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PREFACE

A study of some of the methods for prégzzzzgérﬁressurerarop
resulting from two-phase flow in pipelines was conducted. A computer
package was developed containing the most widely used methods for hori-
zontal and vertical two-phase flow coupled with accurate physical
properties prediction methods. The package 1s self-contained and can
be used for design and/or operation of a pipeline.
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NOMENCLATURE

English Letters

D - diameter - cm or ft
Ez ~ liquid hbldup fraction for the Duns and Ros
‘method
f -~ frictlon factor
F1
F2
F3 ‘
- nondimehsional function for the Dumns and Ros
F, :
method
Fs
F6
¥
R - acceleration of gravity, 9.8 N, 32.2 ft/sec2
8. - universal conversion factor
G - nondimensional total pressure gradient
Gst' ~ non dimensional static pressure gradient
Gfr - nondimensional frictional pressure gradient
HL(O) - horizontal liquid holdup
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English Letters (Continued)

inclined liquid holdup
-~ liquid velocity number
- bubble number

- diameter number

- gas velocity number

- liquid viscosity number
- mist flow number

- slug flow number
~pressure

- Reynolds Number

- density ratio

- gas velocity number (Duns and Ros)

- liqﬁid holdup

- correlating parameter for the slip velocity

-~ overall heat transfer coefficient, KW/mZK,
Btu/hrftzF?

- velocity, cm/sec or ft/sec

- Weber Number

Greek Letters

- roughness factdr, cm or ft
= volumetric liquid fraction
-~ surface tension, dynes/cm2

~ absolute viscosity, centimw e, 1b/ft sec
i R
- density, gm/cc or lb/ft3

e B——————a

ix



ns

tp

Subscripts

single phase
liquid
non-slip
slip
two-phase

vapor

wall



CHAPTER I
INTRODUCTION

Two~-phase flow is the simultaneous flow éf two phases in a single
pipeline. In thils work, the two phases referred to are gas and liquid.
The applications of two-phase flow in industry are many and the litera-
ture contains numerous articles énd books on fhe subject.

One common feature of exlsting methods 1s the lack of reliable
methods for predicting thermodynamic and physical properties. The
accuracy and coﬁsistency of the results are, therefore, doubtful. The
need for combining a reliable equation of state with some of the methods
of two-phase flow was the reason for undertaking this work,

The combination of an equation of state with two-phase predictive
' methods yields a powerful tool for designing and/or operating a pipeline.

An equation of state (SRK) was combined with physical properties
predictive methods and several mefhods of calculating two-phase flow
in a modular computer program capable of predicting pressure drop in
a given pipeline. It.can calculate éressure drops for hofizéﬁtal,

inclined, and vertical flow. It is also capable of predicting pressure

drop in adiabatic or non-adiabatic flow.



 CHAPTER II
LITERATURE REVIEW

The study of two~phase flow has been reported widely in the 1it-
erature. The sheer volume of what has been written, the diversity of
the approaches used, and the wide range of specific applications make
review of the literature in this area difﬁicult. Many studies have
had as theilr objective a review of the methods used in two-phase flow.
The work of DeGance and Atherton (1-8) is pafticularly good for an
overall view of gas-liquid two-phase flow.

The publications reviewed in this chapter are limited to those
wlth proven practical applicatibn, i.e.?used in the induétry, or
of historical value in the development of two-phase flow studies, or
both.

The first method for thé pfediction of pressure drop for two-
phase flow in pipes was that of Lockhart and Martinelli (9). The
correlation obtained was based upon experimental data for the flow
of air and various liquids in pipes ranging in diameter from 0.0586
inches to 1.017 inches. The approach was purely empirical and
resulted in a correlating parameter that is the square root of the
ratio of the pressure drops that would result 1if each phase occupied
the entire conduit. The correlating parameter was then used to obtain

a function that would predict two-phase pressure drop from the single-



phase pressure dfop. This, in turn, is a function of the correlating
parameter and the type of flow that exists during the simultaneous
flow of both phases. Lockhart and Martinelli proposed the following
flow mechanisms:

1. Turbulent 1iqui§,and.turbulent gas flow

2. Viscous liquid and turbulent gas flow

3. Turbulent liquid and viscous gas flow

4, Viscous 1iqui& aﬁd viscous gas flow.

They presented the parameter and function in graphical forms
which were unusable for computer épplication. DeGance and Atherton
(4)‘curve—fitted the gfaphs and obtained equations that can be used.

The data for aevelopiﬁg the correlaﬁion were limited (diameter
0.0586 to 1.017 inches) and confined.to two comﬁonents (air-water,
air-benzene, ailr-keroseme). Only isothermal flow was considered.

In spite of éll of this, the correlation proved to be of great prac-
ticai use and is still used today. More importantly, subsequent
methods and correlations followed this general approach to Predict
pressure drop in two-phase flow.

A recent article (10) proposed a nomograph based on the Lockhart-
Martinellil equation. Besides being cumbersome, the nomograph preoved to
be inaccurate for a test case. The difference betwéen the nomograph
and Lockhart and Martinelli's method was 40 percent. This is due in
part to the many lines that have to be drawn in order to obtain the
pressure drop. Any small deviation in the slope or intercept of a

line can change the result by an order of magnitude.



Baker (11,12) expanded Onvthe Lockhart and Martinelli work by
introducing the effect of flow patterns, inclined flow, temperature
change, and pipeline efficiency. Bakef retained the correlating
parameters of Lockhart and Martine}li but introduced new parameters
to determine the flow regime. The method of calculating the single—
phase pressure drop and the correlating functioﬁ are dependent on the
flow regime.

