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CHAPTER |

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.



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..

input parameters

vertical upward

vertical downward

horizontal direction

Al A3 A5 A8
Stratify Smooth, Annular, Dispersed Bubble Bubble, Bubble Flow
Stratify Wavy for horizontal flow Disperse Bubble "Vertical down
"Stratified Model " Annular flow for vertical up flow "Vertical up Bubble Model "
"Similarity Model " Bubble Model "
A
A2 A4 A6 A7
Slug , Plug Flow Slug flow Annular flow Slug flow
"Horizontal "Vertical up “Vertical down "Vertical down
Slug Model " Slug Model * Annular Model Slug Model
\ 4

45 Determine flow parameter /display result

Display / Printout
» FlowpatternDisplay

A Pressure Drop
<Sto

Figure 1.2-1 Main structure of developed program




CHAPTER Il

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.

Dispersed Dispersed
» ' » Bubble
Annular Film
Annular
— )
Annular Mist
Flow pattern Separated
P
Stratified
Smooth
Stratified
—p
Stratified Wavy

Slug / Plug

Intermittent

Elongated
Bubble

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



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 V; /qlgD 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



type of flow regime which could be expected to have a significant effect on the accuracy of

these maps.
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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 r'nG//l versus ﬂ(p/fhG as shown in Figure 2.1-6
which is in terms of fluid properties. M; and M, were are defined as the gas and liquid

mass velocities in Ib/(hr- ft2). A and ¢ are fluid property correction factors and are defined in

below equations respectively.

05
A= (p_Gj(Lj (2-1)
0.075 | 62.3
73.0 623V |
Ol u, :
S | e 2-2
o (10}( pL] -

where p, and p are liquid and gas densities in Ib/ft®, 4, is the liquid viscosity in

centipoises and o 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).
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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.



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 U; and parameter Y was used

to multiply to the value of U, .

0
X — Pc
0.0808

(]

20 p, 124
624 o

1

0.25
P, 72.4)

624 o

02
Hg
0.018

(2-3)

(2-4)

where p, and pg are liquid and gas densities in Ib/t3, M, is the liquid viscosity in

centipoises and o 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 0.1 0.5
bubble 0.5 0.5 1.0/Y
Wave to Slug 7.5 0.3
40 0.3 Y
Elongated bubble and slug 0.1 14.0
to dispersed bubble 230 14.0 Y
Stratified and elongated 3.5 0.01
bubble to wave and slug 14.0 0.1
105 0.2 X
25 1.15
Wave and slug to Annular- 70 0.01
mist 60 0.1
38 0.3
40 0.55 X
50 1.0
100 25
Dispersed bubble to 230 14.0
Annular-mist 269 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.




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, @, and @, was introduced as follows

. (dp/dz),

° ~(dp/dz). @
2 _ (dp/ dZ)TP

P = opdz), e
., (dp/dz),

X" = (o), e

where (dp/ dZ)TP 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 @, and ®, were fitted by Chisholm (1967) using the following

equations:
O, 7 =1+CX + X2 (2-8)
CDLZ:1+%+% (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

(d) and the hold up (&) 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,

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

&
n S — Algu)™® (2-10)
w=lde U (2-11)
& l-gg

where Aconstant 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. Griffth 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 IlI

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:

Flow direction

—_——

a .0 .. - -
? U LI R UL R

R F- O & Bubble flow

_= )

W e Ty | ol |

Stratified flow

J_____\_’-——s—v—.\d Wavy flow
e =

E I:;D" : L"—"?':.D& Plug flow

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 (1)

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:
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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.

o a
YL
oogQ

annular slug bubble

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 (X,Y,F,K) allows the

classification of the flow pattern. The generalized flow pattern map is shown in Fig 3.2.1-1.
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Fig 3.2.1-1 Flow pattern map for horizontal direction (Taitel and Duckler 1976)
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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 (A, B,C,D) on the map. The

graph coordinates in the horizontal and vertical axis (K, X,T,F) and transition lines

(A, B,C, D 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) F,X,A
stratified to annular dispersed liquid (A) F,X, A
stratified smooth to stratified wavy(C) K, X,C
intermittent to dispersed bubble (D) T,X,D
intermittent to annular dispersed liquid (B) F,X,B

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

h{ , and the gas gap dimension h;;. The equilibrium dimensions are h,_and h. 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

P-P" > (hs —h JoL — pe )9 (3-6)

The pressure difference is determined by
' 1 r 2 2

P-P ZEXPG(UG —Ug") (3-7)

The criterion for instability when C, is equal to 1 and the instability becomes
g(pL ~ Pc )hG w
Ug > C x| —/———= (3-8)
P

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 (1) and to annular dispersed liquid (A) flow.

(p, - pe)gcosa)A, |

ug >C 3-9
© 7 T oA Tdn,) &)
when parameter C, and (dA, /dh, ) are determined by
C, - 1—h—5 =1-h, (3-10)

dA, /dh, =41-(2h -1)° (3-11)

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 h,_ .

F? 12 « Yo (dpl W) >1 (3-12)
C, g
where parameter Ug and A are determined by
- A rl4
UG == == (3'13)
Ao A

A, = 0.2'5[cos1(zﬁL ~1)- (2, 11— (2R, —1)2} (3-14)

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. Itis
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.

h,

—+= 05 (3-15)

D

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.

1 f
Fr = _pLuLZ(_Lj

S 3-16
> > (3-16)

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

Fs = g(cosa) o, — ps )As (3-17)

When the effect of turbulent force (F;) overcomes the buoyancy force (Fy), dispersed

bubble flow occurs as indicated in below equation.

1/2
u > [—“‘Gg — (1—’0—0)} (3-18)

Sf, PL

Transition between Intermittent and dispersed bubble flow can be written in dimensionless

form as below:

8A,
= — 3-19
{S.GZL(GLDL)-“} 19

T2

\%

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.

Ay, ( )g cos v
S| AP~ Pe g ai| (3-20)

U- =
© 0.01p.u,

Transition between Stratified Smooth and Stratified Wavy can be written in dimensionless

terms as

Ks— 2 (3-21)

Us4/U, x0.01
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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.

o (m / o

ULS( m/sec)
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Uggim/sec)
Figure 3.2.2-1 Flow pattern Map for Vertical upward direction, air-water at 25 °C, 0.1 MPa,

1 1 1
[oX] 10 10 100

5.0cm pipe diameter (Taitel et. al 1980)
(N-bubble, (11)-finely dispersed bubble, (l11)-slug, (1V)-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.
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Figure 3.2.2-2 Slug flow geometry (Taitel 1980)
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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 (&), 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 Ug, this velocity is related to the superficial gas uGS by

Ug =& =6 (3-22)

where ¢ is the void fraction. Likewise, the average liquid velocity is given by the term of the
liquid superficial velocity as

u = QL _ uLS
LUOAl-8) (1-¢)

(3-23)

Designating U, as the rise velocity of the gas bubbles relative to the average liquid velocity,
equation (3-22) and (3-23) yield
s s 1-¢

u ® =ug T—(l—g)u0 (3-24)

The rise velocity U, has been proposed by Harmathy (1960) to be quite insensitive to bubble
size and given by the relation of phase density (0 ) and surface tension (o)

( ) 1/4
U, = 1.53x {Q‘)Lp_#} (3-25)
L

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 (&) equal to 0.25 as shown in equation
(3-26)

( ) 1/4
u, 5 =30u,° -1.15% {gpr—#} (3-26)
L
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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 d,.,, .

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, d; .

For d, > d,; . the bubble rise velocity is almost independent of bubble size and the

crit ?
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.

D% (O-/pL )0'089 { g(pL ~— Ps )T%ﬁ

S S
u +U. =4
L G ( L/ I_)0.072 7L

(3-27)

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 uLS,uGSfor void fractions

equal to 0.52 in below equation.

1/4
u, S =0.92u,° - 0.48x 1.5{M} (3-28)

2

PL

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:

1
5 Cd(d® 1 4)peuc” = (d*/6)g(p. — pe) (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:

q=_Ko (3-30)

2
PclUg

As suggested by Turner et. al (1969) value of K= 30 and C,; = 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 (Ug) can be replaced by the superficial gas

velocity rate (uGS) and the final transition boundary is given by

2

S 1/
uG pG - 31
(o9(p. — pg ))1/4

(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.

£ 3
" E
s A . A
=]
OOifa & 4 & & & aa 0.0i}= a a saa
a A & & & 8 & a»
a & a ' a & & an
a 'y a ahs
oo 3 L 1 OOOIL 1 X 1
ool 0Ot 10 10 100 oot o) 10 10 100
Ugy [m/sec) ugg [m/sec)
Figure 3.2.3-1a 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, | = 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

A o5 or A o35 (3-32)
07A A

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:

s s, 1D*(o/p )™ [glo, —ps)] "
u - +ug =4 oo
(/JL /pL) PL

(3-33)
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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),

P u?
the pressure head (—) , and the velocity head (2—) as follows:
g

Z+E+U—Z=H (3-34)
p 29
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 (P; ) is the summation of
individual loss as below.

P=P +P,+PF, + P (3-35)
3.3.1 Frictional Pressure Loss (AP; )

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

P, = AP, xAZ (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, = 1 [(Momentum: rate)
C

P, = AP, xAZ (3-38)

(3-37)

upstream ]

— (Momentum- rate)

downstream

3.3.3 Elevation Pressure Loss (APg)

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

volume, the elevation head can be calculated as follows
AP = p 91— &) + ps9(e) (3-39)

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

length (AZ) in the individual flow pattern
Pg = APg x AZ (3-40)
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3.3.4  Minor loss from valves or fittings (AP, )

The pressure drop due to fittings AP;;, 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
AP, :(fB)xp; =(K)><p; (3-41)

The K value for sudden enlargements (Kenl) and Sudden Contractions (Kcon) are
calculated from inside diameter on inlet side (dl) and outlet side (dz) proposed by C.C.

Heald in Cameron Hydraulic Data (1988)

a2
Kenl =| 1-— (3-42)
d,
2
Kcon = (1— d—12j (3-43)
d,

The K value for pipe fittings in terms of equivalent length (L) feet of valves, friction factor

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

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

P = AP xN (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).

