21 0.04 Bubble Slug Incorrect
0.23 0.06 Bubble Slug Incorrect
0.25 0.04 Bubble Slug Incorrect
0.25 0.06 Bubble Slug Incorrect

Properties are Lρ = 62.12 bm/ft3, Lµ =0.8 cP; Gρ =0.0727 lbm/ft3, Gµ =0.018 cP cP,

=σ  0.005 lbf/ft (Raw data from Malasri Janumporn, 2001)
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Table 5.1.2-2 (Cont.) Program result compared with air-water system data at room

temperature, P= 1BarA, ID=19 mm in vertical upward direction

Superficial velocity Flow pattern Result
ULS(ft/s) UGS(ft/s) Experiment Calculated  

0.27 0.04 Bubble Slug Incorrect
0.27 0.06 Bubble Slug Incorrect
0.29 0.06 Bubble Slug Incorrect
0.31 0.06 Bubble Slug Incorrect
0.35 0.04 Bubble Slug Incorrect
0.35 0.06 Bubble Slug Incorrect
0.37 0.04 Bubble Slug Incorrect
0.40 0.04 Bubble Slug Incorrect
0.42 0.06 Bubble Slug Incorrect
0.47 0.06 Bubble Slug Incorrect
0.48 0.06 Bubble Slug Incorrect
0.50 0.08 Bubble Slug Incorrect
0.04 0.08 Slug Slug Correct
0.06 0.10 Slug Slug Correct
0.08 0.08 Slug Slug Correct
0.10 0.10 Slug Slug Correct
0.12 0.08 Slug Slug Correct
0.13 0.10 Slug Slug Correct
0.15 0.10 Slug Slug Correct
0.17 0.10 Slug Slug Correct
0.19 0.12 Slug Slug Correct
0.21 0.13 Slug Slug Correct
0.23 0.13 Slug Slug Correct
0.25 0.13 Slug Slug Correct
0.27 0.13 Slug Slug Correct
0.29 0.13 Slug Slug Correct
0.31 0.13 Slug Slug Correct
0.33 0.13 Slug Slug Correct
0.35 0.15 Slug Slug Correct
0.37 0.15 Slug Slug Correct
0.39 0.17 Slug Slug Correct
0.40 0.17 Slug Slug Correct
0.42 0.17 Slug Slug Correct
0.44 0.17 Slug Slug Correct
0.47 0.19 Slug Slug Correct
0.48 0.19 Slug Slug Correct
0.52 0.19 Slug Slug Correct

Properties are Lρ = 62.12 bm/ft3, Lµ =0.8 cP; Gρ =0.0727 lbm/ft3, Gµ =0.018 cP ,

=σ  0.005 lbf/ft (Raw data from Malasri Janumporn, 2001)
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Table 5.1.2-3 Program result compared with air-water system data at room temperature, P= 1

BarA , ID=25 mm in vertical upward direction

Superficial velocity Flow pattern Result
ULS(ft/s) UGS(ft/s) Experiment Calculated  

5.25 0.23 Bubble Slug Incorrect
5.25 0.43 Bubble Slug Incorrect
5.25 0.66 Bubble Slug Incorrect
5.25 0.92 Bubble Slug Incorrect
5.25 1.97 Bubble Slug Incorrect
9.51 0.23 Bubble Bubble Correct
9.51 0.43 Bubble Bubble Correct
9.51 0.66 Bubble Bubble Correct
9.51 0.92 Bubble Bubble Correct
9.51 1.97 Bubble Bubble Correct
9.51 2.30 Bubble Bubble Correct
9.51 4.27 Bubble Bubble Correct
9.51 6.56 Bubble Bubble Correct
0.01 0.23 Slug Slug Correct
0.01 0.43 Slug Slug Correct
0.01 0.66 Slug Slug Correct
0.01 0.92 Slug Slug Correct
0.01 1.97 Slug Slug Correct
0.01 2.30 Slug Slug Correct
0.01 4.27 Slug Slug Correct
0.01 6.56 Slug Slug Correct
0.01 9.84 Slug Slug Correct
0.01 19.69 Slug Slug Correct
0.09 0.23 Slug Slug Correct
0.09 0.43 Slug Slug Correct
0.09 0.66 Slug Slug Correct
0.09 0.92 Slug Slug Correct
0.09 1.97 Slug Slug Correct
0.09 2.30 Slug Slug Correct
0.09 4.27 Slug Slug Correct
0.09 6.56 Slug Slug Correct
0.09 9.84 Slug Slug Correct
0.09 19.69 Slug Slug Correct
0.13 0.92 Slug Slug Correct
0.13 1.97 Slug Slug Correct
0.13 2.30 Slug Slug Correct
0.13 4.27 Slug Slug Correct
0.23 0.92 Slug Slug Correct
0.23 1.97 Slug Slug Correct
0.23 2.30 Slug Slug Correct
0.23 4.27 Slug Slug Correct
0.30 0.23 Slug Slug Correct
0.30 0.92 Slug Slug Correct
0.30 1.97 Slug Slug Correct
0.30 2.30 Slug Slug Correct

Properties are Lρ = 62.1179 lbm/ft3, Lµ =0.8 cP; Gρ =0.0727 lbm/ft3, Gµ =0.018 cP ,

=σ  0.005 lbf/ft ( Raw data from Taitel Bornea and Duckler, 1980)
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Table 5.1.2-3(Cont.) Program result compared with air-water system data at room

temperature, P= 1 BarA , ID=25 mm in vertical upward direction

Superficial velocity Flow pattern Result
ULS(ft/s) UGS(ft/s) Experiment Calculated  