Althoﬁgh there have been numeréus pﬁblications dealing with pres;
sure drop in gas—iiquid flow sincé the Baker correlation.was intro-
duced, a major contributién was the result of a project funded by
the American Gas Association and the American Petroleum Institute
(13,14). Data for a wide range of conditione were collected from the
literature. Attempts were made to evaluate the data as to accuracy,
range and reliability. Existing correlatioﬁs were then tested against
the evaluated data. The correlations tested provided a starting point
for developing an improved method.for predicting two-phase pressure
drop.

By applying similarity analysis they developed a.liquid holdup
correlation for hofizontal flow that cémbines all types of flow in
a single graph. With the application of‘a,three dimensional table
reading subroutine the correiation could be used quite readily in a
computer program,

The AGA-API pfoject’recommends the Flanigan (14) correlation
for two—phase flow iﬁ inclined pipelines.

The results of the project were pfesented in a design manual (14)

and represent a practical approach to computer calculation. The



generality of the method offers reasonable accuracy with simple appli-
cation.

Duns and Ros (15) developed a calculation procedure for the pfe—
diction of pressure variation in oil wells and gas/condensate flow
over a wide range of field operating conditions. The correlations are
complicated and there is a need for computerized calculations. How-
ever, the correlations were presented in graphical form and are hardly
useful in computer applications.

Duns and Ros proposed three regions for vertical two-phase flow:

1. Region I which includes bubble flow, plug flow and part of
froth flow.

2. Region II which includes froth flow and slug flow. .

3. Region III which includes mist flow, with a transition region
existing between it and Region II.

The dependency of liquid holdup and friction upon the velocities
of gas and liquid, pipe diameter, liquid viscosity, liquid density,
and surface tension led Duns and Ros to the development of four dimen-
sionless numbers that are used to determine the three regionms.

The same approach was used by Orkiszewski (16,17) although foﬁr
regions were proposed.

1. Region I comnsisting of bubble flow

2. Reglon II containing slug flow

3. Region IiI containing annular-slug transition flow

4, Reglon IV consisting of annular mist flow.

The method was produced by applying six methods to field data

from twenty-two wells, and then modifying existing methods.



The method is valid fdr pipes ranging in diameter from three to
eight inches., The use of dimensionless numbers to determine the flow
regions is very similar to the procedure Duns and Ros. DeGance and
Athertone (5) consider this method to be the most accurate method for
pure vertical flow in small diameter pipes.

For inclined pipes, the method of Beggs and Brill (18,19) can
be used for the specific evaluation bf pipelines passing through hilly
terrain. The method 1is based upon'experimental measurements using air
and water. An updated version of the test system was reported in 1979
(2), utilizing basically the same concept although the updated system
used natural gas and water.

The basic elements of Beggs and Brill's method are a correlation
of the angular liquid holdup aé a‘functioﬁ of horizontal holdup and
a correlation of the two—ﬁhase friétion,factor‘as a function of single-
phase friction factor. DeGance.and Atherton (5) curve-fitted the
graphical form of the correlations méking the use of the method in a
éomputer-program poésible.

Recentlf'the Beggs and Brill method came under attack from
Danesh_(él).. Using a gas-condensate pipeline data Danesh reported
negative values and values greater than one for the liquid holdup
predicted by Beggs and Brill. Danesh concluded that since the corre-
lations are based upoh an air-liquid mixture, the method over-predicts
the horizontal holdup for high pressure gaé—condensate pipeline. The
effects of physical properties are not considered in the prediction of

horizontal liquid holdup, although they are included in the parameters



that are used to determine the region of flow. An unsuécessful
attempt was made (22) to obtain data from Dr. Danesh to test on other
methods.

Although there are several other sources worthy of consideration
(23,24,25,26), the most important w&rk in this writer's opinion is
that of Erbar and Maddox (27). The idea of combining a good equation
of state with two-phase predictive methods was proposed  and applied
by thém. The whole work takes the reader into the useful utilization
of the computer in designing and operating gas processes in all as-
pects.

The need for more accurate two-phase flow correlations demands
golid theoretical investigation coupled with testing by data. The
application of good physical and thermodynamic prediction methods-might

help in developing a future two-phase flow method.



CHAPTER III
PROGRAM GENERAL DESCRIPTION

The main purpose of this' research was to develop a computer program
that contained the more widely used two-phase flow calculation methods.

The program was to incbrporate,good physical and thermodynamic properties

>predictive methods. This package was an equation of state which is cap-

able of calculating thermodynamic and some physical.properties, a vis-

cosity correlation for both the liguid and vapor phases and a surface

A g PP AN

tgggiggmgfg§}g§§Yngg;hod. The package contains @Egé)two—phase flow
calculation procedures: one for upward vertical flow, another for both
upward and downward vertical flow, a method for inclined flow, one for
horizontal flow gnd one method is for all directions of flow. All of

the methods, with the exception of those for vertical flow, have been

modified to calculate all types of flow.
The Equation of State

The equation of state chosen for the prediction of thermodynamic

and physical properties is the Soave-Redlich-Kwong equation of state.

The package contained in the program is part of GPA%SIM (28).

Viscosity Correlation
;‘)myer 403
# i

g
s

A subroutine was written based on the correlations of Thodos

and coe-workers as presented by Ried, Prausnitz and Sherwood (29).. The
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subroutine is capable of calculating either the liquid viscosity or

the vapor viscosity. It is interacting within the system and can be

called at any point for the calculation of either .liquid or vapor

viscosity.
Surface Tension

The subroutine for surface tension is based on the equations pre=~.