" |Equivalent Length
.Description of Product In Pipe Diometers
— o — m— dim s g
Stem Perpendic- | With no obstruction in flat, bevel, or plug type seat Fully open 340
Globe ulae to Run With wing or pin guided disc ' Fully open 450
Vnr\fﬂ {No abstruction in flat, bevel, or plug type seat)
. Y«Pattern = With stem 60 degrees from run of pipe line Fully open 175
= With stem 45 degrees rom run of pipe line Fully open 145
. \With,no obstruccion in flat, bevel, or plug type scat Fully open 145
Angle Valves With wing or pin guided dise Fully open 200
' Fully open 13
Wedg:. glil.? Three-quarters open 35
Degtug Disc . Onc-half open 160
Gate . . One-quarter open 900
Yalves ' [ Fully open . 17
Threc-quarters open 50
Pulp Stock One-half open 260
One-quarter open 1100
Conduit Pipe Line Fully open . 3
Conventional Swing -0.5t...Fully open 135
ek Clearway Swing 0.5t...Fully open 50
Ehl“ Globe Life or Stop; Stem Perpendicular to Run or Y-Pattern 2.0f...Fullyepen |  Same os Clobe
- Velves | gingle Life or Stop . 2.0t...Fullyopen | Some as Angle
" " | In-Line Ball 1.5 vertical and 0:15 horizontal}. . . Fully open 150
" With poppet lilt-type dise 0.31...Fully open 410
Foot Valves with Strainer [\ p [t cr-hinged dise 0.41. .. Fully open 7
. Butterfly Valves (8-inch and larger) Fully open 40
. Straight-Through | Rectangular plug port arca equal to 160% of pipe area _ Fully open 18
Coclis . Rectangulur plug port sreu equal to Flow steaight thiruugh 4
Three-Way 80% of pipe area (fully open) Flow through branch 140
90 Degree Standard Elbow . ’ \ . ] 0
45 Degree Standard Elbow 16
90 Degree Long Rodius Elbow 20
90 Degree Street Elbow . . 50
Fictings| 45 Degree Street Elbow %
.. 7 | Square Corner Elbow . 57
With flow through run 10
Standard Te¢ | \ieh flow through branch 60
Close Pattern Return Bend : ; l so___.
**Exnct cquivalent length s tMinimum caiculuted pressure '
equal to the length between Jrop (pui) seross valve to provide

flunge laces or welding ends, sullicient (low to lilt dise fully.
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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. Itis 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.

8
T we
Ag ' ] Ug
B — GAS
i ‘ T
sL N

Figure 3.4-1 Equilibrium Stratified flow

~A (P /dZ), -7, S +7, S +p A gsn(a)=0 (3-45)
~ A (dP/dZ)¢ — 7S — 7S + Ps A gsin(a) =0 (3-46)

where

(dP/dz),, (dP/dz),

pressure gradients ( pressure loss per unit length) in

the liquid and gas phases.

A, A = cross sectional areas for flow for the gas and liquid
phases.
Twe: Tw T = wall shear stress for the pipe perimeter contacting the

gas and liquid, and the interfacial shear stress

respectively.

SV . S = pipe perimeters in contact with gas and liquid and

interface perimeter respectively.

Par PL = density of gas and liquid phase
g = acceleration of gravity
o = 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 (dP/dZ), is assumed to be equal to (dP/dZ),. The force

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

as below.

S S 1 1 .

TWG—G—TM—L+TiS,(—+—]+(pL—pG)gSIna:O (3-47)
As A A A

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

P UL
T = T, 5 (3-48)
2
Twe = T % (3-49)
2
r =f w (3-50)

The friction factor f for laminar flow (Re< 2300) and turbulent flow( Re > 2300) 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.

f = E (3-51)
64
=2

e/ D 574
f =025 —+ 3-52

37 Re 0.9 ( )
fi = fG (3-53)

where

Re = Reynolds Number

€ = 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.
p ubD
u

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.

u =

4A

Se +S

Q

All-¢)

-e)

(3-55)

(3-56)

(3-57)

(3-58)

(3-59)

(3-60)
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Void fraction (5) is the ratio of pipe cross sectional area occupied by gas phase per total pipe

cross sectional area.

E=—

The parameter A, A ,S;.S..S,

h
dimensionless liquid height,B", and can be evaluated as follows:

l

DS I INT N7 RV YT YNV Yy

> >
I

> &P

A

_h

D

=cos™ (ZHL —1)

=7z—cos’l(2r~fL —1)

—\1-(2h -1f

:§G><D

:§_><D

:§><D

:og[ s*(2h, ~1)- (2R 1m}
:025{ —COS~ (2h l 2h 1)\/1(7)2}
VA

4

:,EGXDZ

:,leD2

(3-61)

(3-62)

(3-63)
(3-64)

(3-65)
(3-66)
(3-67)
(3-68)

(3-69)

(3-70)

(3-71)

(3-72)
(3-73)

and others are geometric function of the
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Ug = ..i (3-74)
a

u = i (3-75)
A

% — 1~ (2R -1f (3-76)
L

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).

‘(dP/dZ)LS‘ = 4f,, M (3-77)

2D

‘(dP/dZ) S‘=4f M (3-78)
G WG 2D

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.

-————— FLOW DIRECTION

g

T Y
LIQUIO—“—\ LIiZJUIO——J FILH—\'

PICKUP SHEDDING ey
f

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 (I ) 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 (|, +1)

5) The slug mixing zone occurs at the slug nose of length (IS + |f ). 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.

LEVEL DROPS

ol

SLUG JUST PASSES OUT OF VIEW TO THE RIGHT. LEVEL DROPS.

LEVEL REBUILDS

7 A
- — A L
/ / Jr’/ / 7 ‘I." / _."’ 77 ‘J."f.’_ i i ;
— e —————

LEVEL REBUILDS AND WAVE WEARLY BRIDGES PIPE.

©

7 7 rilld !."' y ;/, . y, y
’} ¢ /f/ "'I( 4 tf{//."'f,/f’/,//-’.,/_,-” s /

BRIDGNG OF PIPE BY LIOUID: SLUG FORMATION.

” Ay sy
.r/’/_/ ./": £ l(,/ _-'} .’/// / 77 A

7
SLUG SWEEPS UP LIOUID: LEVEL DROPS

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

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.

AP, = 2fS[pLRS +pG(1_ Rs)]usz(ls _Im)
f 2g.D x|

(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:

X
AP, =——(u.—u 3-80
2 =g, s U (3-80)
| oA T i \ - +"t||:|:= J
A e TR
0, Wket (1) =Y
N el 77777
} Ly |
A o .
P I T &g
.th
x4

POSITION (OR TIME)

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

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

Rs = ! (3-81)
1+ (ug/28.405)"%
Us=u, °+ug> (3-82)

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

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

| =30D (3-83)

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

at the front due to film pick up
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Translational Velocity at Mean fluid velocity Apparent velocity gain by
The slug nose = in the slug + adding fluid in the slug nose
U, Ug X
£ AR
X
u, = (us + Jus = (1+C)ug (3-84)
PLARS

The relation between Reg and C can be approximated from experiment by observing the
log linear relationship over the range 30,000<Reg<400,000. The constant C can be
calculated from the relation of Reg as below.

X

= = 0.021In(Reg )+ 0.022 (3-85)
PLARSUg

Where Regis the two phase Reynolds Number from similarity model proposed by

Duckler et al (1964).
R 1-
Re, = Du PL s+pe( Rs)

(3-86)
® 1 Rs + ,UG(]-_ Rs)
Slug frequency:
1.29\u,.° +u, ° )+ 0.35/gD [1—
vszizo.ozze[ e +u,°) o f1-p) (3-87)
I, 20D
Length of liquid film:
I, =1 —Ig (3-88)
Fraction of pipe flow area occupied by film ( R, ) can be calculated from:
u W,
lg = : L _R,+C(R.—-R )} (3-89)
° VS(RS_Rf) PLAUS f f

The length of the mixing eddy appears to depend on the relative velocity between slug and

film velocity head from observation.

2
|, =0.3-Velocity - Head = M[&J (3-90)
ch SL

where S, 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 (R, ) 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 ( p1p), tWo phase viscosity( ti1p ),

liquid volume fraction (4, ) are defined by,

A, @-A)

= =+ C1 3-91

Pre = PL R, Pa 1-R) (3-91)

Hrp = H AL + Hg (1_ A )CZ (3-92)
s

QL uL (3_93)

Q +Q u ~+ug

Case | This case is used for friction pressure loss calculation in horizontal slug flow which is a

homogeneous mixed with negligible slip. Under this conditions, C1=C2=1, A =R_,

(1-1,) = R, . The mixture properties are defined by

Pre = PLAL+ Pg (1_ ﬁ“L) (3-94)
Hrp = LA + Mg (1_ /74_) (3-95)

Case Il 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 C1

and C2 is assumed to be 1, the mixture properties are defined by

Do = P 1L2+p (1_/1L)2
TP L RL G (1_ RL)

Hrp = 1 AL+ Hg (1_ A ) (3-97)

(3-96)
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3.6.1 Hughmark Liquid hold up (R, )

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.

— K -
T PR -
==
i
K V

0.1

1/6 0.125
g Re™" N

Z /10.25

Figure 3.6.1-1 Hughmark ‘s liquid hold up Correlation

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

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

(Re)0.167 ; (N o )0.125

Z = 20_25 (3-99)
u 2

Neg = ;—B (3-100)

Re,, = DG, (3-101)

- Rou +(@-R)ug

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

calculated as below:

Up =U " +Ug> (3-102)
G, = (P Q -;\pGQG) (3-103)
Qs Ps (3-104)

T Qure + Qo)
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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.

s s\?
AP, = fTPpTP(uL +Ug ) (3-105)
29.D

AR, = gg[pLRL +ps(l-R )] (3-106)

C
f
Two-phase friction factor is calculated from the normalized curve —= in Figure 3.6.2-3
0

or below equations.
InA )
1.281-0..478(~ In A)+ 0.444(— In 1)* — 0.094(— In A)° + 0.00843(— In A)*

(3-107)
f, 000140 + 122 (3-108)

Re,

a(1)=1.0-{

3.0 T

t41d
-

I

:hl;w
N
O

0.0001 0.001 0.0l [*A] 1.0

Volume Fraction Liquid Input, A

. . fTP
Figure 3.6.2-1 Normalized curve ——
0

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 (AP; )

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

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

2f 0 Pl s
AP, = %ILS =40 fTPpTPuLLSZ (3-109)

Liquid volume fraction (A4, ) is calculated from

AL =Uys (1_aLs)/(u|_S + UGS) (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, (U, g ). The liquid slug velocity (U, 5) is

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

accelerate the liquid in the film to liquid slug velocity

AP, =(p U /gc ) (1_ Qg )X (uLTB iy uLLS) (3-111)

3.7.2 Pressure loss from gravitational effect (APg ) pressure loss is calculated from

average void fraction over slug unit (ag; ).
ARy = (g/gc)[pL(l_asu )+ ps(l-ag, )] (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 (Uy, ), its nose shape is almost perfectly bubbled

shaped and flat at the tail. The gas Taylor bubble length (ITB) 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 a5, 5 &, respectively. These small bubbles are distributed evenly
over the slug length (I ), except at the tail of Taylor bubble where the void fraction (ay)is

considerably higher than the void fraction in liquid slug (& g) 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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TAYLOR BUBBLE—
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Figure 3.7.1-1 A slug unit for vertical upward slug model

I = length of gas Taylor bubble
ls = length of liquid slug

| = length of slug unit

Ugrs = velocity of the gas in the Taylor bubble
Ugrs = velocity of the gas in the liquid slug

U = velocity of the liquid in the Taylor bubble
U,s = velocity of the liquid in the liquid slug

u, = velocity of translation of Taylor bubble

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

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

Taylor bubble void fraction &g, void fraction in the liquid slug (¢,s) and /3 ratio as below.

agy =VoNey = (s Asra + s Aais) [TAX (I +116)] (3-113)
g = P +(1- f)xas (3-114)
O = % (3-115)
o= h (3-116)
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I
L= % (3-117)
B + LS

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

A s 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 (ITB) and liquid slug

length (I ) are At;; and At at translation velocity (U, ).