0.30 4.27 Slug Slug Correct
0.66 0.23 Slug Slug Correct
0.66 0.92 Slug Slug Correct
0.66 1.97 Slug Slug Correct
0.66 2.30 Slug Slug Correct
0.66 4.27 Slug Slug Correct
0.92 0.23 Slug Slug Correct
0.92 0.43 Slug Slug Correct
0.92 0.66 Slug Slug Correct
0.92 0.92 Slug Slug Correct
0.92 2.30 Slug Slug Correct
0.92 4.27 Slug Slug Correct
0.92 6.56 Slug Slug Correct
0.92 9.84 Slug Slug Correct
0.92 13.12 Slug Slug Correct
0.92 19.69 Slug Slug Correct
1.48 0.43 Slug Slug Correct
1.48 0.66 Slug Slug Correct
1.48 0.92 Slug Slug Correct
1.48 1.97 Slug Slug Correct
1.48 2.30 Slug Slug Correct
1.48 4.27 Slug Slug Correct
1.48 6.56 Slug Slug Correct
1.48 9.84 Slug Slug Correct
1.48 13.12 Slug Slug Correct
1.48 19.69 Slug Slug Correct
1.97 0.43 Slug Slug Correct
1.97 0.66 Slug Slug Correct
1.97 0.92 Slug Slug Correct
1.97 1.97 Slug Slug Correct
1.97 2.30 Slug Slug Correct
1.97 4.27 Slug Slug Correct
1.97 6.56 Slug Slug Correct
1.97 9.84 Slug Slug Correct
1.97 13.12 Slug Slug Correct
1.97 19.69 Slug Slug Correct
0.01 59.06 Annular Annular Correct
0.01 85.30 Annular Annular Correct
0.09 59.06 Annular Annular Correct
0.09 85.30 Annular Annular Correct
0.92 59.06 Annular Annular Correct
0.92 85.30 Annular Annular Correct
1.48 59.06 Annular Annular Correct
1.48 85.30 Annular Annular Correct

Properties are Lρ = 62.1179 lbm/ft3, Lµ =0.8 cP; Gρ =0.0727 lbm/ft3, Gµ =0.018 cP,

=σ  0.005 lbf/ft ( Raw data from Taitel Bornea and Duckler, 1980)
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5.1.3 Flow pattern prediction result in vertical down direction

Flow patterns prediction for vertical downwards flow was tested against

experimental data flow in 25 mm and 51 mm carbon steel pipe at atmospheric pressure.

Table 5.1.3-1 Program result compared with air-water system data at room temperature,

P= 1 BarA, ID= 25mm in vertical downward direction

Superficial velocity Flow pattern Result
uLS(ft/s) uGS(ft/s) Experiment Calculated  

3.28 1.31 Slug Slug Correct
4.92 1.31 Slug Slug Correct
8.20 1.31 Bubble Slug Incorrect
13.12 1.31 Bubble Bubble Correct
1.48 1.97 Annular Annular Correct
1.97 1.97 Annular Annular Correct
3.28 1.97 Slug Slug Correct
4.92 1.97 Slug Slug Correct
8.20 1.97 Bubble Slug Incorrect
13.12 1.97 Bubble Bubble Correct
0.03 3.28 Annular Annular Correct
0.33 3.28 Annular Annular Correct
0.49 3.28 Annular Annular Correct
0.98 3.28 Annular Annular Correct
1.48 3.28 Annular Annular Correct
1.97 3.28 Annular Annular Correct
3.28 3.28 Slug Slug Correct
4.92 3.28 Slug Slug Correct
8.20 3.28 Slug Slug Correct
13.12 3.28 Bubble Bubble Correct
1.97 6.56 Annular Annular Correct
3.28 6.56 Slug Slug Correct
4.92 6.56 Slug Slug Correct
8.20 6.56 Slug Slug Correct
13.12 6.56 Bubble Bubble Correct
1.97 19.69 Annular Annular Correct
3.28 19.69 Slug Slug Correct
4.92 19.69 Slug Slug Correct
8.20 19.69 Slug Slug Correct
0.33 32.81 Annular Annular Correct
0.49 32.81 Annular Annular Correct
0.98 32.81 Annular Annular Correct
1.48 32.81 Annular Annular Correct
1.97 32.81 Annular Annular Correct
3.28 32.81 Slug Annular Incorrect
4.92 32.81 Slug Slug Correct
8.20 32.81 Slug Slug Correct
13.12 32.81 Slug Bubble Incorrect

Properties are Lρ = 62.12 lbm/ft3, Lµ =0.8 cP; Gρ = 0.0727 lbm/ft3, Gµ =0.018 cP,

=σ  0.005 lbf/ft ( Raw data from Barnea, Shoham, Taitel, 1981)



74

Table 5.1.3-1( Cont.) Program result compared with air-water system data at room

temperature, P= 1 BarA, ID= 25mm in vertical downward direction

Superficial velocity Flow pattern Result
uLS(ft/s) uGS(ft/s) Experiment Calculated  