16-33 »
gented in the GPSA Engineering Data Book (30) and is capable of cal-

culating the liquid-vapor surfacevtension of mixtures.

Two-Phase Flow Procedures

The five methods chosen for this work cover the three cases of
application in the industry: vertical flow, inclined flow and hori-
zontal flow. They were chosen from a wide field of methods available
in the literature on the basis mentioned earlier. Other methods can

be added to the package with a few minor alterations to the package.

The Duns and Ros Method (15)

This method is limited by the original authors to vertical-
liquid and/or gas-liquid flow through a circular conduit from the
bottom of the well to the well head. The method correlates the

liquid hold-up and friction factor using four dimensionless numbers,

which are:

= %
RN = gas velocity number ng (ngc/go)

Z
[

1
= 4
liquid velocity number Vsl(ngc/gc)

-4
B

1
d diameter number = D(nglo)1

=
|

1
liquid viscosity number = ul(g/plc3gc)1
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The 1liquid hold-up EQ is functionally related to the slip velocity,

Vs’ which ié defined as follows:

: EU, 15 Vit Ve
\) 1 Egva-VSe("Ee) . 7%
_————"*-——-——
v =28 _ 82 - III-1
8 1-E E £ (1-E )
E(‘_&) , % 2 e ¢
e Vsh= (Voo Viy ) B _ Ysp
The slip velocity is expressed in dimensionless form by:
S=V_ (,/ c:);ﬂ : I1I-2
g Pp'8

The slip correlation S was obtalned by correlating the governing
group. Once § 1is obtained,.VS can be determined.
For Region 1 containing the bubble flow, plug flow and part of the

froth flow regimes, S is covered by the following formulas:

: 2
- RN
S = Fl + F2N + F3 TN III-3
Fy
F3 = FB - .I-\I.; ITI-4

Fl, F2 and F3 can be obtained from Figure 1. Region I extends

from Zero N and RN up to the limit given by:

RN = Ll + L2N : : II1-5

The factors L1 and L2 depend on the diameter number and are given in

Figure 2, For Region II, which cowers the slug flow regime and the

remainder of the froth flow regime, the slip correlation is:

.982 e

(RN) ;

S = (L4F,) 5 III-6
(1 + F7N)

where:

Fo = .029 Ny + F, III-7
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Region II extends from the upper limit of Reglon I to the transi-

tion zone to mist flow given by:
RN = 50 + 36N IT1I-8

As the gas velocity becomes very high, the liquid is then trans-

ported as small droplets (mist flow). There is virtually no slip

between the gas and liquid droplets so V8 becomes zero. E, is

R 2

obtained from the following equation:

1

E = ..__._.__'_._.,__
2, .
1+ Vs g/v_S .

III-9

For the transition zone extending from the upper limit of Region

IT to the limit given by:

RN < 75 + 84 N /3 III-10

No hold-up correlation for the zone was presented. Instead, the total
pressure gradient was approximated by linear interpolation, on ;he
basls of the value of RN, between pressure gradient values obtained for
the upper limit of Regién I and the lower limit of Region III.

The static pressure gradient (Gst) is obtained by the following

equation:

P
- = - -v-g- -
= Gst El + (1 EZ) pl ITI-11

The frictional pressure gradient (Gfr) is the same for Regions

I and II and is governed by the following equations:

. @, = 2p NOHRN II1-12
fr w Nd v
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III-13

f, = £_v ng/SOvsz

3 1

The dimensionless factors fl and f2 can be obtained from Figures 4
and 5 respectively.

In Region III the gas phase is continuous and ffiction originates
from the drag of the gas on the pipe wall. Although slip is absent,
there 1s a liquid film that covers the wall of the pipe and the normal
roughness factor ¢ is no longer valid. Duns and Ros present a new €
which takes into account this added problem. Figure 6 allows the
calculation of € which can then be used to obtain f. from Figure 4.

1
The frictional pressure gradient is obtained by equations III-14 and

III-15.
f = f 1II-14
w 1
P (ri)Z
e =2f BERD : I11-15
fr w psz

Duns and Ros obtained an equation that takes into account the
contribution of acceleration in terms of the frictional and static
pressure gradients,

Gst + Gfr

v N v vV ITII-16
1 (pl 8l pg sg)( sg/P)

G =

L ——

One has to keepfin mind that this total pressure gradien 8

e

dimensionless and needs to be multiplied by the appropriate density

and acceleration values in order to obtain a numerical answer.
e o e ST
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The Orkiszewski Correlations (6,7,16)

This correlation is similar to that of Duns and Ross in its use of
flow regime numbers to define the boundaries of flow regions. The

flow regime parameters are:

Bubble flow number Nb = 1,071 - 0.2218 VnSZ/D III-17
1
Slug flow number NS = 50 + 70 Vsz(pllo)m III-18
L .75
Mist flow number Nm = 75 + 138*[Vs%(92/0)1] III-19
= % ) -
Gas velocity number Ngv 1.938 ng(pzlo) III-20

Bubble flow exists when the following inequality is satisfied:

v /v

og/Vns < Ny III-21

The liquid hold-up, two-phase density, Reynolds number and fric-

tional pressure gradient are given by the following equations:

R, = 0.5-.625V _+ [(.5 + .625 vns)2 - 1.25 ng]% III-22
pp = Rpp, + (1-Rp) Py I1I-23

Rey = p,znvsz/uRR2 III-24

(%% ; = fcp9z(vsz/R2)2/28cD III-25

-~  The two-phase friction factor is obtained from the Colebrook equation

4) using the two-phasge. olds number.