Aty =l /Uy (3-118)

At g = ILS/UN (3-119)
The volume of gas carried upward by the Taylor bubble and volume of gas carried by liquid
slug are Vg5 and Vg 5.

Vers = Ugrs (Aams ) At =l (Adg) (Ugrs /Uy ) (3.120)

Vs = Ug s (Aa )AL ¢ = lLS(AaTB)(uGLS/uN) (3.121)

During the time corresponding to the passage of one slug unit (At = Atz + At|g), 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.

VGTB = QG (AtTB + Ath) = (UGSA)[(ITB +ILS)/UN] (3.122)
Superficial gas velocity can be calculated by combined equations (3.121) and (3.122).

UGS = fargUgrs + (1_ ﬂ)aLSuGLS (3-123)
Liquid superficial velocity can be calculated in the same manner as the above method.

uLS = (1_ ﬂ)x(l_aLS)uLLS _ﬂ(l_aTB)uLTB (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, Uy,

greater than that of either the gas or liquid phase. Thus, independent continuity relation can
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be developed by considering the flow relative to the nose of the Taylor bubble. For liquid

phase one obtains

(UN —Ugs )O‘Ls = (UN —Ugrs )aTB (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
(UN _ULLS)X(l_aLS):(uN +ULTB)X(1_aTB) (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 (Uy ) 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 uGS + u,_s. 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 1.29x (uGS + uLS) .

u, = 0.35,/gD +1.29x (ug° +u,®) (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

1/4
Ugs = U, g +1.53x {og(pL—;pG)} N (3-128)

PL
U s = 9.916% [gD(l— Jor )]1’2 (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 (&, g) 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 (lg) from experimental work of Fernandes et. al shows that |4 = 20D

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 ( pr) as shown in

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

3.8.1 Pressure loss from frictional effect (AP; )

Frictional pressure loss can be calculated using the similarity case Il model proposed
by Taitel et. al (1964) and other flow parameters.
S Sy2
frppm (U +u’)

AP, — 3-130
f 29,D (3430

3.8.2 Pressure loss from gravitation effect (APg )

g

AP, = i[gp(3 +(1-¢)p ] (3-131)

3.8.3 Void fraction (&)

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

superficial phase velocity (ug p uf‘)

U, =U, —u (3-132)
0 L G
S S

u u

S =t _+u, (3-133)
e (1-¢)

U & 1.53(0g(p, — ps )™
S +é S 05
ug (1_ 5) urp

(3-134)

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.
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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 (o)
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

-A (P /dZ), -7, S +7S +p A g=0 (3-135)
- A (dP/dZ)e —7,§ + pg A9 =0 (3-136)
For a uniform steady state and in the absence of hydraulic gradient, the value of

(dP/dZ), is equal to (dP/dZ), . The pressure balance in the liquid and gas phases are

combined as below:

1 1 S
TiS[K+_]+(pL_pG)g_TMKL:O (3-137)

A dimensionless liquid film thickness (0 ) 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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T, B B 7, _ -
D(g_gzx1_25)+g(p|_ pG) am 0 (3-138)

Pressure loss in annular flow is calculated from the flow parameters and the liquid film

thickness as indicated in these equations.

5 :% (3-139)
S =D (3-140)
D
S = 2;{3 - 5) =7(D-25) (3-141)
2
A = ”Z - ﬂ(% = 52j = (D5 - 5?) (3-142)
2
A, = 7{% _ 5) (3-143)
D, :A'S;AL=4D(5—52) (3-144)
L
Dg = % - Df1-257) (3-145)
S
U, = % _ 1:';—6452 (3-146)
—46 +
S
u = % _ 4;L = (3-147)

Shear stress at the liquid wall and interface (7, ,7;) 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 (AP; )

Frictional pressure loss can be calculated by the similarity model case | as below
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f 2
AP, = 1 PLsUnm %S (3-148)
2gcD l;

where |S is liquid slug length, |T is total slug unit length, U, is the mixture velocity.

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

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

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

3.10.2 Pressure loss from gravitation effect (APg )

AR, :i[HLpL +(1_ HL)pG] (3-149)

3.10.3 Drift flux Liquid hold up (H )

Liguid hold up can be calculated from the gas superficial velocity (uGS) and the Taylor
bubble velocity (ub) . For the vertical downward slug model, average constant value of the

distribution parameters C, and Drift flux coefficient K value are 1 and -0.6 respectively.

u.S
H, = 1--C_ (3-150)
u,

[9D(p, — o)l

PL

u, =Cyu, + K (3-151)
Because the void fraction of the liquid slug is around 0.25, H 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 (H ). Details

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

Frictional pressure loss can be calculated using the similarity model case Il by
Taitel et. al (1964) using the flow parameters as indicated:
2

AP, = m (3-152)
2gcD

3.11.2 Pressure loss from gravitation effect (APg )

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

3.11.3 Drift flux Liquid hold up (H )

C.S Martin (1973) obtain the value of constant parameter C, = 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

ug®

H =1-
0.9u,,

(3-153)



4.1

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

CHAPTER IV

PROGRAM DEVELOPMENT

Program basis

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

Table 4.1-1 Basis of horizontal flow pattern determination
ltem Description English unit Metric unit
1 SourceBTiataff el ofod Manhane et. al. Manhane et. al.
1974 1974
2 Fluid type air - water air - water
3 Pipe size, ID 1linch 25cm
4 Pipe length, L - -
5 | Temperature 77 °F 25°C
6 Pressure, P 14.7 PsiA 0.1 Mpa
7 Range of Velocity, U,° 0.03-26 ft/s 0.01-8mils
8 Range of Velocity, Ug® 0.33-260 ft/s 0.1-80m/s
9 | Range of Volume flow rate, Q, |0.07-50 (107 ft*/s | 0.02-16 (10) m%/s
10 | Range of Volume flow rate, Qg |0.7-530 (10°%) ft*/s | 0.2-160 (10°) m%/s
Table 4.1-2 Basis of vertical upward flow pattern determination
ltem 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 1-2inch 25-51cm
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, U ® 0.1-10 ft/s 0.03-3mi/s
8 Range of Velocity, Ug® 0.1- 100 ft/s 0.03 - 30m/s
9 Range of Volume flow rate, Q. | 0.2 - 20 (10)ft*/s |0.06 - 6 (10°%) m¥s
10 | Range of Volume flow rate, Qg | 0.2 -200 (10)ft¥/s |0.06-60 (10%) m%/s




Table 4.1-3 Basis of vertical downward flow pattern determination
ltem 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 25-5.1cm 1-2inch
4 Pipe length, L 10m 33 ft
5 | Temperature 25°C 77°F
6 Pressure, P 0.1 MPa 14.7 PsiA
7 Range of Velocity, U,® 0.02-20 m/s 0.07 - 65 ft/s
8 Range of Velocity, Ug® 0.05-5m/s 0.16 - 16 ft/s
9 Range of Volume flow rate, Q, | 0.04 - 40 (10°) m*/s | 0.1 - 130 (107 ft*/s
10 | Range of Volume flow rate, Qg | 0.1-10 (10°) m*s | 0.3 - 33 (10 ft¥/s
Table 4.1-4 Unit of measurement
Abbreviation |Dimension English unit | To convert to SI multiply by
Factor Sl Unit
A Cross section area inch® 6.5416 cm’
d Pipe inside diameter inch 2.54 cm
deg Angle of inclination degree Pi/180 radian
g Acceleration of gravity | 32.174ft/s” - 9.81m/s”
L Length ft 0.3048 m
mu Viscosity cP 1 (10®)Ns/m”
P Pressure psi 0.07031 kg/cm?
Ps Pressure loss Psi/100 ft 0.23068 | kg/(cm°x100m)
Q Flow rate ft'/s 35.3145 m°/s
Rho Density lbm/ft® 16.0184 kg/m®
Surf L Surface tension Ibf/ft 14.5938 N/m
T Temperature deg F (T-32)/1.8 deg C
Y Velocity ft/s 0.3048 m/s

4.2

Program layout
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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
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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

. Gag liquid system v. 1.0

Caontract No. ITest Fun Docurnent Mo, Igg mm - 1 Bard Revigion Mo, Im
Project M ame ITwo-phase Thesiz Client name IEngineering Dept Fevizion Date |25-M arch-2002

Two Phase Calculation

=Input Walue
Liquid Flow Fate ID.DDD?EE ft3/s Gas Flove rate ID.1 137 ft3ds MNPS |1 vI inch Save |
Liquid Denzity 211749 Ibrn i3 Gaz Density  |0.0723 lbm/ft3 Schedulel vl Clear |
Liquid Yizcosity na P Gas Wizcogity [0.0187 P Did) |1.‘I-’11? VI inch E it |

Surface Tension 0.005 Ik At Mg 29 roughnessID_DDDDDS vI ft

Up Stream Pressure |14 7 Pl Temperature |77 degF Length I 4 ft Inclingtion | 90 degree
% English |

Harizontal W ertical Upward | Vetical Downward

G ate W 4l I S'Eth.I SDdBdI I Enl tl I inch
No. of Fittings ate Walve 0 wing Checl il eg Ben il Through Tes 0 Enlargemen ]

Glove Valve I i Ball W alve I i 45 deg Bend I il Branch Tee I 0 Contraction I il HI 0 inch

Figure 4.2.1-1 Program ‘s Input screen
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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:

Stratified Smooth

Slug/Plug Flow

Annular Flow

3323 > Two Phaze Flow Caleulation< << <<«
Daocument Mumber: 29 mm - 1B ard
Revision : 01

Date : 25-March-2002

Contract Ma.: Test Run

Project Mame: Twao-phaze Thesis

Client Hame : Engineering Dept
3332y rey nput Dataccdddeds
1) Liquid flows rate;: QL= 000 ft3/¢

2] Gaz flow rate; QG= 1137 3/

3] Liquid density: thol = 62,1179 lbmAt3

4] Gas density: thaG = 0.0723 lbraft3

8] Liguid viscogity: mul = 0.8 cP

B] Gag wizcozity: mul = 0.0187 P

4.3

-

| |

Calculation Procedure

13)angle of inclination :deg = -30 degres ;I
FrrerrrerrrOulpuls<4{{<dddg

Slug Flow

1] Lig. superficial velocity, ULS_wu = 11 ft/s

2] Gas superficial welocity JGS_wu = 15.99 ft/:
UGS_wu < UGS_E_wu

ULS _wu» ULS_B_wu

ULS _wu < ULS_C wu

UGS_E_wu= 48811t/

ULS_B_wu = -E.EE ft/s

ULS_C_wu= 1437 ft's

A Unit Pres. loss = 0.52 pai00f

4] Total Line Pres. lozs= 0.0208 pzi

Thiz preszure logs walue need to be verfied witk ¥

9] Schedule =

100D = 1.1417inch

11)Fipe roughness e = 000005t

12]Pipe length: L = 4 ft

13Angle of inclination :deg = 90 degree
>>>>>>>>>>>Dutput<<<<<<<<<<<

Annular Flow

liguid hold up, AL wdat_wd== 0002

AL wddd_wd <035

1) Lig. superficial velocity JLS_»d = 11 ft/s

2] Gasz superficial velocity UGS _wd = 15.33 it/
3] Unit Pres. loss= 0.45 psi/100ft

4] Tatal Line Pres. loss=0.018 psi

Thig preszure lozs value need to be verified with ¥

Figure 4.2.2-1 Results section screen

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.