3.28 3.28 Slug Slug Correct
3.28 6.56 Slug Slug Correct
3.28 9.84 Slug Slug Correct
3.28 21.33 Slug Slug Correct
3.28 32.81 Slug Slug Correct
4.92 0.05 Bubble Slug Incorrect
4.92 0.13 Slug Slug Correct
4.92 0.33 Slug Slug Correct
4.92 1.31 Slug Slug Correct
4.92 1.64 Slug Slug Correct
4.92 3.28 Slug Slug Correct
4.92 6.56 Slug Slug Correct
4.92 9.84 Slug Slug Correct
4.92 21.33 Slug Slug Correct
4.92 32.81 Slug Slug Correct
9.84 0.05 Bubble Bubble Correct
9.84 0.13 Bubble Bubble Correct
9.84 0.33 Bubble Bubble Correct
9.84 1.31 Bubble Bubble Correct
9.84 1.64 Bubble Bubble Correct
9.84 3.28 Slug Bubble Incorrect
9.84 6.56 Slug Bubble Incorrect
9.84 9.84 Slug Bubble Incorrect
9.84 21.33 Slug Bubble Incorrect
9.84 32.81 Slug Bubble Incorrect
13.12 0.05 Bubble Bubble Correct
13.12 0.13 Bubble Bubble Correct
13.12 0.33 Bubble Bubble Correct
13.12 1.31 Bubble Bubble Correct
13.12 1.64 Bubble Bubble Correct
13.12 3.28 Bubble Bubble Correct
13.12 6.56 Bubble Bubble Correct
13.12 9.84 Bubble Bubble Correct
13.12 21.33 Slug Bubble Incorrect
13.12 32.81 Slug Bubble Incorrect

Properties are Lρ = 62.12 lbm/ft3, Lµ =0.8 cP; Gρ = 0.0727 lbm/ft3, Gµ =0.018 cP,

=σ  0.005 lbf/ft ( Raw data from Barnea, Shoham, Taitel, 1981)
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Table 5.1.3-2 Program result compared with air-water system data at room temperature,

ID=51mm in vertical downward direction

Superficial velocity Flow pattern Result
uLS(ft/s) uGS(ft/s) Experiment Calculated  

0.03 0.05 Annular Annular Correct
0.33 0.05 Annular Annular Correct
0.49 0.05 Annular Annular Correct
0.98 0.05 Annular Annular Correct
1.48 0.05 Annular Annular Correct
1.97 0.05 Slug Annular Incorrect
3.28 0.05 Bubble Slug Incorrect
4.92 0.05 Bubble Slug Incorrect
8.20 0.05 Bubble Slug Incorrect
1.48 0.07 Annular Annular Correct
1.97 0.07 Annular Annular Correct
3.28 0.07 Bubble Slug Incorrect
4.92 0.07 Bubble Slug Incorrect
8.20 0.07 Bubble Slug Incorrect
1.48 0.13 Annular Annular Correct
1.97 0.13 Slug Annular Incorrect
3.28 0.13 Bubble Annular Incorrect
4.92 0.13 Bubble Slug Incorrect
8.20 0.13 Bubble Slug Incorrect
1.48 0.20 Annular Slug Incorrect
1.97 0.20 Slug Annular Incorrect
3.28 0.20 Bubble Slug Incorrect
4.92 0.20 Bubble Slug Incorrect
8.20 0.20 Bubble Slug Incorrect
0.03 0.33 Annular Annular Correct
0.33 0.33 Annular Annular Correct
0.49 0.33 Annular Annular Correct
0.98 0.33 Annular Annular Correct
1.48 0.33 Annular Annular Correct
1.97 0.33 Slug Annular Incorrect
3.28 0.33 Bubble Slug Incorrect
4.92 0.33 Bubble Slug Incorrect
8.20 0.33 Bubble Slug Incorrect
1.48 0.66 Annular Annular Correct
1.97 0.66 Slug Annular Incorrect
3.28 0.66 Slug Slug Correct
4.92 0.66 Slug Slug Correct
8.20 0.66 Bubble Slug Incorrect
1.48 1.31 Annular Annular Correct
1.97 1.31 Annular Annular Correct

Properties are Lρ = 62.12 lbm/ft3, Lµ =0.8 cP; Gρ =0.00727 lbm/ft3, Gµ =0.0187 cP ( Raw

data from Barnea, Shoham, Taitel, 1981)



76

Table 5.1.3-2 ( Cont.) Program result compared with air-water system data at room

temperature, ID=51mm in vertical downward direction

Superficial velocity Flow pattern Result
uLS(ft/s) uGS(ft/s) Experiment Calculated  

0.03 0.05 Annular Annular Correct
0.03 0.13 Annular Annular Correct
0.03 0.33 Annular Annular Correct
0.03 1.31 Annular Annular Correct
0.03 3.28 Annular Annular Correct
0.03 6.56 Annular Annular Correct
0.03 21.33 Annular Annular Correct
0.33 0.05 Annular Annular Correct
0.33 0.13 Annular Annular Correct
0.33 0.33 Annular Annular Correct
0.33 1.31 Annular Annular Correct
0.33 3.28 Annular Annular Correct
0.33 6.56 Annular Annular Correct
0.33 21.33 Annular Annular Correct
0.98 0.05 Annular Annular Correct
0.98 0.13 Annular Annular Correct
0.98 0.33 Annular Annular Correct
0.98 1.31 Annular Annular Correct
0.98 1.64 Annular Annular Correct
0.98 3.28 Annular Annular Correct
0.98 6.56 Annular Annular Correct
0.98 9.84 Annular Annular Correct
0.98 21.33 Annular Annular Correct
0.98 32.81 Annular Annular Correct
1.97 0.05 Slug Slug Correct
1.97 0.13 Slug Slug Correct
1.97 0.33 Slug Slug Correct
1.97 1.31 Slug Slug Correct
1.97 1.64 Slug Slug Correct
1.97 3.28 Slug Slug Correct
1.97 6.56 Slug Slug Correct
1.97 9.84 Slug Slug Correct
1.97 21.33 Annular Annular Correct
1.97 32.81 Annular Annular Correct
3.28 0.05 Slug Slug Correct
3.28 0.13 Slug Slug Correct
3.28 0.33 Slug Slug Correct
3.28 1.31 Slug Slug Correct
3.28 1.64 Slug Slug Correct