5 4
1/ftp 2 log [(e/3.7D) + 2.§1/(Retpftp )] I1II-25a

Slug flow exists when V. /V. > Nand N < N I1I-26
g ns gv s



In this regime the Reynolds number_ is defined as:

ReB w 1488 pgDvns/uz

' Defining the quantities N, and N, as:

= 37200 [-.35 + (0.1225 + 0.04931 vnS/DO'S)] ’

[y

8]

Vr’ the bubble rise velocity is givan by:

Lol

I

p s '.'5 Dn 5
1f Re, > N V. = (1.985 + 4,985 x 107 R_)D
1f Re <N, V_w (3,097 + 4.958 x 107> R_)D0*>
8 2 T ' ' as
if Nl > Reg > N2 then:
y = (1.423 + 4,958 x 1077 R 0"’
| ' 0.5,.
v_= 0.5 [y+ (2 + (13.59u,) /5, 2°°°) 3
The parameter I' 18 calculated by:
1€V <10 1 = [0.0127 1ogcuz+1)]/nl‘415 - 0.284 +
0.167 log V_, + 0,113 log D
iV >10 T = [0.0274 1og(uz+l)]/n + 0,161 +

0,569 log D ~{[0.01 log(u2+l)]/nl.5?1 N

0.397 - 0,63 log D! log Vn.

N —{inlO [~.546 + (.2981 + 0.01849 vns/DO‘s)]'

20

111-27

I11-28

I11-29

I1I~-30

III-31

I11-32

I11-33

IXI-34

IT1-35

Finally, the q}gg flow density and the frictional pressure drops

are calculated:

p&i = (Gt * pﬂ,vr)/(vnﬂ + vf) * rpl

and

111~-36
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dp ) 2 ~
(G ; (ftppzvns /2ch)[(v82+vr)/(vns+vr) + 1] 1I1I-37

The two-phase friction factor 1s obtained as for bubble flow.
Orkiszewski suggested the following averaging procedure for tran-

sition flow:

t, = (Nmngv)/(Nm-Ns) _ I1I-38

and

& -0 D+ aepED III-39
trans, slug mist

The transition flow exists when

N >N >N II1-40
m gV 8

The mist - -flow exists when

Ngv >N_ ’ III-41

The correction term for relative roughness 1s applied where

10_3 < g¢/D < .5 defining:

07 2,
N, = (452 x 100) (V,u, /) (@B /p,) - III-42
1f N_ > .005
w
.302
e/D 4.14o (N ) /(ngBg D) I1I-43
1f N < .005
w .
2
D = 0.804 v ‘D III-44
e/ c/(og sg )
and
en = 1488 0 DV /u_ III-45

then
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dp 2
G . I /2g D, ITI-46

where ftp is obtained from the Colebrook equations using /D and Rem'

The total pressure gradient is defined for all regions as follows:

dp

dp
T3 = -1 + 9 (g/s )] /(1-AC ) ITI-47
dZtotal [: dz regeim regeim c ns

where

AC =GV /gP III-48
ns t sg "¢

The Beggs and Brill Correlations (18,19)

The Beggs and Brill correlations for liquid holdup and friction
factor were developed using dimensionless variables. These variables

are ﬁlgw pattern dependent and are governed by the following equations:

Vee
A = volumetric liquid fraction = VS,/ (ng+vs z)'{’: III-49
v/l/llx( i ' PR .
X = 2n(}) Vs » Susple, foa D £F Vet 7 111-50
,\/57 . é j“"; 173
L1 = Exp(-4.62 - 3.757X - 0,481 X~ - 0,027X"7) III-51
2 3 -3 .5
L2 = Exp(1.061 - 4.602X - 1,609X" - 0.179X™ + 0.635 x 10 ~ X )
IT1I-52
NFR = Froude number = Vns/gD Vas X&P*‘ng I1I-53
0.25
N = liquid velocity number = Vsz(pg/go) III-54
RN = gas velocity number = ng(pz/gc)o'25 III-55
Nd = diameter number = D(p'q'g/o)'5 III-56

flow patterns were proposed:

1. 1If NFR < Ll, the flow pattern is segregated

2, If NFR > Ll and > L2,the flow pattern is distributed
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3. If Ll < NFR < L2, the flow pattern is intermittent.

——s The Beggs and Brill equations for liquid hold-yp in the three
. S ~\£f””
flow regimes are.shown.in ITable.l. H (0) is the“hold-up in a horizon-

tal line. C+ (uphill) and C- (downhill) are the correction factors
to be applied when the flow is uphill or downhill, respectively.

The hold-up at any angle is calculated from:
H (8) = H (0){1 + C[sin(1.86) —-% sin’(1.89]} III-64
provided that
H (0) 2 A III-65
and

HL(e) >0 I1I-66

The two-phase friction factor is calculated as follows:

£. S
_f.ER,: ‘e B II1I-67
ns
where
2
Sy = [an(y)]/{-0.0523 + 3.182en(y) - 0.8725[an(y)]
4 III-68
+ 0.01853[2n(y)] }
and
A
y=—
(5 (0)] III-69

The non-slip friction factorﬂ(fns) is obtained from the Moody

diagram using

.- GD
Re, = oy
B 119’ ug

= ITI-70



TABLE I

EQUATIONS FOR PREDICTING LIQUID HOLDUP

Horizontal Horizontal
Flow Pattern Holdup (C+) Uphill (C~) Downhill
Segregated 0. 98,0+ 4846 o011 N> 4.7 N£0'1244 ]
MO == "ooses O VI immgg T | O T (VAR 53697 0.5056 |
FR - FR FR -
I11-57 | III-60 I11-63
0.5351  2.9620-305y 0.0978 Same as Segregated
Intermittent H (0) = 2:8452 C+ = (1-A)2n FR
L™ T 70,0173  0.4473
FR 3
I1I-58 III-61 IT1-63
1. 0650 5824
Distributed HL(O) = = 0. 0600 C+=0 Same as Segregated
N [
FR |
III-59 I11-62 . ITI-63