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

y

hLD=0

e

hL_D=hL_D + 1xE-5

v

al =(2xh_D - 1)

A = 0.25xPixD"2

AL = 0.25xD"2x( Pi - cos™(al) + alxsqr(1-al"2) )
AG = 0.25xD"2x( cos * (al) - alxsqr(1-a1"2) )
SL = Dx(Pi-cos*(al))

SG = Dxcos *al

Si = Dxsqr(1-a”2)

alpha =AG/A

ULS =QL/ (A/144)

UGS=QG/ (A/144)

UL = QL/ (Axalpha/144) 'UL=ULS/alpha
UG = QG/ (Axalpha/144) 'UG=UGS/alpha

Ui =0
DG = 4 x AG/ (SG +Si)
DL = 4 x AL/SL

ReG = rhoGxUGx(DG/12) / (muGx6.7197E-4)
ReL = rhoLxULx(DL/12) / (muLx6.7197E-4)
rft = (ex12)/D

ReG>2300

No
Yes

fWG= 0.25x(log (rft/3.7+5.74/ReG"0.9) )2

fWG=64/ReG

fi = 1.293x ReG"-0.57
TuWG = 0.5 x fG x rhoG x UG" 2

Tui = 0.5 x fi x rhoG x (UG-Ui)"2

Figure 4.3-1 Flow chart for horizontal flow pattern
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Rel>2300

No
Yes

A
fWL = 0.25x(log (rft/3.7 + 5.74/RelL"0.9) )\-2 fWL=64/ReL

TauWL = 0.5 x fL x rhoL x UL"2
Mh1l= TauWGxSG/(AG/12) - TauWLXSL/(AL/12) + TauixS x(1/AL+1/AG)/12 +
( rhoL-rhoG)xgxsin (deg)

7 =

Yes

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

tranA >=1
No L
Yes
UG_C = sqr( 4x(muLx6.7197E-4/rhoL)x

tranB = hL_D ( rhoL-rhoG)xgxcos (deg) / (0.01xrhoGxUL) )

v

kime vis=muL/rhoL, s=0.01
print Yes

"Annular"
variables

Yes

print"SwW"
variables

tranD = sqr( 4x(AG/Si/12)xgxcos (deg)/fWL)

print"SS",
variables
x (1-rhoG/rhol) )

p{ALl )
UL>=UL_D print"slug "
No :
variable
Ye

S
print"DB",
variable

Figure 4.3-1( Cont.) Flow chart for horizontal flow pattern
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QL,QG,rhoL,rhoG,muL,muG,surf_L
D, pipe schedule,e,deg

v

A= 0.25 x Pix D"2

ULS = QL/(A/144)

UGS = QGI/(A/144)

Uo =1.53x (gxgcx(rhoL-rhoG)xsurf_Lxgc/rhoL”2)"0.25

UGS_E = 3.1x(sft_Lxgx32.174x(rhoL-rhoG)/rhoL"2)"0.25

ULS_B= 4x( (D/12)"0.429 x ( gcxsurf_L/rhoL)"0.089x (gx(rhoL-rhoG)/rhol)"0.446
/(. muLx6.719E-4/ rholL)"0.072 -UGS

UGS>UGS_E

es

|ULS_C = 0.923xUGS - 0.48xUo | y

|UGS_A =(ULS + 0.75xU0)/3

ULS>ULS_C |UG E 0.353qr(gD)|
No
Yes
Uo>UG
No
Yes UGS>UGS_A
+— No
Yes
print
Annular
variables
<
print print
"Bubble" < "Slug"
variables variables

i E— it gt

Figure 4.3-2 Flow chart for vertical upward flow pattern



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

thk L d=0

¢

thk_L_d = thk_L_d +0.0001

v

< VD-2/1

thk_L =thk_L_dxD

A = 0.25 x Pi x D2

AG = Pix (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"2))

DG = D x (1- 2xthk_L_d)

DL=4xD x (thk_L_d - thk_L_d"2)

ReG = rhoGxUGx(DG/12) / (muGx6.7197E-4)
ReL = rhoLxULx(DL/12) / (muLx6.7197E-4)
rft = (ex12)/D

ReG>2300
No
Yes
fWG= 0.25x(log (rft/3.7+5.74/ReG"0.9) )\-2 fWG=64/ReG
RelL>2300
No
Yes
A 4
fwL= 0.25x(log (rft/3.7+5.74/RelL"0.9) ) -2 fWL=64/ReL

Figure 4.3-3 Flow chart for vertical downward flow pattern
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fi = WG

Taui = 0.5 x fi x rhoG x (UG-UL)"2

TauWwL = 0.5 x fWL x rhoL x UL"2

Mvdl= ( Taui/ ((D/12) x (thk_L_d - thk_L_d"2) x (1 - 2xthk_L_d))) +
((rhoL-rhoG)xg ) - (TauWL / ( D/12 x thk_L_d x thk_Ld"2) )

/Mdl/<1 > VD-2/1

No

AL/A< 0.35

No

Yes

ULS_DB=4x( (D/12)"0.429 x (gcxsurf_L/rhoL)"0.089x
( gx(rhoL-rhoG)/rhol)"0.446 / (muLx6.7197E-4/rhoL)"0.072 ) - UGS

ULS>ULS_DE
No

Yes print "Slug
Flow",

variables

print
"Annular”
variables

print "DB",
variables

Figure 4.3-3 (Cont.) Flow chart for vertical downward flow Pattern
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gt

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

: Print Variables >

IV

C End of program D

Figure 4.3-4 Flow chart for stratified model
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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)*.39

Ls = 30 x (D/12)

C=0.021In(ReS)+0.022

Ut= (1+C)xUs

freq=0.0226 x ((ULS/(gxD/12) x ((19.75/Us)+Us) )M.2
Lf=(Ut/freq) - Ls

Lu=Lf+ Ls

Rf=((fregxLs/Us)xRs - QL/(A/144)xUs - CxRs x (1/( (fregxLs/Us)-1-C))
Uf= Ut-(CxUsxRs/Rf)

Lm=0.3x62.43x(Us - Uf)"2/(2xgc)

Res>2300

Yes

v

fs = 0.25x(log (rft/3.7 + 5.74/ReS"0.9) )" -2 fs=64/Res

y

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

i Print Variables >
A 4
C End of program )

Figure 4.3-5 Flow chart for horizontal slug model
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1t

RG=10

(!

RG = RG + 0.001

v
UTP = ULS+UGS
GTP= (QLxrhoL+QGxrhoG)/(A/144)
lamda = QL/(QL+QG)
x_q = (QxrhoL)/(QLxrhoL+QGxrhoG)
mMuTP = ((1-RG) x muL)+(RG x muG)
rhoTP= (rhoLxlamda’2/(1-RG)) + (rhoGx(1-lamda)"2/RG)
ReTP = (D/12) x GTP / (muTP x 6.7197E-4)
NFR = UTP”2 / (g x (D/12))
Z = Re’0.167 x NFR"0.125 / lamda”0.25

59

! ! !
1<=7<10 10<=Z<40 40<=lamda
I v '
Z=0.0017Z "3 - 0.03982" 2 Z=-7*10"-5 Z"2 + Z=0.10381InZ + 0.4823
+ 0.3271Z-0.1848 0.0048 Z + 0.7481
\ 4

RG_A = K / (1/x-1) x ((thoG/rhoL) + 1))
R chk = RG - RG_A

/R chk/<0.001

No

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



ReTP>2300

No

v

fo = 0.25x(log (rft/3.7 + 5.74/ReTP/0.9))-2 fo=64/ReTP

message box
"error lamda
value,

lamda <1.0

Yes

60

fTP perfo= 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”2) / ( 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

: Print Variables >

4

< End of program )

Figure 4.3-6 (Cont.) Flow chart for annular and bubble flow (similarity model)




171

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

v

alphaTB = alphaTB+.0001

v

61

beta=LTB/ (20D + LTB)

L=LTB+LLS

alphaSU = beta x alphaTB + (1 - beta) x alphalLS

UGS= beta_a4 x alphaTB x UGTB + (1-beta)x alphalLS 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* Sqgr(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)))

lamda = ULLs x (1-alphalLS) / (UGS +ULS)

mu TP = (mu L x lamda) + [mu G x (1-lamda)]
Re TP =rho TP x (ULS + UGS) xD / mu TP

rho TP = [ rhoG x (1-lamda)"2 / alphalLS] + [ (rhoL x lamda”2) / (1-alphalLS) ]

No
ReTP>2300

Yes

\ 4

fo = 0.25x(log (rft/3.7 + 5.74/ReTP"0.9))\2 fo4=64/ReTP

No message box
"error lamda value,
lamda="

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

Figure 4.3-7 Flow chart for vertical upward slug model
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17l

Uo=1.53 x (surf_LxgcxgxrholL-rhoG)/rhoL’2)"0.25
alpha_1=((UGS+ULS+Uo) + sqr( (UGS+ULS+U0)2 - (4xUGSxUo0) )/(2xUGS))
alpha_2=((UGS+ULS+U0) - sgr( (UGS+ULS+U0)2 - (4xUGSxUQ) )/(2xUGS))

-1<alpha_1<1

No
-1<alpha_2<1

No
Yes

Yes

alpha= alpha_1 alpha= alpha_2 -‘ alpha=0.25

I | |
v

UTP=ULS + UGS

lamda= ULS/ UTP

rhoTP = rhoGx(1-lamda)"2/alpha + (rhoLxlamda?) / (1-alpha)
muTP = muLxlamda+ muGx(1-lamda)

ReTP = (D/12)xUTPxrhoTP/(MuTPx6.7197E-4)

No
ReTP>2300
Yes l

fo = 0.25x(log (rft/3.7 + 5.74/ReTPD.9)*2 fo=64/ReTP

No message box
"error lamda value
Yes

fTPperfe 1 + (lamda/ (1.281- 0.478* lamda + 0.444 * lamda 2 -
0.094 * lamda "3 +0.00843* lamda "4))
fTP = (fTP per fg x fo

dP/dL)f = (100/144)x(fTPxrhoTPx UTP2) / (2xgcx(D/12))
dP/dL)g =(100/144)x(g/gc)x (rhoLx(1-alpha)+rhoGxalphg
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'
End of program

Figure 4.3-8 Flow chart for vertical upward bubble model
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ReG = rhoGxUGSx(D/12) / (muGx6.7197E-4)
ReL = rhoLxULSx(DL/12) / (muLx6.7197E-4)