Properties are Lρ = 62.12 lbm/ft3, Lµ =0.8 cP; Gρ =0.00727 lbm/ft3, Gµ =0.0187 cP,

=σ  0.005 lbf/ft ( Raw data from Barnea, Shoham, Taitel, 1981)
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5.1.4 Unit Pressure Drop result

Calculated unit pressure drop for two-phase flow from the program is compared with

the pressure drop obtained from experiment as shown in this section.  Unit pressure loss

comparison is only made in cases where the experimental flow pattern and predicted flow

pattern were the same.  The cases tested were all for stratified flow and slug flow patterns as

no data could be found for testing of the programs accuracy for other flow patterns, during the

course of this study.  Unit pressure drop results for stratified flow and slug flow in horizontal

flow are compared with experimental data in this section.

For others flow patterns in the vertical direction no comparison has been indicated

because experimental data for two phase flow in the vertical direction is not widely studies

and this data was not available during the development and testing of the two-phase program

in the limited period available.

Table 5.1.4-1 Pressure loss calculations for stratified flow compared with experimental data of

air-water system data at room temperature, P= 1barA, ID= 29 mm, in horizontal

flow direction

Superficial velocity Flow pattern Pressure loss (psi/100ft)
ULS(ft/s) UGS(ft/s)  Calculated Experiment

0.11 8.08 Stratified 0.1775 0.0615
0.11 11.39 Stratified 0.2708 0.0841
0.11 13.88 Stratified 0.3460 0.1205
0.11 15.99 Stratified 0.4150 0.1635
0.11 17.85 Stratified 0.4959 0.2070
0.07 11.39 Stratified 0.2277 0.0785
0.07 15.99 Stratified 0.3760 0.1238
0.07 19.53 Stratified 0.4971 0.1725
0.07 22.52 Stratified 0.5948 0.2132
0.07 25.15 Stratified 0.7345 0.2713
0.07 27.52 Stratified 0.8023 0.3377
0.07 29.71 Stratified 0.9556 0.4174
0.07 31.72 Stratified 1.0111 0.4744
0.07 33.63 Stratified 1.1230 0.5463

Properties are Lρ = 62.12 lbm/ft3, Lµ =0.8 cP; Gρ =0.07 lbm/ft3, Gµ =0.02 cP , =σ  0.005 lbf/ft

(Raw data from Winai et. al, 1996)
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Table 5.1.4-2 Pressure loss calculation for stratified flow compared with experimental data of

air-water system data at room temperature, P= 1 BarA, ID=54 mm in horizontal

flow direction

Table 5.1.4-3 Pressure loss calculation for stratified flow compared with experimental data of

air-water system data at 20 oC, P= 5, 10.5 15 barG in ID=77.92mm in

horizontal flow direction

Superficial velocity Flow pattern Pressure loss (psi/100ft)
ULS(ft/s) UGS(ft/s)  Calculated Experiment

0.24 4.73 Stratified 0.0843 0.0260
0.24 5.27 Stratified 0.0916 0.0285
0.24 5.73 Stratified 0.0974 0.0331
0.24 6.68 Stratified 0.1112 0.0441
0.24 7.06 Stratified 0.1164 0.0434
0.10 6.30 Stratified 0.0555 0.0198
0.10 7.06 Stratified 0.0637 0.0250
0.10 8.48 Stratified 0.0796 0.0320
0.10 11.17 Stratified 0.1113 0.0468
0.10 13.44 Stratified 0.1456 0.0542
0.10 15.76 Stratified 0.1772 0.0843
0.10 17.61 Stratified 0.2068 0.0885
0.10 20.63 Stratified 0.2597 0.1150

Properties are Lρ = 62.12 lbm/ft3, Lµ =0.8 cP; Gρ =0.07 lbm/ft3, Gµ =0.02 cP ( Raw data from

Winai et. al1996)

Superficial velocity Pressure Pressure loss (psi/100ft)
ULS(ft/s) UGS(ft/s)  (BarG) Calculated Experiment

0.36 8.66 5 0.3138 0.2255
0.36 10.33 5 0.3917 0.2376
0.23 21.52 5 0.9363 0.4476
0.30 17.81 5 0.7540 0.3559
0.33 14.21 5 0.5777 0.2630
0.56 10.5 5 0.5360 0.3537
0.28 6.92 10.5 0.2925 0.1083
0.29 5.36 10.5 0.2179 0.0508
0.39 8.10 10.5 0.4320 0.1846
0.46 6.66 10.5 0.3821 0.1315
0.51 8.86 10.5 0.5723 0.2343
0.56 8.83 10.5 0.6055 0.2608
0.69 8.07 10.5 0.6460 0.2796

Properties are Lρ = 62.12 lbm/ft3, Lµ =0.8 cP; Gρ = 0.4589, 0.842, 1.2249 lbm/ft3                    ,