%t
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Equation III-67 becomes unbounded in the interval 1 < y < 1.2,

For that interval SB 1s calculated as:

SB = n(2.2y - 1.2) III-71

The total pressure gradient is then calculated from

£ GV :
B gin olp i +p (1-H)] + —Eg-—%-‘l‘i 1II-72
-ap _ &L g - 8,
- »
dz L Lo i + pg(l HL)‘_[vnsvsg
ch

The American Gas Association—AmerEééHﬂ

Petroleum Institute Method (12,13)

In this method, henceforth referred to as the AGA method, the

pressure drop due to friction is calculated by:

£ I111-73
£
where
S = 1,281 - 0.478(~42n)) + 0.444(—2nk)2 --0.094 (—2nA)3
4 I111-74
+ 0.00843(~2n))
and
_ 0.125 _
fo = Q.0014 + EE:;ET§E N I11I-75

The calculation of Retp (the two-phase Reynolds number) involves
a trial and error procedure consisting of the following steps:
* 1, Estimate a value of ﬁi (the liquid hold-up)
2, Determine the value of A from III-49

3. Calculate an approximate value of Retp'
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DV pt
Re = 8 tp I11I-76
P Mep
where
2 2
ooy = by 2t 0y a-3) I11-77
P R (1-R)
and
== + - -
Meo HoA ug(l A) III-78

4, Using the value of ) and calculated value of Ret s

obtain a value of §£ from Figuré 7. 1If the value of ﬁi agrees with
the assumed value within 5%, the calculation 1s satisfactory. If not,
repeat steps 1 through 3 using the new value of §i.

The frictional pressdre drop is calculated by:

2¢ Ly 2
AP_ = tp ns
F - 144 ch

Pep

ITI-79

The pressure drop due to elevatibn changes 1s calculated using the

Flanigan correlation (11) and the superficial gas velocity (ng):

1

¢ Frp—— III—80
1+ 0.3264 v +006 '
8g
and
¢922H : B
APF = 144 - ITI-81
where

IH = gum of elevation changes.

The pressure drop due to acceleration is calculated from:
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Figure 7. Liquid Holdup Correlation for Horizontal Pipe
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2
gp =L PeVse? +sz81
A l44gc (1—RL) ' RL downstream
ITI-82

2
EgYég + p,Q,VSl cos @
(1-Rp) R, pstream

where
8 = the angle of the pipe bend.

The total pressure drop 1s the sum of the pressure drops due to

friction, elevation changes and acceleration.

APtotal = APF + APE + APA III-83
The Lockhart-Martinelli Correlations (4,9)
The Lockhart-Martinelll correlating parameter is
;! .
X = [(ar/az) ) /(ar/dz) ] I1I-84

where the pressure gradient terms are those which would result if each
phase occupied the entire condult separately. The correlating parameter
is then used to find a multiplying factor that can be used to obtain

the two-phase frictional pressure drop from that calculated for single-

phase flow:

2 _ 4p dp _
¢, = (——dZ) / (——dz) III-85
tp 2

The function ¢£ was presented in graphical form. The flow

mechanism was chosen to divide the flow into four types:
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1. Turbulent-turbulent flow - if the Reynolds numbers for both the
liquid and vapor phases is greater than 2000, the corresponding ¢2 is
¢9,, tt’

2. Turbulent-viscos flow - if the Reynolds number for the liquid
phase 1is greater than 2000 and the Reynolds number for the vapor phase
is less than 2000, the corresponding ¢ is ¢ .

A , S A

3. Viscous-turbulent flow - if the Reynolds number for the liquid
phase is less than 2000 and the’Reynolds'nuﬁber‘for the vapor phase is
greater than 2000, the corresponding.¢ is ¢ .

v » L L,vt

4. Viscous-viscous flow - 1if both Reynolds numbers are less than
2000, the corrgsponding ¢z is ¢£;vv'

DeGance and Atherton (4) curve-fitted the correlations in the
following form: :
| /| i=1
= EXP Z a, (4nX) III-86

i=1* -

)

The coefficients for the fit are presented in Table II. Once
the type of flow for each phase'is known and the parameter X is obtained,
the two-phase frictional pressure drop is then calculated by using

equations III-85 and 1II-86.

Pressure Drop Calculations

An iterative procedure 1is used to determine the pressure at the
end of the pipe. The procedure is as follows:

———>1. The pipeline is divided into an appropriate number of segments.

2. The outlet temperature and pressuré are estimated for the end

of the segment. -
g T,JI\' B:%B
3. A flash calculation with the average temperature and pressure
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of the segment is performed. Physical and thermodynamic properties are
obtained.

4, The pressure drop for the segment is calculated using one of
the two-phase pressure drop methods.

5. 1If the pressure at the end of the segment is acceptable within
a tolerance, proceed to Step 6. If not, Steps 3 and 4 are repeated

using the calculated pressure.

6. An energy balance is performed as follows:

Q=UA(Tg - T,) - AH

= ) AH;HZ'H'
Hout “in +Q - H.veH g :
where:

Q = amount of heat transferred to the pipe segment

U = the overall heat transfer coefficient for the segment

TS = temperature of the surroundings

TA = average temperature for the segment

H . = total enthalpy of the fluid
out,in

7. A flash calculation is performed for the condition at the end
of the segment. The temperature at the end of the segment is obtained.