No
ReG>2300
Yes
\ 4

fWG= 0.25x(log (rft/3.7+5.74/ReG"0.9) )2 fWG=64/ReG
No
Rel>2300
Yes
fWL = 0.25x(log (rft/3.7+5.74/RelL"0.9) )2 fWL=64/ReL

HIf = HIf + 0.01

v
X = sqr(fwLx rhoLxULS"2) / sqr(fWGxrhoGxUGS"2)
Y = (gx(rhoL-rhoG)xsin(deg) / ( (4xf\WGx(rhoGxUGS"2) / (2x(D/12)) )
fi=fWGx( 1+75xHIf )
X1= (1+75xHIfxHIA2 / (1-HIf)"2.5 - (Yx HIf*3)
C_chk = X72-X1

/C_chk/< 0.001

No Yes

dP/dL)f = 2(100/144)x(fi)x (rhoGxUGS"2/(gcx (D/12))x ((1-HIf )"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

Print Variables"
< End of program )

Figure 4.3-9 Flow chart for annular downward model
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gt

co=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)

v

Ub = COxUm + Kdxsgr (gx(D/12)x(rhoL-rhoG)/rhoL)

C= 0.021 In(ReLS)+.022

freg=0.0226x ( (ULS/(gxD/12)) x ((19.75/Um)+Um) )*1.2
Ls = 30x(D/12)

LT = (1+C)x Um/freq

Hlh = 1-UGS/Ub ' liquid hold up

Hsf = Ls/LT " slug fraction
f RelLS>2300 >
\ 4
fo= 0.25x(log (rft/3.7+5.74/ReL.S"0.9) )2 fo=64/RelLS

No message box
"error lamda value,
Yes

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

v

dP/dL)f = (100/144)x (fFTPxrhoLSxUm”2xHsf) / (2xgcx
(DI12))

dP/dL)g =(100/144)x(g/gc)x ( rhoLxHIh+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"
\ 4
C End of program )

Figure 4.3-10 Flow chart for vertical down slug model
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Tl

C0=0.9
K=0

Ugb = CO x UTP

HIf =1 - (UGS/Ugb)

lamda = QL / (QG +QL)

rhoTP = rhoLxlamda’”2/HIf + rhoGx(1-lamda)"2/(1-HIf)
muTP = mulLxlamda + muGx(1-lamda)

ReTP = rhoTPXUTPx(D/12)/ (muTPx6.7197E-4)

N
ReTP>2300
Yes
4

fo= 0.25x(log (rft/3.7+5.74/ReTP70.9) )2 fo=64/ReTP

message box
"error lamda valuée'

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

v

dP/dL)f = (100/144)x(fTPxrhoTPXUTP?2) / (2xgcx (D/12))
dP/dL)g =(100/144)x(g/gc)x (HlfxrhoL+ (1-HIf)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 >

A 4

< End of program )

Figure 4.3-11 Flow chart for vertical down bubble model




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 Flow pattern
ULS(ft/s) | UGS(ft/s) Experiment Predict 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 S\ 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 SwW 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 S\ correct
0.07 33.63 Stratified SW correct

Properties are O = 62.1179 Ibm/ft3, t/ =0.8 cP; P5=0.0723 lbm/ft3, [5=0.02 cP ,

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



Table 5.1.1-2 Program result compared with air-water system at 20 °C, 5 BarG, |D=77.92

mm in horizontal direction

Superficial velocity Flow pattern Flow pattern
ULS(ft/s) UGS(ft/s) Experiment Predict 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 O = 6232 Ilbm/ft3, 4 =1.0 cP; p;=0.46 Ibm/ft3, [;=0.02 cP,

O = 0.005 Ibf/ft (Raw data from Dr. Somprasong, 1994)



ID=54 mm in horizontal direction

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

68

Table 5.1.1-3 Program result compared with air-water system at room temperature, 1 barA,

Properties are O\ = 62.1179 Ibm/ft3, (| =0.8 cP, P5=0.0723 lbm/ft3, LI;=0.02 cP,

O = 0.005 Ibf/ft ( Raw data from Winai, et. al1996)

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 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




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

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 O = 6232 bm/ft3, ( =1.0 cP; p5=0.46 Ibm/ft3, [/5=0.018 cP,

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

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
0.04 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 O\ = 62.12 bm/ft3, U, =0.8 cP; P;=0.0727 lbm/ft3, [/{5=0.018 cP cP,
O = 0.005 Ibf/ft (Raw data from Malasri Janumporn, 2001)



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 0| = 62.12 bm/ft3, L =0.8 cP; O5=0.0727 Ilbm/ft3, [{5=0.018 cP |,
O = 0.005 Ibf/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 O, = 62.1179 lbm/ft3, [/ =0.8 cP; P =0.0727 lom/ft3, [I;=0.018 cP ,

O = 0.005 Ibf/ft ( Raw data from Taitel Bornea and Duckler, 1980)



Table 5.1.2-3(Cont.)
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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 O, = 62.1179 Ibm/ft3,

M, =0.8 cP; O;=0.0727 Ibm/ft3, [Ll;=0.018 cP,

O = 0.005 Ibf/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 O = 62.12 lbm/ft3, L, =0.8 cP; pg= 0.0727 lom/ft3, [{;=0.018 cP,

O = 0.005 Ibf/ft ( Raw data from Barnea, Shoham, Taitel, 1981)
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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 0| = 62.12 Ibm/ft3, 4, =0.8 cP; pg= 0.0727 lom/ft3, [/5=0.018 cP,

O = 0.005 Ibf/ft ( Raw data from Barnea, Shoham, Taitel, 1981)



75

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 O = 62.12 lbm/ft3, | =0.8 cP; O =0.00727 Ibm/ft3, [l5=0.0187 cP ( Raw

data from Barnea, Shoham, Taitel, 1981)



Table 5.1.3-2 ( Cont.) Program

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 0| = 62.12 lbm/ft3, L, =0.8 cP; 05=0.00727 Ibm/ft3,

O = 0.005 Ibf/ft ( Raw data from Barnea, Shoham, Taitel, 1981)

M =0.0187 cP,
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result compared with air-water system data at room
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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 0| = 62.12 Ibm/ft3, (/| =0.8 cP; P =0.07 lbm/ft3, [l5=0.02 cP, O = 0.005 Ibf/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

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
0.24 573 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 O = 62.12 Ibm/ft3, | =0.8 cP; P =0.07 Ibm/ft3, L5 =0.02 cP ( Raw data from
Winai et. al1996)

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 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 0| = 62.12 Ibm/ft3, (/| =0.8 cP; O = 0.4589, 0.842, 1.2249 Ibm/ft3
O = 0.005 Ibf/ft ( at 5,10.5,15 BarG respectively) ( Raw data from Dr. Somprasong 1994)
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Table 5.1.4-3 (Cont.) loss calculation for stratified

experimental data of air-water system data at 20 oC, P= 5, 10.5 15 barG in

Pressure flow compared with

ID=77.92mm in horizontal flow direction

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
0.29 114 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 0| = 62.12 |bm/ft3, [, =0.8 cP; pg= 0.4589, 0.842, 1.2249 Ibm/ft3,
O = 0.005 Ibf/ft (at 5, 10.5, 15 BarG respectively) ( Raw data from Dr. Somprasong 1994)

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 O, =62.12 Ibm/ft3, £/, =0.8 cP; O = 0.0743, 0.2601, 0.4459 Ibm/ft3, O = 0.005 Ibf/ft
(at 1, 3.5, 6 BarG respectively) ( Raw data from Y. Manolis, 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 35 8.400 7.294
2,51 23.39 3.5 9.490 4.448
3.34 23.39 35 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 0| =62.12 Ibm/ft3, £/ =0.8 cP; P =0.0743, 0.2601, 0.4459 Ibm/ft3, O = 0.005 Ibf/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

Flow Source of data No. of data separated by flow pattern| Total
direction . No. of
Stratified | Bubble | Slug |Annular| Data
Data from experiment lab 55 P 10 5 70
Horizontal No. of predict results_ which 49 ki 0 5 54
correspond to experimental result
Ratio of correct flow pattern 0.89 - 0 1 0.77
Data from experiment lab - 50 109 8 167
Vertical |[No. of predict result; which . 21 105 8 134
upward |correspond to experimental result
Ratio of correct flow pattern - 0.41 0.97 1 0.8
Data from experiment lab - 36 58 58 152
Vertical |No. of predict results_ which | 17 44 57 118
downward [correspond to experimental result
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

stug B |

Flow pattern type
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No. of data

no. of experimental data
Onumber of calculated result matching with experimental data

(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
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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
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(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

100
Dispersed bubble B
10 A
= 7
- ™~
(2]
g 4
2 }
-
) g: I-.
|
4= SLUG
o1 3: LIE /
2 ANNULAR
001 Nl
0.01 0.1 1 10 100
UGS(ft/s)
X Bubble-experiment = Slug-experiment

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

100.00
\_l Dispnersed Bubble l -
10.00 TH—A L
A Z =
7/
A A / I
—_ = / jes i)
Q) A Ay £
g _ B
o 100 = F i =i
51 | Bubble | i | i
A o 10 | Annular
0.10 !
— Slug
0.01
0.01 0.10 1.00 1000 ygggys) 10000
A Bubble-experiment O Slug-experiment

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
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(Raw experimental data from Barnea et.al 1981)



86

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
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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
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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 20°C, P =5, 10.5, 15 BarG, ID= 77.92 mm in horizontal
stratified flow.
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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 20°C, P =1, 3.5, 6 BarA , ID= 77.92 mm in horizontal

slug flow.
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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 (f,) is equal to the friction factor for the gas at the wall ( f;) 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 f; = f; remains the same as in stratified smooth flow. This is based on
the factor that gas phase velocity (Ug) is much higher than inter-phase velocity (U;) thus inter

face shear stress (7; ) equals to gas shear stress (7). 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 (U,) to slug velocities (Ug). Because of the
randomness of certain slug flow parameters such as slug frequency, slug holdup (Rg) and

slug length (IS), 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 betweenl 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.

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.

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.

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.

To add fluid physical properties such as density, viscosity, etc. for water in the program
database for calculation.

To add a graphic display of the pipeline layout, fittings and valves into the input and

output section.

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.



REFERENCES

Abbraham, E Duckler and Martin, G. Hubbard. A Model for Gas-Liquid Slug in Horizontal and
Near Horizontal Tubes. Ind. Eng. Chem.,Fundamental Vol 14, No. 4. (1975) :
337-347.

A.E., Dukler, Moye, Wicksiiii,and R.G., Cleveland. Frictional Pressure Drop in Two-Phase Flow:

A. A Comparison of Existing Correlations for Pressure Loss and Hold up. AIChE
Journal. Vol 10, No. 1. (January 1964) : 38-43.

A.E., Dukler, Moye , Wicks, iii, and R.G., Cleveland. Frictional Pressure Drop in Two-Phase
Flow: B. An Approach Trough Similarity Annalysis. AIChE Journal. Vol 10, No. 1.
(January 1964) : 44-51.