=σ  0.005 lbf/ft ( at 5,10.5,15 BarG respectively)  ( Raw data from Dr. Somprasong 1994)
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Table 5.1.4-3 (Cont.) Pressure loss calculation for stratified flow compared with

experimental data of air-water system data at 20 oC, P= 5, 10.5 15 barG in

ID=77.92mm in horizontal flow direction

Table 5.1.4-4 Pressure loss calculation for slug flow compared with experimental data of air-

water data at 20 oC, P= 1, 3.5, 6 barG in ID=77.92mm in horizontal flow

direction

Superficial velocity Pressure Pressure loss (psi/100ft)
ULS(ft/s) UGS(ft/s)  (BarG) Calculated Experiment

1.05 17.02 1.0 1.780 0.884
2.47 19.69 1.0 4.620 1.914
3.45 19.69 1.0 4.350 4.642
1.67 20.71 1.0 5.060 1.547
1.69 17.02 3.5 2.280 1.768
2.51 17.02 3.5 2.410 2.763
3.34 17.02 3.5 2.120 3.846
3.34 19.95 3.5 4.720 4.620
2.51 20.01 3.5 4.980 3.404
4.12 20.30 3.5 4.410 5.968

Properties are Lρ = 62.12 lbm/ft3, Lµ =0.8 cP; Gρ = 0.0743, 0.2601, 0.4459 lbm/ft3, =σ  0.005 lbf/ft

(at 1, 3.5, 6 BarG respectively)  ( Raw data from Y. Manolis, 1994)

Superficial velocity Pressure Pressure loss (psi/100ft)
ULS(ft/s) UGS(ft/s)  (BarG) Calculated Experiment

0.21 8.91 15 0.4674 0.2420
0.31 8.32 15 0.5057 0.2796
0.45 6.00 15 0.4105 0.2597
0.58 5.74 15 0.4731 0.3227
0.24 10.06 15 0.5964 0.2708
0.29 11.4 15 0.7771 0.3404
0.41 9.53 15 0.6934 0.3260
0.65 6.45 15 0.5815 0.3890
0.72 5.67 15 0.5582 0.4752

Properties are Lρ = 62.12 lbm/ft3, Lµ =0.8 cP; Gρ = 0.4589, 0.842, 1.2249 lbm/ft3,

=σ  0.005 lbf/ft (at 5, 10.5, 15 BarG respectively)  ( Raw data from Dr. Somprasong 1994)
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Table 5.1.4-4( cont.) Pressure loss calculation for slug flow compared with air-water data at

20 oC, P= 1, 3.5, 6 barG in ID=77.92mm in horizontal flow direction

Superficial velocity Pressure Pressure loss (psi/100ft)
ULS(ft/s) UGS(ft/s)  (BarG) Calculated Experiment

4.12 23.17 3.5 8.400 7.294
2.51 23.39 3.5 9.490 4.448
3.34 23.39 3.5 9.570 5.681
2.50 17.88 6.0 3.040 3.095
4.27 18.80 6.0 2.740 5.893
2.50 19.69 6.0 4.650 3.537
3.27 20.28 6.0 5.150 4.863
4.27 21.92 6.0 6.290 6.896
3.27 23.43 6.0 9.700 5.597
4.27 24.61 6.0 10.800 7.736

Properties are Lρ = 62.12 lbm/ft3, Lµ =0.8 cP; Gρ = 0.0743, 0.2601, 0.4459 lbm/ft3, =σ  0.005 lbf/ft

(at 1, 3.5, 6 BarG respectively)  ( Raw data from Y. Manolis, 1994)
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5.2 Program Discussion

5.2.1 Flow pattern

The two-phase program accuracy is tested by comparing the number of correctly

predicted flow patterns with the visually observed pattern from experimental data in pipe

diameters 0.75 to 3 inch at low pressure under atmospheric pressure to 15 barG in horizontal

vertical upward and vertical downward flow direction.

In horizontal flow, the number of correctly predicting result per experimental result for

stratified flow and annular flow are in a high ratio as shown in table-5.2.1-1 but for slug flow

results are not consistent with the experiment.

In vertical upward direction in pipe sizes 0.75 inch to 2 inch, the number of correctly

predicting result per experimental result for slug pattern and annular pattern are in high ratio.

Bubble flow pattern predicted from the program is consistent with flow pattern observed in

pipe size 1 inch to 2 inch but for a 0.75 inch pipe size, the program predicts slug flow pattern

result which is differs from the bubble experimental data.

In vertical downward flow, experimental conditions for pipe sizes 25 mm and 50 mm

is tested against the program prediction for bubble flow, annular flow and slug flow. The

number of correctly predicting result per experimental result for slug and annular are good

and moderate for bubble flow.

Table 5.2.1-1 Summary of correctly predicted flow patterns

No. of data separated by flow pattern TotalFlow
direction

Source of data

Stratified Bubble Slug Annular
No. of
Data

Data from experiment lab 55 * 10 5 70
No. of predict results which
correspond to experimental result 49 * 0 5 54Horizontal

Ratio of correct flow pattern 0.89 - 0 1 0.77
Data from experiment lab - 50 109 8 167
No. of predict results which
correspond to experimental result - 21 105 8 134Vertical

upward
Ratio of correct flow pattern - 0.41 0.97 1 0.8
Data from experiment lab - 36 58 58 152
No. of predict results which
correspond to experimental result - 17 44 57 118Vertical

downward
Ratio of correct flow pattern - 0.47 0.76 0.98 0.78

* flow conditions for bubble pattern program verification are not available
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Figure 5.2.1-1 Comparison of number of the correctly predicted flow patterns to

experimental data in horizontal flow direction

(Raw experimental data from Winai et.al 1996, Dr. Somprasong 1994 )

In pipe diameters 1 to 2 inch at atmospheric pressure, the calculated flow pattern

result and experimental data in the stratified region at atmospheric pressure are consistent.