8. If the temperature is the same as in Step 2, the calcula-

tions for the next pgipline segment are performed. If not, Steps 2

through 7 are repeated.
The use of the equations of state in this manner would automati-
cally account for temperature changes resulting from fluid expansion

(Toule~Thompson effect). Another advantage of the use of the equation

of state is in the case of vertical flow. Since the static pressure
~——~W . o . Jp—

e e e i e ™

B
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heat is of great importance in the total pressure drop calculations, an

et R e TS

accurate estimation of the relative amounts of liquid and vapor is

critical. The equation of stake provides such an estimation with
N g NP, X

accuracy, thus allowing the determination of the total pressure drop.
oSO R A



TABLE II

CURVE FITS FOR MARTINELLI FUNCTIONS

¢2,vv ¢£,tv ¢2,tt ¢2,vt Re,l Re,2
0.97995 1.24907 1.44065 1.23807 -0.25522 -0.25522
-0.42951 -0.44314 -0.50445 -0:46844 -0.10583 -0.10573
0.09563 0.06680 0.06212 0.07189 -0.02893 -0.02893
-0.00547 -0.00521 -0.00106 —0700444 -0.00884 -0.00884
0.00142 -0.00057 -0.00101 -0.00070 - -
0.00011 0.00012 0.00003 0.00012 = -
- - 0.00002 - - -

(4%



CHAPTER IV
TEST CASES

Five test cases were chosen to demonstrate the capabilities of
the program, to comparé the methods used and to study the effect of
different parameters on two-phase pressure drop. In addition, the
cases were intended to cover as wide a range as possible of gas and
liquid flow ratios and pipeline elevation profiles.

The five cases are: |
Case 1 Y?/7:C?/

As originally presented b&ﬁcould (31), the pipeline is 30 miles
(48.3 km) long With a uniform rise of 50 ft/mile (9747 m/km). The
. inside pipe diameter i; 15 inches (38.1 cm). Inlet conditions were
set at 915 psia (6.31 MPa) and 140°F (60°C)‘with an equivalent gas
flow rate of 100 MMSCF/D. Two overall heat transfer coefficients
and two relative roughness factors were used. The composition of
the fluid and the specificatioﬁsvfor the case are shown in Table
III.,

Case 2 \/e,_r‘&/

The case was based on the information provided for well 22 by
Orkiszwski (17). Since the original article did not provide the
composition of the fluid, an attempt was made to create a composition

that matched the values for density and overall'API gravity stated

33



TABLE III

SPECIFICATIONS FOR CASE 1

34

Inclined Gas Pipeline

Composition:

Mole Fraction

Component

Z 0O 0O 0 0 0 o 0

ON N O80 it &~ W b =

(@]

Pipeline Conditions:

Equivalent Gas Flow Rate .
Diameter of Pipe

Total Length

Elevation Change
Roughness E/D

Overall Heat Transfer Coefficient U
Pressure

Temperature

Temperature of the Surroundings

76.432
7.923
4,301
3.060
1.718
1.405
2.992
1.375
0.794

100 MMSCFD

15 incheés

30 miles

50 feet per mile
4 x lO—4

0.0

0.5 Btu/hrft’F
1.0 Btu/hrftF
915 psia

140°F

50°F
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in the article. The specifications for the pipeline are shown in
Table 1IV.
Case 3

In this case, an attempt was made to create a fluid that had a
high liquid content in order to study the effect of pipeline diameter
on temperature and pressure profiles and change in diameter on volu-
metric liquid fraction in the pipe. Table V contains the composition
of the fluid and the pipeline specificatiomns.

Case 4 H’Uw"i?uwr‘z {

The inférmation for Case 4 was providéd on a confidential basis
(32). The pipeline connects an offshore platform to a processingv
plant on shore. The inside diameter of the pipeline is 19 inches
(48.26 cm). The pipeline is 64.91 miles (104.505 km).  long with a total
rise of 249 ft (75.9m). Two relative roughness factors were chosen.
The overall heat transfer coefficient was chosen in order to match
the known temperature profile for the line. The composition and
specifications are in Table VI.

‘Case 5 |

This is an artificial example that is based on Case 1. Eleva-
tion changes were dropped, but all other cbnditions (with the excep-
tion of one overall heat transfer coefficient) remained the same.

The purpose of Case 5 was to study the effect of elevation change on
the conditions studied in Case 1. Tablé VII contains the specifica-

tions for Case 5,



TABLE 1V

SEPCIFICATIONS FOR CASE 2

36

Vertical Upward Flow Pipeline

Composition:

Component Mol

e Fraction

1 : .

Heavy Component
Heavy Component Specification:

Normal Boiling Point
API Gravity
Molecular Weight

Pipeline Conditions:

Equivalent Gas Flow.Rate

Diameter of Pipe

Total Length

Elevation Changes

Roughness €/D v

Overall Heat Transfer Coefficient U

Pressure
Temperature

Temperature of the Surroundingsg

40.1

26.5
0.2

33,2

600°F
29
249

1.58 MMSCFD

2.988 inches

74 miles

3924 feet (.74 miles)
.00241

1.0 Btu/hrft’F

1.5 Btu/hrft’F

1500 psia

150°F

100°F




TABLE V

SPECIFICATIONS FOR CASE(@)
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Horizontal Fiow Pipeline