David, T. Clindric, Satish L., Gandhi and Ray, A.Williams. Designing Piping Systems for Two-
Phase Flow. Chemical Engineering Progress. ( March 1987) : 51-55

Dvora, Barnea., Ovadia, Shoham and Yehuda, Taitel. Flow Pattern Transition for Vertical
Downward Two Phase Flow. Chemical Engineering Science Vol 37, No.5.
(1982) : 741-744.

J.F., Douglas,J.M., Gasiorek,J.A.,Swaffield. Fluid Mechanics, 3" Edition, Singapore. Longman
Scientific& Technical. (1995)

J.M., Coulson., J.F. Richardson, J.R. Backhurst and J.H. Harker Chemical Engineering

5"Edition , Singapore. Butterworth Heinemann .Vol 1

Malasri J. Two-Phase flow in vertical tubes ,Master Degree dissertation The Petroleum and

Petrochemical College, Chulalongkorn University, 2001.

Manolis Y. High Pressure Slug Two-Phase Flow PhD. dissertation , Imperial College of

Science, Technology and Medicine ,1994.

Robert, Kern. How to size Process Piping For Two Phase Flow. Hydrocarbon Processing.
(October 1969). 105-116.

Robert, W. Fox and Alan, T. McDonald. Introduction to Fluid Mechanics. Republic of Singapore:
John Wiley &Son. 1985.

R.C., Fernandes, R., Semiat and A.E., Duckler. Hydrodynamic Model for Gas-Liquid Slug Flow in
Vertical Tubes. AIChE Journal. Vol 29, No. 6. (November 1983) : 981-989

Winai W and Wattanapong K. Prediction of hold up and Pressure loss for the two phase flow in

horizontal pipe. Bachelor dissertation , King Monkut ‘s Institute of Technology
Thonburi ,1996.

Somprasong S. High Pressure Separated Two-Phase Flow PhD. dissertation , Imperial

Cooollege of Science, Technology and Medicine ,1994.



94

REFERENCES(CONTINUE)

Steven, C.Chapra, Raymond, P. Canale. Numerical Methods for Engineers. Singapore: Mc
Graw-Hill. 1998
Sutra S. N Visual Basic 6.0 Professional Step by Step. Thailand. Se-education PCL. 1999

The Cran Co. Flow of Fluids through Valves, Fittings and Pipe: Technical Paper No. 410
24"Edition, U.S.A., 1988.

Yehuda, Taitel and Dvora, Bornea. Modelling Flow Pattern Transitions for Steady Upward Gas-
Liquid Flow in Vertical Tubes. AIChE Journal. Vol 26, No. 3. (May 1980) : 345-
354,

Yemada, Taitel and A.E., Dukler. A Model for Predicting Flow Regime Transitions in Horizontal

and near Horizontal Gas-Liquid Flow. AIChE Journal. Vol 22, No.1. (January
1976) : 47-54.



APPENDICES



Appendix A

PIPE DATA



Table A1 Pipe Property( Data from The Crane, technical paper n0.410,1988)

{om- | Qutside Identification ] Wall | Inside| Area Tranhsverse | Moment| Weight | Weight |External] Section
inal Diam. Steel Stain- | Thick- | Diam- of Internal Area of Pipe | Water | Surface |Mudulus
Pipe less ness eter | Metal 4 Inentia )
Size Iron | Sched. | Steel {3} (d) {a) (4) (1) | Pounds} Pounds} Sq. Fi. (ZL
Pipe | No. |Sched. Square| Square { Square per | per fuot | per foot | \"0.D.
nches | Inches | Size No. |lInches | Inches| Inches| Inches | Feel | Inches'| foot | of pipe | of pipe
el 108 49 .307 .0548 | .0740 [.00051{ .00088 19 032 106 00437
178 0.405 STD 40 405 068 269 0720 | 0568 |.00040| .00106 .24 025 Pl 00523
Xs 80 80S 095 215 .0925 | .0364 |.00025| .00122 Al 016 .106 00602
el 108 065 410 0970 | L1320 |.00091] .00279 33 057 BL .01032
113 0.540 | STD 40 405 .088 364 250 | 1041 |.00072) .00331 42 045 141 01227
ht-] 80 805 119 .302 L1574 | 0716 |.00050) .00377 .54 031 141 01395
I 108 065 545 1246 | .2333 |.00162| .00586 42 .101 178 01736
318 0.675 sTD 40 405 091 493 L1670 § 1910 | .00133| .00729 57 .083 178 02160
S 80 BOS 126 423 L2173 | L1405 | .00098| .00862 .14 061 178 02554
58 065 710 L1583 | .3959 |.00275) .01197 54 172 220 02849
. i 108 .083 674 1974 ) L3568 | .002481 .01431 .67 155 220 03407
STD 40 405 109 622 .2503 | .3040 |.00211| .01709 .B5 132 220 04069
172 0.840 xs BO 805 147 546 3200 { .2340 |.00163| .02008 | 1.09 102 220 .04780
e 160 . 187 466 3836 | .1706 |.00118| .02212 1.31 074 220 05267
\XE& e o .294 .252 5043 | 050 00035 | 02424 | LTI 022 220 05772
L 58 | .065 | 920 | 2011 | 6648 |.00462| .02450 | .69 | .288 | .215 | .04667
) : n i 108 .083 881 .2521 6138 | .00426 | 02969 .86 266 275 05655
STD 40 405 113 824 .3326 | .5330 |.00371| .03704 | 1.3 .231 275 07055
34 1.050 X§ 80 B80S 154 .742 .4335 | .4330 |.00300 | .04479 4 1.47 188 275 .08531
s 160 ves 219 612 5698 ( .2961 |.00206| .05269 | 1.94 128 275 10036
AR ot o 308 A34 7180 | .148 .00103 | 05792 | 2.4 064 275 11032
o f e ] 881065 11185 | 2553 [1.1029 |.00766| 04990 | 87 | 478 | .344 | 0760
s Py 108 109 | 1097 4130 | 9952 |.00656 | .07569 | 1.40 409 344 11512
: STD 40 105 33 | Lody 4939 | 8610 |.00600 | .0B734 | 1.68 375 44 1328
1 1.315 NS 80 B80S 179 957 6388 | 7190 |.004991 .1056 217 312 344 1606
vaa 160 250 815 8365 5217 ]1.00362 | .1251 2.4 230 344 1903
XXS e iae .358 599 11.0760 | .282 .00196 | .1405 3.66 122 344 2136
55 065 | 1.530 3257 |1.839 01277 ) .1038 L1 797 435 ©.1250
alsa ‘i 105 09 | 1LH2 4717 |1.633 01134} .1605 1.81 .708 435 1934
STD 40 405 L1400 11,380 6685 |1.495 01040 | 1947 2.27 649 435 2346
N 1.660 & 80 BOS 191 | L2718 8815 |1.283 .00891 | .2418 3.00 .555 435 2913
i o 160 250 | 1160 }1.1070 |).057 .00734 | .2839 3.7 458 435 HH2
XXS sne oS 382 Bo6  1.334 630 L0043 | 3411 5.21 273 435 4110
i 35 065 | 1770 3747 | 2.461 01709 | 1579 1.28 | 1.066 497 .1662
iy alns 108 109 | .682 6133 |2.222 .01543 | .2468 2.09 963 497 .2598
STD 40 405 45 | 1610 L7995 | 2.036 01414 | 3099 2.72 882 497 .3262
112 1.900 XS 80 805 L2000 | 1,500 {1.068 {1.767 L01225 | 3912 3.63 765 497 4118
ras 160 ouuri 281 | 1338 j1.429 1.406 00976 | 4824 4.86 608 497 .5078
AR o e 400 11100 )1.885 950 00660 | .5678 6.41 .42 497 5977
o 58 065 12245 4717 13.958 02749 § 3149 1.61 1.72 .622 .2652
™ e 105 L1090 12,157 L7760 13.654 02538 | 4992 264 [1.38 622 4204
STD 40 408 J54 12,067 11075 13,355 02330 | .6657 3.65 [1.45 - 622 5606
2 2375 X§ 80 a0s 218 11.939 11,477 {2953 .02050 | .B679 502 128 622 L7309
v 160 B SHO 11687 (2,190 |2.24) 01556 (1.162 1.46 97 622 979
X\= s . 436 1503 [2.656 |1.774 01232 11.31 .03 7 622 1.104
ces - 38 083 |2.709 L7280 |5.764 04002 | .7100 248 |2.30 753 4939
. . 105 200 12,635 [1.039  [5.453 .03787 | .9873 353 |23 .133 6868
sTD 40 108 203 12469 1704 |4.788 03322 [1.330 5.79 (207 .753 1.064
28, 2,855 X8 80 808 2716|2323 12254 |4.238 .02942 11.924 7.66 |1.87 753 1.339
ven 160 e A75 12125 2945|3546 02463 |2.353 10.01 1.54 153 1.638
XNS A& 552 [1LIT1 [4.028  |2.464 101710 {2.871 13.69 |1.07 753 1.997
o 58 083 13.334 .B910 |8.7 06063 ]1.301 3.03 |3.78 916 7435
iee Ly 108 200 13260  [1.274  [8.347 05796 11.822 433 |3.62 916 1.041
STD | 40 ) 405 |.216 [3.068 (2228 [7.393 |05130 3017 | 7.58 |3.20 |.e16 |v724
3 |as00 {NXS 80 |8S |.300 |2900 [3.016 [6.605 |.04587 [3.894 li0.25 (2.86 | 16 |2.225
¥ 160 o 438 1624 4205 5,408 03755 |5.032 14.32 [2.35 916 2.876
AW " 600 12,300 |5.466 [4.155 .02885 [5.993 1858 [1.80 916 3.424
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Table A1 Pipe Property ( Cont.) ( Data from The Crane, technical paper no.410,1988)
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Nom- | OQuiside Identification Wall | Inside | Area Transverse | Moment| Weight | Weight |External| Section
inal | Diam, Steel Stain- | Thick-| Diam- ul Intemnal Area of Pipe | Water | Surface | Modulus
Pipe | | 7T lesr ness eler Metal Inertia
Size Iron | Sched. | Steel 1 i (a) S (/) | Pounds | Pounds | Sq. F1. i
. Pipe | No. | Sched. Sqyuare| Square | Square per | per foot | per foot {30—5 )
l"_'ih” Inches | Size © N ] Inches|{ Inches| Inches] Inches Feft_l Inches* | foot | of pipe | of pipe b
ves - 3 .ug3 31.834 1021 | 11345 |.08017 1.960 3.48 5.00 1.047 9799
lus Jd20 | 3.760 1.463 | 1LI04 |.07711 2,735 4.97 +4.81 1047 1.378
P4 4.000 STD ) 403 26 358 2,680 9.886 |.06870 +.788 9.11 +.29 LO47 2,394
A= 80 BOS .318 | 3.364 3.6478 8.888 |.06170| 6.280 | 12.50 384 LT 3. 140
cee 35 083 | 4334 L1532 | 1475 |.10245] 2.810 3.92 6.39 1.178 1.249
‘s 105 120 | 4260 1.651 | 14.25 .09898 | 3.963 5.61 6.18 1.178 1.761
ST 40 105 L237 | 4.026 3074 ] 12,73 |.08840 | 7.233 | 10.79 5.50 1.178 3.214
+ 4.300 s 80 803 .337 | 3.826 4407 | 11,30 |.07986 | 9.610 | 14.98 +.98 1.178 4.271
. 120 438 | 3.624 5.395 | 10.31 0716 11.65 19.00 447 1.178 5.178
‘es 160 331 3.438 6.621 9.28 |.0645 13.27 22.51 4.02 1.178 5.898
AXS 674 | 3.132 8.101 7.80 |.0542 15.28 2754 3.38 1.178 6.791
58 09 | 5.5 1.B68 | 22.44 |.1558 6. 947 6.36 9.72 1.456 2,498
Ve 5 108 34 | 5.295 2,285 | 22.02 1529 8.425 i 9.54 1.456 3.029
STD 40 405 258 | 5.047 4.300 | 20.00 1390 15.16 14.62 8.67 1.456 3.431
3 5.563 XS 80 B80S 375 | 4.813 6.112 | 18.19 |[.1263 | 20.67 20.78 7.88 1.456 7.431
120 - o 500 | 4.563 7.953 | 16.35 |.1136 | 25.73 27.04 1.9 1.456 9.250
ee 160 625 | 4313 9.696 | 14.61 015 | 30.03 32.96 6.33 1.456 | 10.796
XXs . o 730 | 4.063 11.340 | 12,97 |.0901 33.63 38.55 3.61 1456 | 12.090
‘e 35 109 | 6.407 2,231 | 32.24 2239 11.85 7.60 13.97 LiH 3.576
aea 105 L34 | 6.357 2,733 | 31.74  |.224 14.40 9.29 13.75 1734 4.346
STD 40 03 280 | 6.065 5.581 | 28.89 |.2006 | 28.14 18.97 12.51 1.5 8.496
6 6.625 Xs 80 BOS A32 | 5,761 8.405 | 26.07 JB10 | 40.39 28.57 11.29 1.7 12.22
. 120 .562 | 5.501 10.50 23,97 |.1650 | 49.61 36.39 10.30 1.7 14.98
160 19 | 5087 | 13,32 2115|1469 | 58.97 45.33 9.16 1.734 | 17.81
XXs5 wale B64 | 4,897 | 15.64 18.864 1.1308 | 66.33 533.16 8.16 1.734 | 20.02
A 35 109 | 8,407 2,916 | 55.51 .3855 26.44 9.93 24.06 | 2.238 6.131
ves 108 148 ) 8329 3.941 | 3448 |.3784 | 35.41 13.40 | 23.61 2,238 8.212
20 250 | 8.123 6.57 51.85 |.3601 3072 22,36 | 22.47 2,258 | 13.39
ien 30 ‘e 277 | 8071 1.26 5116 |.3333 | 63.35 2450 | 22,17 2,258 | 14.69
STD 40 W08 .22 7.981 8.40 30.03  [.3474 | 249 28.55 | 21.70 | 2.258 | 16.81
8 8.625 “es 60 b 406 | T.813 | 10.48 47.94 .3329 | 88.7 35.64 | 2057 | 2.258 | 20.38
X5 80 805 500 | 625 | 12,76 45.66  1.3171 |105.7 43.39 19.78 | 2.258 | 24.351
e 100 van SN TA3T 14.96 43.46 3018 {121.3 30.95 18.83 2,238 | 28.14
120 LT19 | BT | 1084 40.39 2819 140.5 60.71 17.59 2,258 | 32.58
eae 140 812 7.001 19.93 38.50 2673 |153.7 67.76 16.68 2,258 | 35.65
XAsS 875 | 6.875 [21.30 3712 257 162.0 2,42 16.10 | 2.258 | 37.56
. e 160 906 | 6.813 [21.97 36.46 2532 |165.9 74.69 15.80 | 2.258 | 38.48
. 35 L34 10,482 4.36 86.29 |.5992 63.0 15.19 | 37.39 2814 | 1171
e 105 165 110.420 549 83.28 3922 16.9 18.65 36.95 | 2.814 14.30
20 .250 [10.250 8.24 B2.52 |[.5731 |113.7 28.04 | 35.76 | 2.814 | 21.15
“sr 30 soc 307 [10.136 | 10.07 80.69 |[.5603 |137.4 34.24 | 34.96 | 2.B14 | 25.57
sTD 40 0S8 .365 110.020 |11.90 78.86 [.5475 |160.7, 40.48 | 34.20 | 2.814 | 29.90
10 10.730 XS 60 808 500 | 9.750 | 16.10 14.66 5185 |212.0 5474 | 3235 2.814 | 39.43
e 80 S | 9.562 18.92 7184 [.4989 |244.8 64.43 3113 2.814 | 45.54
100 T19 | 9.312 | 22.63 68.13 4132 |286.1 i7.03 29.33 2814 | 33.22
. 120 B4 | 9.062 | 26.24 64.53 4481 |324.2 89.29 27.96 | 2.814 | 60.32
A\S 140 1.000 | 8.750 |30.63 60.13 |.4176 |367.8 104.13 | 26.06 | 2.814 | 68.43
s 160 1,125 | 8.500 |34.02 56,75 [.3941 [399.3 115.64 | 24.59 2814 | 1429
55 L1536 [12.438 6.17 |121.50 |.8438 [122.4 20.98 32.65 3.338 | 19.2
ves 108 180 [12.3%0 711 120,57 8373 (140.4 2417 | 52,25 | 3.338 | 22.0
20 250 112,250 9.82 |117.86 |.8185 [191.8 33.38 31.07 3.338 | 30.2
Vs 30 330 12,090 |12.87 |[114.80 |.7972 |248.4 43,77 | 9.74 3.338 | 39.0
5TD vee 405 375 |12.000 | 14.58 11310 |.7854 [279.3 49.56 | 49.00 | 3.338 | 43.8
40 406 |11.938 |15.57 11193 |.7773 |300.3 53.52 | 48.50 | 3.338 | 47.1
Xs $ ¥ 805 500 11,750 {19.24 |108.43 [.7528 [361.5 65.42 | 46.92 | 3.338 | 56.7
12 12.75 L 60 N 562 |11.626 |21.52 1106.16 (.7372 |400.4 73.15 | 46.00 | 3.338 | 62.8
80 .688 |11.374 [26.03 |101.64 |.7058 |475.1 B8.63 | 44.04 | 3.338 | 746
. 100 844 |11.062 |[31.53 96.14 |.6677 |561.6 107.32 | 41.66 | 3.338 | 88.1
AN 120 1.000 |10.750 |36.91 90.76  |.6303 |641.6 125.49 39.33 3.338 [100.7
KL 1.125 |10.500 |41.08 86.59 |.6013 |700.5 139.67 37.52 3.338 [109.9
160 1.312 |10.126 |47.14 80.53 3592 |78L.1 160.27 34.89 | 3.338 1226