When air and water flow in the low velocity range, the flow is in stratified smooth flow, water

flows in the lower section of the pipe and gas above because of the lower density of the gas.

When the gas flow rate is increase, the influence of gas momentum causes disturbance on

the liquid interface and some of the water is carried with the gas flow.  This flow pattern called

stratified wavy,

In 3 inch pipe at 5 barG, when water and air flow rate is increased, the calculated

results are annular flow which differ from experimental data, of stratified flow as below figure.

Figure 5.2.1-2 Experimental data of two-phase of air and water, ID= 77.92 mm, horizontal

direction, 5 BarG

The transition lines denote the flow patterns from program calculation (Raw data from Dr. Somprasong, 1994)
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                 The cause of the difference in the flow pattern prediction is caused by the effect of

liquid surface tension and the liquid quantity in the pipe.  In a small pipe, the gas momentum

from the high gas rate will spread the water flow in an annular form around wall of the pipe

and gas flows at high velocity in the core of pipe if liquid quantity is less than half of the pipe

cross sectional area.  In larger pipe sizes, the gas momentum will be much higher because of

the higher water quantity in large pipe sizes.  Because of the program which is based on

small pipe diameters will predict the pattern to be annular flow which does not correspond to

the experimental data.  When the experimental flow exhibited slug flow patterns, the computer

program predicted stratified flow and annular flow.  It was found that these flow patterns are

close to the flow pattern boundary between stratified and non stratified flow as shown in the

Figure 5.2.1-2.  The interpretation of the type of flow patterns in the transition band between

each flow patterns by observation is difficult and may result in incorrect identification of the

exact flow pattern type.

In vertical upward flow, the two-phase program is tested against the experimental

data in 19 mm, 25 mm and 50 mm diameter pipe at low pressure conditions as shown below

Figure 5.2.1-3 Comparison of number of the correctly predicted flow patterns to experimental

data in vertical upward flow direction

(Raw Data from experimental data from Fernandes et.al 1983, Marlasri 2001, Taitel et.al 1980 )

In the small pipe (19 mm), at low superficial liquid velocities the calculated result

indicates that slug flow should be present however experimental result of Malasri (2001)

shows bubble flow pattern.  The bubble flow pattern arises due to the effect of turbulent force

in the liquid phase which forces dispersed gas bubble into the smaller bubbles and the liquid

surface tension force which form the small rigid spherical bubble shape at low gas velocity.

However from the condition of experimental data, turbulent force dominate the effect of the
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combination of small bubble which tends to merging of bubbles to form slug flow if the void

fraction is high enough.  Slug flow pattern is occurred in this situation.

In the 25 mm diameter pipe, the calculated flow pattern result is consistent with the

experimental result. Slug flow pattern and annular flow pattern are observed in the small pipe.

At high gas superficial velocity the flow becomes annular.  The liquid film flows upward

adjacent to the wall.  The upward flow of the liquid film against gravity results from the force

exerted by the fast moving gas core.  Liquid moves upwards due to the interfacial shear and

form drag on the wave and drag on the liquid droplets.

Figure 5.2.1-4  Experimental data of two-phase of air and water flow in 50.74 mm, vertical

upward direction, 1 barA

The transition lines denote the flow patterns from program calculation (Raw data from Malasri, 2001)

The difference in the flow pattern prediction against the experiment data in 50 mm

pipe could be seen from below figure.  Slug flow is observed in the high gas velocity which

differ from program prediction of annular, This can be attributed to the fact that the test flow

conditions are close to the flow pattern boundaries.  In this region correct visual identification

of the flow pattern is difficult because there is no clear transition line between flow pattern but

rather than a transition region.
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Figure 5.2.1-5 Experimental data of two-phase of air and water flow in 50.74 mm,

vertical upward direction, 1 barA

The transition lines denote the flow patterns from program calculation (Raw data from Fernandes et.al,1983)

In vertical downward flow, the two-phase program is tested against the experimental

data in 51 mm, 25 mm diameter under low pressure condition as below.

Figure 5.2.1-6 Comparison of the number of correctly predict patterns and experimental data

in vertical downward flow direction

(Raw experimental data from Barnea et.al 1981)
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The annular flow pattern from the calculated result is consistent with the experimental

data at low liquid flow rate and when increase the liquid flow rate, slug pattern prediction

result is consistent with the experimental data .  At condition of low gas and liquid flow rates,

liquid moves as a falling film and gas flows along the pipe core. Therefore the process of

analyzing transition between flow regime starts from annular flow.  Stable slugs will formed

when the supplied of the liquid in the film is large and could have a liquid blockage in the two-

phase flow then becomes slug flow.   Based on the Taitel study (1980), the liquid hold up in

the slug is assumed to be 0.7, this number is used to determine the flow pattern transition.