Composition:
Component . Mole Fraction
Cl 30.1
Cz 26.5
'C3 0.2
Heavy Component 43.2
Heavy Component Specification:
Normal Boiling Point 600°F
API Gravity o 29
Molecular Weight 249
Pipe Line Conditioms:
Equivaient Gas Flow Rate 15 MMSCFD
Diameter of Pipe 10 inches
8 inches
6 inches
Total Length - 8 miles
Elevation Changes ‘0 feet
Roughness €/D 6 x 10-—4
~ Overall Heat Transfer Coefficient U O.S,Btu/hrftzF
Pressure 1000 psia
Temperature , 127°F
Temperature of the Surroundings wmbii! 7¢p 70°F




TABLE VI

SPECIFICATIONS FOR CASE 4

38

Hev l(’/‘r”/

Mole Fraction

Simulated Pipeline
Composition:
TH Component .
Lté N
g co,
' 2
(9% HZS
P Cl
5 C2
b Cy
& i—C4
4 n—C4
7 1-C,
%’ n-C5
j i n-C6
H n-C,
[2- n-Cq
{3 n~C
e n--C9
10

Pipeline Conditions:

Equivalent Gas Flow Rate
Diameter of Pipe |

Total Length

Elevation Changes

Roughness e/D

Overall Heat Transfer Coefficilent
Pressure

Temperature

Temperature of the Surroundings

.58
2,11
0.01
79.79
7.06
4,82
.94
1.64
.61
.62
.55
.57

.29
.15
.26

155 MMSCFD

19 inches

64.91 miles

Zggm%eet oo ke
1.26 x 107

1.0 Btu/hrftzF

1379 psia

129°F -

50°F
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TABLE VII

SPECIFICATIONS FOR CASE 5

Horizontal Pipeline

(Gas Flow)
Composition: ‘ 6 Ay
Component Mole Fraction 12 ;k?
c, I 76,432 2 o o
c, - 5. 7,923 3
Cq S« 4,301 ¢
c, 4. £ 3.060
C5 5- 7. 1.718
C6 - 2. 1.405
Cg 7- 2. 2,992
N, ¥ ., 1.375
CO2 , g, 1y, 194
Pipeline Conditions:
Equivalent Gas Flow Rate | 100 MMSCFD
Diameter of Pipe ‘ 15 1inches
Total Length o 30 miles
Elevation Change 0 feet
Roughness €/D : 4 x 10_4
0.0
Overall Heat Transfer Coefficient U 0.1 Btu/hrftzF
| 0.5 Btu/hrft’F
Pressure 915 psia
Temperature | 140°F

Temperature of the Surroundings 50°F




CHAPTER V
DISCUSSION OF RESULTS

For the five test cases presented in Chapter IV, pressure drops
were calculated using the applicable methods. The numerical results
are presented in Appendices A, B, Cc, D, énd E. Figures 8 through 26
represent the results as functions of the distance or the length of the
pipeline. Each distance was divided into a number of segments.

The segment length was chosen such that an optimum number of éalcula—
tions can be conducted. An increase in the number of segments
above the optimum number had little effect on the results.

In this chapter the results of each case will bé discussed
separately unless the cases are similar in nature.

The fluid inigééélg}is mostly gas flowing in a large pipe (I.D.

15 inches) with a slight rise (50 ft/mile). The methods used to
calculate the pressure drops were the AGA, Beggs énd Brill, and Lock-
hart and Martinelli. The most striking result is the effect of
rglative roughness on pressure drép. In Figures 8 and 9 the change
from a smooth pipe (¢ = 1.0 x 10_10) to a rough one (¢ = 5, x 10--4
resulted in a.large increase in pressure drop. Although an increase
was expected, its magnitude in the case of dekhart and Martinelli is
disturbing. Several reasons that contribute to this are:

1. The Lockhart—Martinelli correiations were based on the air-

water system flowing through smooth, small diameter pipes (.06-1.0

e T At . caos 6 s s s B TR

40
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Figure 8., Pressure Profile for Case 1
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(U = 0.5 Btu/hrft’F)

30



43

inches). Since the correlations are purely empirical, the use of such
correlations in calculating pressure drbps in large diameter, rough
pipes will result in an error in calculation. .

In support of this, one should note that the pressure drops in a
smooth pipe for the AGA and the Lockhart-Martinelli methods are prac-—
tically the same. The AGA was programmed for smooth pipes only, since
their holdup correlation was based on data obtained from such pipes.
Gangriwala (33) obtained similar results in spite of the fact that he
used a different fluid.

2. Several authors (34,35,36) have argued that since the Lock-
hart-Martinelli correlations were based on an air-water system at one
atmosphere they work well if the fluid used is the same or if the
gas density equals that of air at atmospheric pressure.

On the other hand, thg Beggs and Brill correlation predicted a
lower pressure drbp than the other two methods, even for a rough pipe.
Gregory (36) states thétA"the effect of the'angle of inclination of the
pipe is small for angles ub to lOo, measured from the horizontal. There
does nof appear to be a significant improvement‘in the prediction accu-
racy resulting from the use of the Beggs and Brill inclination correc-
tion factor in this range of angles."

The angle for case 1 is 0.549. The correlation was developed for
use in inclined flow. Such a small angie of inclination probably causes

the conservate prediction.

The effect of the overall heat transfer coefficient (U) on pres=-

NI—

sure drop seems to be mnegligible if Figures 8 and 9 are compared. The
effect on the temperature, as expected, is more noticeable. When

a lower U is used less heat is transferred to the surroundings.
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Temperature drop is therefore lowered as illustrated in Figures 10
and 11,

The effect of the over all heat transfer coefficient is more
noticeable in the volumetric liquid fractions, as can be seen in
figures 12 and 13. The fraction of pipe volume occupied by the
liquid is greater for all methods when the value of U is large. The
fraction actually increases in spite of pressure loss. This is due to
the rapid cooling at a nearly constant pressure drop in the first
miles. A; the amount of liquid increases the pressure drop increases,
resulting in vaporizétion of somé of the liquid.