Table A1 Pipe Property ( Cont.) ( Data from The Crane, technical paper no.410,1988)

Nom- | Qutside Identification Wall | Inside | Ares Transverse |Moment| Weight | Weight |External| Section
inal | Diam. Steel Stain- | Thick-| Diam- of Internal Area of Pipe | Water | Surface |Modulus
Pipe Jess ness eter | Metal ) A Inertia
Size Iron | Sched. | Steel (1] (d) (@ " () |Pounds| Pounds | Sq. Ft. I

Pipe No. | Sched. Square | Square | Square per | per foot | per foot (Zw)

Inches | Inches | Size No. | Inches| Inches| Inches | Inches | Feet |Inches®| foot | of pipe | of pipe -

ven 55 156 |13.688 6.78 |147.15 {1.0219 | 162.6 | 23.07 | 63.77 | 3.665 23.2

“en 105 188 | 13.624 8.16 |145.78 |1.0124 | 194.6 | 27.73 | 63,17 | 3.665 27.8

10 . 250 113.500 | 10.80 |143.14 | 9940 | 255.3 | 36.7T1 | 62.03 | 3.665 36.6

vae 20 312 113.376 | 13.42 |140.52 9758 | 314.4 | 45.61 | 60.89 | 3.665 45.0
STD 30 375 113.250 | 16.05 |137.88 9575 | 3728 | 54.57 | 59.75 | 3.665 53.2
.eh 40 438 113.124 | 18.66 |135.28 | 9394 | 429.1 | 63.44 | 58.64 |. 3.665 61.3
14 14.00 XS e 500 [13.000 | 21.21 |132.73 | .9217 | 483.8 | 72.09 | 57.46 | 3.665 69.1
cae 60 594 112.812 | 24.98 |128.96 | .8956 | 562.3 | 85.05 | 55.86 | 3.665 80.3
80 150 |12.500 | 31,22 |122.72 678.3 | 106.13 | 53.18 | 3.665 98.2

100 | 938 |12.124 | 38.45 |115.49 8020 | 824.4 |130.85 | 50.04 | 3.665 | 117.8

120 1.094 |11.812 | 44.32 |109.62 7612 | 929.6 | 150.79 | 47.45 | 3.665 | 132.8

140 1.250 |11.500 | 50.07 |103.87 7213 | 1027.0 | 170.28 | 45.01 | 3.665 | 146.8

160 1.406 |11.188 | 55.63 | 98.31 6827 | 1117.0 | 189.11 | 42.60 | 3.665 | 159.6

. 55 165 |15.670 B.21 |192.85 |1.3393 | 257.3 | 27.90 | 83.57 | 4.189 32.2

o 105 .188 | 15.624 9.34 1191.72 |1.3314 | 291.9 | 31.75 | 83.08 | 4.189 36.5

10 < o .250 |15.500 | 12.37 |188.69 [1.3103 | 383.7 | 42.05 | 81.74 | 4.189 48.0

van 20 312 115,376 | 15.38 |185.69 [1.2895 | 473.2 | 52.27 | 80.50 | 4.189 59.2
STD 0 375 |15.250 | 18.41 |1B2.65 |1.2684 | 562.1 | 62.58 | 79.12 | 4.189 70.3
16 16.00 XS 40 500 [15.000 | 24.35 |[176.72 |1.2272 | 731.9 | B2.77 | 76.58 | 4.189 91.5
. 60 J656 |14.688 | 31.62 |169.44 |1.1766 | 932.4 |107.50 | 73.42 | 4.189 116.6
80 844 114312 | 40.14 |160.92 |1.1175 [1155.8 |136.61 | 69.73 | 4.189 | 1445

100 1.031 [13.938 | 48.48 |[152.58 |1.0596 |1364.5 |164.82 | 66.12 | 4.189 | 170.5