The transition from slug to dispersed bubble is the same manner as vertical upward

flow.  The transition will occur when the turbulent force overcome the interfacial tension force

to dispersed gas into small bubbles.  This bubble result occurs.  The comparison of the

calculated result and experimental data shows that the conditions closed to flow transition are

accurately predicted compare to the experimental result. In 50 mm and incorrectly predict

near the flow transition, the transition from annular to slug flow change at the lower liquid

superficial velocity than the experimental data

Figure 5.2.1-7 Experimental data of two-phase of air and water flow,ID= 25 mm in vertical

downward direction, P= 1 BarA

The lines denote the flow patterns from program calculation (Raw data from Barnea 1976)
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5.2.2 Pressure loss

The raw data of two-phase flow is tested in the two phase program. Only data

that corresponds with correctly predicted flow patterns was used.  The analysis was

performed by grouping of raw data into stratified flow and slugs flow region for horizontal flow

direction.

In contrast to the horizontal flow direction, there are only few investigations of

gas-liquid mixture in vertical flow direction.  Information of pressure losses in vertical direction

for testing the accuracy of the pressure loss in vertical direction could not be found during this

study.  The use of this program for pressure loss in vertical direction shall be verified when

the data is available.

Figure 5.2.2-1 Comparison of the program calculated pressure loss and experimental data of

air-water system data at room temperature, P= 1 Bar A in horizontal stratified

flow

Raw data  from Winai et. al(1996)
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Figure 5.2.2-2 Comparison of the program calculated pressure loss and experimental data of

air-water system data at 20oC, P =5, 10.5, 15 BarG, ID= 77.92 mm in horizontal

stratified flow.

 (Raw data from Dr. Somprosong ,1996)

Figure 5.2.2-2 Comparison of the program calculated pressure loss and experimental data of

air-water system data at 20oC, P =1, 3.5, 6 BarA , ID= 77.92 mm in horizontal

slug flow.

(Raw data from Y. Manolis ,1996)
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The stratified model considers the effect of void fraction in two phase flow by

using the relationship of gas and liquid flow rates as well as properties of fluid and pipe size,

and transforms these to a dimensionless form related to the liquid hold up.  Once the liquid

hold up is evaluated the value of actual velocities, wetted surface area and hydraulic

diameters for gas and liquid are determined.  These parameters are then used to predict flow

pattern by evaluating the physical mechanism and to evaluate the pressure loss in stratified

flow.

Pressure losses calculated from the two-phase program are higher than the

experimental data in pipes of internal diameter 29 mm and 54 mm under atmospheric

pressure of Winai ( 1996).  Pressure loss in two-phase stratified flow in the pipe comes from

the effect of shear force between liquid phase to pipe wall, gas phase to pipe wall and shear

between gas phase and liquid phase.  Shear stresses are evaluated from the friction factor,

actual velocities and fluid densities.  The effect of actual velocity to the shear stress term is

higher than that of other parameters due to the velocity ‘s square term relationship.  This is

also a dominant factor the higher pressure value over and above the effect of density.

A further assumption made is that the friction factor for the gas flow at the

interface )( if  is equal to the friction factor for the gas at the wall ( Gf ) in smooth stratified

flow  (Gazley 1949).  Although many of the transitions considered are in the stratified wavy

region, it is assumed that the relationship of gas phase interface friction factor to gas phase

wall friction factor Gi ff ≈  remains  the same as in stratified smooth flow.  This is based on

the factor that gas phase velocity ( Gu ) is much higher than inter-phase velocity ( iu ) thus inter

face shear stress ( iτ ) equals to gas shear stress ( Gτ ).  This however leads to the result that

the calculated pressure drop will be higher than that observed from experiment.

Pressure losses for horizontal slug flow were test against the experimental data

in pipes of diameter 77.92 mm, at atmospheric pressure , 3 BarA and 6 BarA, superficial gas

velocities in the range of 17 to 25 ft/s and liquid superficial velocities between 1 to 5 ft/s.

Calculated pressure losses are within ± 30% of experimental data of Y. Monolis (1996).

The pressure losses in slug flow patterns come from the effect of the

acceleration of the slow moving liquid film ( tu ) to slug velocities ( Su ).  Because of the

randomness of certain slug flow parameters such as slug frequency, slug holdup ( SR ) and

slug length ( Sl ), the pressure loss calculations are based on experimental data for these

parameters within Reynolds number 30,000 to 400,000.  The experimental data used for the

pressure loss calculation may not applicable to other slug flow system which would result in

some errors between experimental and calculated losses.

The calculated liquid film thickness in horizontal flow and vertical downward

flow is within ± 0.01% of the result from force balance equation (3-47) and (3-137).



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusion

The two-phase program is a tool for prediction of the flow patterns as well as pressure loss

calculations in gas liquid two-phase flow for horizontal and vertical orientation.  The calculation time

is faster than hand calculation method.  The required inputs are the volumetric flow rate, density and

viscosity of the gas phase and liquid phase as well as the surface tension of liquid phase.  Once the

input data is filled in and pipe orientation is selected, the flow pattern and unit pressure loss result

will be shown in the out put section.

The program calculations to determine the type of flow are based on force balance performed

on the liquid and gas phases under steady state conditions. Once the type of flow pattern has been

determined, then program calculates the necessary parameters based on the type of flow pattern to

determine the pressure drop.