Case 2 involves upward vertical flow of a fluid with a high
liquid content. The two methods for purely vertical flow (Duns and
Ros, Orkiszewski) predict similar pressure drops, while the AGA
and Beggs and Brill methods predict slightly lower and higher pressure
drops respeétively.

No lines were drawn in Figure 15 in order not to crowd the graph.
The overall heat transfer coefficient had a slight effect on both the
temperature profile and the pressure drop. This is a clue to the
facts that the pipeline was relatively short (.74 miles) and that the
temperature of the surrounding was relatively high (lOOOF).

Case 3 was intended to illustrate the effect e diameter on

pressure drops. As expected, larger diameter pipes cause lower pres-

sure drops. The methods worked in a manner similar to their per-

formance in Case 1, with Beggs and Brill predicting the lowest pres—

B s

sure drop and Lockhart and Martinelli predicting the highest. For

s AR iR RS S

the 6" diameter pipeline both methods failed to converge. Lockhart

and Martinelli predicted an outlet pressure below zero, while Beggs
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Figure 10, Temperature Profile for Case 1
(U = 1.0 Btu/hrft?F)



TEMPERATURE, °F

46

140 T T I
120 _
100
80
60
———€ =10 X 10710
——€ =50X 107
- A A AGA
Om B-B
ce L-M
40 ! b I 1
0 10 20 30
DISTANCE, MILES
Figure 1l. Temperature Profile for Case 1

(U = 0.5 Btu/hrftlr)



VOLUMETRIC LIQUID FRACTION

i

'DISTANCE, MILES
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Figure 13. Volumetric Liquid PFraction Profile for Case 1
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and Brill was unable to converge in the last segment of the line,
<§;Z€i§>was intended as a test case for the horizontal flow
methods. A pipeline profile was obtained (32) together with the
exact cbmposition of the fluid. Temperature and pressure data were
also obtained. Some parameters such as thé rélative roughness factor
and the overall heat transfer coefficient factor were not available.
based on available information.
With the temperature profile available, a suitable overall heat
transfer coefficient could be chosen that accurately matched the pro-
file. The relative roughness factor was based on the type of pipeline

material.

The results, again, were as in Case 1. The AGA and the Lockhart

and Martinelli for a smooth pipe predicted essentially the same

pressure drop, while Beggs and Brill predicted a lower pressure drop.

Lockhart and Martjipelli predicted a much higher pressure drop when a

rough pipe was used. Figures 19 and 20 clearly illustrate these

points.

Case 5 is essentially the same as Case 1, but without elevation
change. Since the elevation change in Case 1 (50 ft/mile) is slight,
the results of the calculations are almost the same. The absence of
liquid heat decreases the préssure drop significantly., In spite of
the fact that the angle of inclination in Case 1 is small (0.540),
the pressure loss decreases by about 120 psi for similar cases

(Figures 9 and 21).
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Figure 21. Pressure Profile for Case 5
(U = 0.5 Btu/hrft2F)
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Figure 22, Pressure Profile for Case 5.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

A computer program was developed that incorporates good physical
and thermodynamic propefties predictive methods with the two-phase
flow calculation methods. Several cases involving a wide rangé of
applications were calculated using the program. The following con-
clusions were reached as a result of the total study:

1. The computer program is capablekof calculating pressure drops
in pipelines by different methods with relative ease due to uniform
physical and thermodynamic properties.

2. The AGA method seems to be accurate for horizontal flow.

Similar results are obtained by Lockhart-Martinelli if smooth pipes

I
i

are assumed.

3.. The Duns and Ros correlation and the Orkiszewski method
— S —

AN g

predict similar vertical flow pressure drop, accurately matching the

A

results given in Case 2.
4, Empirical correlations are limited by nature to the range of

the data. The use of such correlations must be done with the under-

standing that the results might be in error.

The following recommendations are made for the use of the program

and for further studiles:
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1, The ACA method is recommended for the prediction of pressure
drops in horizontal and slightly inclined pipelines,

2. Orkisweski or Duns and Ros are recommended for the prediction
of pressure drops in vertical pipelines.

3. An investigation should be conducted using this program to
study the effects of viscosity, density, and interfacial tension varia-
tions.

4. An experimental investigation of two-phase flow with physical
and thermodynamic properties evaluated by an equation of state should
be undertaken., Variety of flowing fluids and different flow configura-
tions should be used in order to obtain a reliable and accurate two-

phase flow predictive method.
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APPENDIX A

RESULTS OF CALCULATIONS FOR CASE 1
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TABLE VIII

VOLUMETRIC LIQUID FRACTION FOR CASE 1
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Segment Lockhatg*Martinelli - — Beggs and B;ill
No.  AGA /D =10.0 /D =4.0x107" ¢/D=0.0 &/D = 4.0x107
' 2
(U = 0.5 Btu/hrft"F)
1 .02578  ,02578 .02521 .026304 .026039
2 .02767  .02765 .02553 .029586 .028665
3 .02821  .02813 .02391 .031933 .030234
4 .02757  .02742 .02054 .033466 .030827
5 .02591  .02568 .01549 .034321 .03057.
6 .02337  .02308 .06808 .034599 .029464
(U = 1.0 Btu/hrftzF)
1 .02764  .02741 .02701 .028194 .027901
2 .03234  .03231 .02979 .03462 .033439
3 .03386  .03361 .0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>