120 1219 13,562 | 56.56 |144.50 |1.0035 | 1555.8 |192.43 | 62.62 | 4.189 | 1%4.5

140 1.438 [13.124 | 65.78 {135.28 9394 |1760.3 |223.64 | 58.64 | 4.189 | 220.0

160 1.594 [12.812 | 72.10 |128.96 8956 |1893.5 |245.25 | 55.83 | 4.189 | 236.7

. 58 .165 |17.670 9.25 |245.22 | 1.7029 | 367.6 31.43 | 106.26 | 4.T12 40.8

. 108 188 117.624 | 10.52 |243.95 |1.694]1 | 412.3 | 35.76 | 105.71 | 412 46.4

10 . 250 (17,500 | 13.94 [240.53 |1.6703 | 549.1 | 47.39 | 104.21 | 4.712 61.1

e 20 o o 312 (17.376 | 17.34 |237.13 | 1.6467 | 678.2 | 58.94 | 102.77 | 4.712 75.5
STD . el 375 [17.250 | 20.76 |233.71 |1.6230 | B06.7 70.59 | 101.18 | 4.712 B9.6
. 30 N - 438 117124 | 24.17 [230.30 |1.5990 | 930.3 | 82.15 | 99.84 | 4.712 | 103.4
18 18.00 Xs - ool 500 117.000 | 27.49 |226.98 |1.5763 |1053.2 | 93.45 | 98.27 | 4712 | 117.0
ves 40 wet 562 [16.876 | 30.79 |223.68 |1.5533 |117L.5 |104.67 | 96.93 | 4.712 | 130.1
60 . 750 [16.500 | 40.64 |213.83 |1.4849 |1514.7 |138.17 | 92.57 | 4.712 | 168.3

80 v 938 [16.124 | 50.23 |204.24 |1.4183 |1833.0 [170.92 | B8.50 | 4.712 | 203.8

100 were 1.156 |15.688 | 61.17 |193.30 |1.3423 |2180.0 |207.96 | B3.76 | 4.712 | 242.3

120 ~ad 1.375 |15.250 | 71.81 |182.66 |1.2684 |2498.1 |244.14 | 79.07 | 4.712 | 277.6

140 023 1.562 |14.876 | 80.66 |173.80 |1.2070 [2749.0 |274.22 | 75.32 | 4.7T12 | 305.5

160 | ... [1.781 [14438 | 90.75 [163.72 |1.1369 |3020.0 |308.50 | 70.88 | 4.712 | 335.6

i off 558 J188 |19.624 | 11.70 |302.46 |2.1004 | 574.2 | 39.78 | 131.06 | 5.236 57.4

- 105 218 |19.564 | 13.55 |300.61 |2.0876 | 662.B | 46.06 | 130.27 | 5.236 66.3

v 10 ven 250 [19.500 | 15.51 [298.65 [2.0740 | 765.4 | 52.73 | 129.42 | 5.236 75.6
STD 20 375 119.250 | 23.12 [290.04 |2.0142 [1113.0 | 7B.60 |125.67 | 5.236 | 111.3
Xs 30 .500 [19.000 | 30.63 |283.53 |1.9690 [1457.0 |104.13 |122.87 | 5.236 | 145.7
e 40 .594 |18.812 | 36.15 |278.00 |1.9305 |1703.0 |123.11 |120.46 | 5.236 | 170.4
20 20.00 60 812 |18.376 | 48.95 |265.21 [1.8417 |2257.0 |166.40 [114.92 | 5.236 | 225.7
80 1.031 |17.938 | 61.44 |252.72 |1.7550 |2772.0 |208.87 | 109.51 | 5.236 | 277.1

100 1.281 }17.438 | 75.33 [238.83 |[1.6585 [3315.2 |256.10 {103.39 | 5.236 | 331.5

120 1.500 |17.000 | 87.18 |226.98 |1.5762 |3754.0 |296.37 | 98.35 | 5.236 | 375.5

140 1.750 |16.500 [100.33 [213.82 |1.4849 [4216.0 |341.09 | 92.66 | 5.236 | 421.7

160 1.969 |16.062 [111.49 |202.67 |1.4074 |4585.5 [379.17 | B7.74 | 5.236 | 4585

ces 55 .88 121.624 | 12.88 |367.25 [2.5503 | 766.2 | 43.B0 |150.14 | 5.760 69.7

e 108 218 121,564 | 14.92 1365.21 (25362 | 884.8 | 50.71 |158.26 | 5.760 B80.4

cee 10 5 250 121.500 | 17.08 |363.05 |2.5212 |1010.3 | 58.07 |157.32 | 5.760 91.8
STD 20 375 |21.250 | 25.48 |354.66 |2.46290 |1489.7 | 86.61 |153.68 | 5.760 | 135.4
XS 30 500 121.000 | 33.77 |346.36 |2.4053 19525 [114.8] (150.09 | 5.760 | 117.5
2 22.00 ven 60 875 20.250 | 58.07 |322.06 |2.2365 32449 [197.4] [139.56 | 5.760 | 295.0
80 1125 |19.75 73.78 |306.35 |2.1275 |4030.4 |250.81 |132.76 | 5.760 | 366.4

100 1.375 |19.25 89.09 |291.04 |2.0211 |4758.5 |302.88 |126.12 | 5.760 | 432.6

120 1.625 |18.75 |104.02 [276.12 |1.9175 |5432.0 |353.61 |119.65 | 5.760 | 493.8

140 1.875 118.25 111855 |261.59 [1.8166 |6053.7 }403.00 |113.36 | 5.760 | 550.3

160 2125 [17.75 132.68 |247.45 [1.7184 |6626.4 [451.06 |107.23 | 5.760 | 602.4
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Figure A2  Relative roughness values for pipe of common engineering material ( Data from The
Crane, Technical Paper N0.410,1988)
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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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Friction factor (Data from The Crane, Technical paper no.410,1988)

Figure A-3
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Appendix B

FLUID PHYSICAL PROPERTIES



Table B1 Viscosity of water and liquid Petroleum Product Data (Data from The Crane,
Technical paper no.410,1988)
4000
3000 2’( 21
19 \
2000 5 ' I
1000 1\ \‘ \ \ 1. Ethane (C:H)
800 - X \“ : 2. Propane (CiHy)
600 < \\ \\ 1i. 3. Butane (CHo)
400 UNEANA \ 4. Natvrol Gosoline
300 m \ \ \ 5. Gasoline
200 \ \ \\ \\ \\ 6. Watar
7. Kerosane
100. - \ \ 8. Distillate
Bu 1 3 \\l\\ \‘ \ ) .
g 60 - AR A 9. 48 Deg. APl Crude
__% w ™ 1\ \\\ \\ \\ \ 10 40 Deg. API Crude
3 20 \n._\ 2 N AT Y 11, 35.6 Dag. API Crude
:; 2 1 ~ ! 15 \ \ \ 12. 32.6 Deg. APl Crude
Z u > J e ANPVLAN 13. Salt Creek Crude
£ 10 0 N INNY \‘ \XL ‘\‘ \: 14, Fuel 3 (Max.)
! 8 2 o ‘x\ ‘L;;\ . \\ 3 15, Fuel 5 (Min.)
T8 LNy PR, LAY 16, SAE 10 Lubs (100 V.1)
N 3\ AL
; 3 ...__T\ = B NONAN LAY 17. SAE 30 Lube {100 V.1)
: NEESSSUANNRANEY A ke
< \\\\\\: \ Q\ 19. SAE 70 Lube {100 V.1)
1.0 by \\ v \\L . \‘ 20. Bunker C Fuel [Max.) and
8 5 —— 3 = - §\ iy L\ M.C. Residuum
6 fae- N \i\ \\\ 2 i 21, Asphalt
.: =] R \\'\ RN §
P 1 Y Y
9 3 -"""J*-x.l \x1
"""--..____' |* \ )
2 I e ~ \ 3 Data cxtracted in part
1 —— i S~ - - N by permission from the
08 — S Se - Qil and Gas Journal.
06 — H A}
A l \
04 N |
.03 JEN \
10 20 30 40 60 80100 200 300 400 600 80O 1000

t —Temperature, in Degrees Fahienheit
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Table B2 Weight Density and Specific Gravity of various Liquids (Data from The Crane
Technical paper no. 410,1988)

Name Chemical | Approx. | Weight | Specific| Indi- Specific Heat Heat Capacity k

of Formula | Molecu- | Density, | Gravity | vidual at Room per equal

Gas or lar Pounds | Rela- Gas Temperature Cubic Foot to

Symbol | Weight per tive |Constant| Btu/Lb°F. cpfew

Cubic to Air
Foot -
M » Se R cp ] &p Cr

Acetylene (eth)‘ne) C:H, 26.0 .0682 0.907 59.4 | 0.350 0.269 0239 L0184 1.30
Air - 29.0 0752, 1.000 53.3 ]0.241 0.172 | .0181 0129 1.40
Ammonia NH, 17.0 .0448 0.596 91.0 {0.523 | 0.39 | .0234 | .0178 1.32
Argon A 39.9 .1037 1.379 38.7 0.124 0.074 .0129 0077 1.67
Butane CHio 58.1 .1554 2.067 26.5 0.395 0.356 0614 .0553 1.11
Cearbon dioxide CO. 44.0 1150 1.529 35.1 0.205 0.158 0136 .0181 1.30
Carbon monoxide co 28.0 07217 0.967 55.2 0.243 0.173 0177 0126 1.40
Chlorine Cl, 70.9 L1869 1.486 21.8 0.115 0.086 0215 0162 1.33
Ethane C.H, 30.0 0789 1.049 51.5 0.386 0.316 0305 0250 1.22
Ethylene - C,.H, 18.0 0733 0.975 55.1 0.400 0.329 L0293 0240 1.22
Helium He 4.0 .01039 0.1381 386.3 1.250 0.754 0130 .0078 1.66
Hydrogen chloride HC1 36.5 .0954 1.268 42.4 0.191 0.135 0182 0129 1.41
Hydrogen H, 2.0 00523 0.0695 766.8 3.420 2.426 0179 0127 1.41
Hydrogen sulphide H,S 34.1 L0895 1.190 45.2 0.243 0.187 0217 0167 1.30
ethane . CH, 16.0 0417 0.554 96.4 0.593 0.449 0247 .0187 1.32
Methyl chloride CH,C1 50.5 1342 1.785 30.6 0.240 0.200 0312 0168 1.20
Natural gas r— 19.5 0502 0.667 79.1 0.560 0.441 .0281 0221 1.27
Nitric oxide NO 30.0 0780 1.037 51.5 0.231 0.165 L0180 L0129 1.40
Nitrogen N. 8.0 0717 0.967 55.2 0.247 |+ 0.176 0180 0127 1.41
Nitrous oxide N0 44.0 1151 1.530 351 (o 0.169 0254 | .0194 1.31
Oxygen 0, 3.0 .0831 1.105 48.3 0.217 0.155 .0180 0129 1.40
Propane . C.H, 44.1 1175 1.562 35.0 0.393 0.342 0462 .0402 1.15
Propene (pmp}'lene) C;H, 42.1 .1091 1.451 36.8 0.358 0.314 .0391 0343 1.14
Sulphur dioxide 50, 64.1 1703 2.164 4.0 0.154 0.122 0262 0208 1.26
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