For horizontal flow , the type of flow pattern is classified based on the studies of Taitel and

Duckler (1976). Their studies classify flow patterns into one of the following: stratified smooth,

stratified wavy, horizontal slug, bubble flow.  For vertical upward flow, the classified flow pattern is

based on the studies of Taitel, Barnea and Duckler (1980) and is categosized either or bubble flow,

slug flow, Annular and dispersed bubble flow.  For vertical downward flow, the classified flow pattern

is classified according to the studies of Barnea, Shoham and Taitel (1981) and is categorized either

as Annular, intermittent (slug) flow or dispersed bubble. The pressure loss calculation method

depends on the flow model of each flow pattern,  in general the pressure loss in two-phase system

comprises of friction , hydrostatic , and acceleration from the momentum change in the flow pattern

including minor losses from valves and fittings in the piping system.  There are seven models

provided in pressure loss calculation,

1) Stratified flow model for stratified smooth and stratified wavy pattern ( Taitel and

Duckler 1976)

2) Horizontal slug ( Duckler and Hubbard,1975)

3) Similarity model ( Duckler, Wicks and Cleveland, 1964) for Annular and dispersed

bubble in horizontal flow and Annular for vertical upward flow

4) Vertical upward slug ( Fernandes, Semiat and Duckler 1983)

5) Vertical upward bubble model (Duckler 1976)
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6) Vertical downward Annular ( Wallis 1969)

7) Vertical downward Slug ( drift flux and similarity model)

8) Vertical downward bubble ( drift flux and similarity model)

The developed program has been tested against the experimental data in 0.75 to 3 inch

diameter pipe at low pressure for flow patterns in vertical upward and vertical downward flow

direction additional horizontal prediction is tested with experimental data up to 5 barG. The results

of the predicted flow patterns are acceptable for both the horizontal and vertical direction but in

the region close to the transition boundary, the predicted result is not accurately represent as the

experimental data.  Calculated pressure losses in stratified flow for 29 mm, 54 mm are over

predict more than 50% when compared to the experimental data of Winai et al (1996), outlet

condition at atmospheric pressure, air superficial velocity between 8 to 33 ft/s, water superficial

velocity between 0.07 to 0.24 ft/s.

Calculated pressure losses in stratified flow for 77.92 mm are over predict more than 50%

when compared to the experimental data of Dr Somprasong (1994), under 5 barG, air superficial

velocity between 0.28 to 0.56 ft/s, water superficial velocity between 5 to 22 ft/s

For slug flow pattern, the calculated pressure drop in the in range of %30± when

compared to the experimental data of Y, Manolis (1996) under pressure 1, 3.5, 6 bar A in 3 inch

pipe, air superficial velocity between 17to 25 ft/s, water superficial velocity between1 to 5 ft/s.

6.2 Recommendation

6.2.1 The flow pattern prediction from the two-phase program has been tested against

experimental data in stratified flow, bubble, slug and annular flow in the horizontal and

vertical direction.  Bubble flow in the horizontal direction was not tested as experimental

data for bubble flow was not available for this study.  It is recommended that the program

be tested against experimental data for horizontal bubble flow to verify the accuracy of

the predicted results.  The result obtained from the program for horizontal bubble flow be

used with caution until the accuracy of the results can be verified.

6.2.2 This program is developed from the force balance in the steady state flow which

considers the effect of fluid properties in a pipe. The calculated flow pattern and pressure

loss is tested against the experimental data for air and water in small pipes and low

pressure conditions due to the set up of the laboratory equipment.  It is recommended

that the program results be compared to experimental data for systems other than air
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water , as well as larger pipe sizes and higher pressure ranges in order to verify the

accuracy of the predicted result when this data is available.

6.2.3 The effect of pressure loss in two phase flow results in a decrease in gas density but has

little effect on the liquid density due to the incompressible nature of liquids.  For greater

accuracy when checking pressure loss in a pipe, the pipe line should be separated into

small sections so that the effect of the changing in gas density can be assumed to be

constant over the small section under consideration.  Generally for pressure loss

calculation in the gas flows the loss should not be greater than 10% of the upstream

pressure. It the pressure exceeds this value, smaller sections should be used.

6.2.4 Friction pressure loss in the two-phase model is calculated from the single phase friction

factor value. The friction correlation can be updated if two-phase friction factor is

published and proved.

6.2.5 Pressure losses in Fittings and valves loss is based on the liquid single phase flow losses

proposed by Courtesy ingersoll-rand company. The fitting loss for two phase flow would

be higher. It is recommended that fittings and valves losses are used with a safety factor

and the results should be compared with other experimental data.

6.2.6 To add fluid physical properties such as density, viscosity, etc. for water in the program

database for calculation.

6.2.7 To add a graphic display of the pipeline layout, fittings and valves into the input and

output section.

6.2.8 To show the calculated flow pattern map to indicate the predicted flow pattern compared

with the other flow pattern regions for the input flow rate range.
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Appendix A

PIPE DATA
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Table A1  Pipe Property( Data from The Crane, technical paper no.410,1988)
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Table A1  Pipe Property ( Cont.) ( Data from The Crane, technical paper no.410,1988)
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Table A1  Pipe Property ( Cont.) ( Data from The Crane, technical paper no.410,1988)
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Figure A2 Relative roughness values for pipe of common engineering material ( Data from The

Crane, Technical Paper No.410,1988)
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Figure A2 Relative roughness values for pipe of common engineering material (Data from

The Crane, Technical Paper No.410, 1988)
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Figure A-3 Friction factor (Data from  The Crane, Technical paper no.410,1988)
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FLUID PHYSICAL PROPERTIES
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Table B1 Viscosity of water and liquid Petroleum Product Data (Data from  The Crane,

Technical paper no.410,1988)
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Table B2 Weight Density and Specific Gravity of various Liquids (Data from The Crane

Technical paper no. 410,1988)
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