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ABSTRACT s A

.THE PREDICTION OF FLOW PAT‘)ERNS, L1QUTD HOLDUP AND PRESSURE
‘ LOSSES OCQURRING DURING CONTINUOUS TWO-PHASE FLOW lﬁ
HORIZONTAL PIPELINES - .- -~ 2

Nusrat U. Hab&b ) ‘
S ' " ' ) < .' " ‘
'The need for a general nmthoﬂ of predicting the energy\or pres-

PN
N

" sure losses that occur when two phases. one gaseous and the other 11qu1d, '

‘flow simultanedusly through a hor1zonta1 coJ!h1t has been stressed for

several decades. _ . .
The purpose of this report is.to’ 1nvestigate the corre]atioﬁ .
.with which theepressure losses occuring in continuous twofphase gas-11qu1d .
flow in horizonta1 flowline can be. calculated and threby to enab]e the
optimum desfgn f such f1ow11n$s

o

- aArgeneral discussion of the two-phase f1ow in horizontal pipe-

. 1ines 15 given 1n Chapter I. Here the design activ1ties and earlier inves-
tigations of" Horizonta1 Multiphase Flow are d1scussed ’

The first correlation is useful for the prediction of prgssure

losses 1n “Liquid Holdup", and the secoﬂﬂ correlation is. an "energy loss

factor" which when used with the two-phase power belance permits pressure
- lossés’ to be pred1cted The third correlation is a flow pettern map with

¥
which two-phase flow patterns may be predicted 2

A step hv step procedure for’ using the correiations 1s 1]
in Chapter V.to predict the pressure loss in hdr1zonta1 two—ph e ff

pipe. L . . . . , " e
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CHAPTER I

| mmonucnou 5 Sf >

Ra
. ’ .{l i C » ) R / ﬁ
Due to the frequent occurremes.\f multiph v gas-1iquid flow ’ :
b

in p1pe11nes and the des'lre to accurately ca‘lcuIafe the pressure losdes .
“ ‘ | \ o that occur 1n these p{pe”nes. this type of f'low 1{" eonsiderable . -

‘; d . ¢ 1nterest to the petro]eum, chemica‘l. and nuclear 1ndustr1es In the
4 & v petro] eun industry, gas- Hquid mixtures have been transported' over g
relatively long distances (100 mi)} in a common line due to the advent of ) ,;
centramzed gathering and separation systems, °

SN . The problen of designing such two-phase floanes came. sharp’ly

‘ into focus ,§1nce the beg1.nn1ng of offshore o.ﬂ f1e1d deve'lopment. ) The

corrosive nature of;ocean water on pipes prohibits the installation of

: [N A : L
separation systems far offshore and then transporting the gas phase and’

v e s e B s e e DY

. ihe 1iquid phas and based storage facilities in separate pipeHnes.‘ .
- . . Y .

-In addition, construction\and ma1nt;nance costs of gis excess equipment

\

are too severe, Therefore, long multiphase flpwlines must be designed,
‘ add‘one of the main problems fnvolved ,"'ls%the fpmdictfp{n of the pressure *

. losses> that. occur when a gas—liﬁui‘d mixture f'lews ‘1n a closed condu1t.'
-, A N A
¢h of1 and gas are p/roduced from any given natural reservoir,

-

. the ene stored 1n the refervoir is consumed 1n"three d!stinct flow

'« (L - -

‘processes. The three flow processes glare depicted in Figure 1 which was
taken from an extensive study .by Hagedorn ['l] Firﬁ. the fluids tmxst
Y f‘low.through the porous med{um to the ne'Hbores. A potentfal gradient
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‘reservoir energy or 1nput mechanical energysis consumed as the fluids

\flow11nes This phenomenon cannon1y extsts in chemica] p1ants refineries.
'atanic reactors, evaporator tubes. and many other processes encountered

.1n the chemical process 1ndustr1es. Many different processes give rise.

' two-phase flows are_discussed thoroughly by Gouse (2. 3, 4. 5]..

—em—— s o

i'have then been developed’for each f1ow regime. This appears to be a 1091-

e & S e < e pe s (R TR Tip ' - ey '."- cad i

must exist for this fiow to orig1nate. ‘Second]y. energy is consumed in
large quantitfes as the fluids flow up the we11bores Lastly, either

traverse flowlines from the wellheads to the separation. ) ‘
< ’ y o
It must be stressed ‘that. two—phase flow 1is not 1imi ted to ofl

4

to numerous types ot gas-liquio flow. 'A greatknumber of these types of\\ ,

i
-7

The-main obJective of all mu]tiphase flow studies has been to ¥

develop a technique w1th which the static pressure drop can be calculated.

@
Static pressure losses jn gas-1iquid flow are quite different from those

encountered in single phase flow. This is due to the fact that in most . ‘ }s
’ Y

cases an\infe;face exists ‘and the gas s1ips past the liquid. The’ 1nter-~\

face may be smooth or have varying degrees of roughness depending on the

flow pattern. th:refore. a transfer of energy from the gaseous phase to

'the 1iquid phase may take p]ace whi]e energy 1s 1ost from the wetting

‘phase ‘at the pipe wall. Such an energy transfer may be in the form of - .
heat exchange or in the form of acceleration and wall friction. Since . -
each phase nust f1ow through a smaller area than 1t would 1f it f1owed

/
alone, amazing1y high pressure losses occur when compared to s1ngTe phase

=

: . : . o . .
ﬂON. . L ' o - N . -

,-Most- of the previous 1nvestigators of two-phase*flow phenomena
have chosen to separate their experimenta1 data 1nto severa\ groups of o

obgerved flow patterns or regimes. Separate energy loss oorrelations

- -
” «

. - \ .
v o, ¢ N . - {
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; cal approach €% correlate widély scatt.

L}

_ever, in determining vhich‘particul

. .
. ‘ .
. .
. - L 4
. . -t
. * M ,

ta. The problem arises. how- ]

Mow pattern exists for a certatn S

set of flow conditions and in"selecting the correct energy loss correla-

tion for ‘that pattern. The problem is complicated further by the existence

of several correlations ‘by many authors for any one particular flow.;eﬁiluﬁ%‘ —

The number of « reported flow mechanisms for gas—liquld mixtures varies from ' LT

fqﬁ} to ten dépending on the - method 5& which the regimes a separated
Several previous investigators have measured a quz’tity defined

s "1{quid holdup. Liquid. hondup is simply that fraction of a unit vol-

" ume of pipe that isooccupied by. flowing Mquid. A knowledge.of°the varfa- '

" tion of liquid holdup along the length enables one to calculate the average '

N linear velocities of each phase and consequently the difference between the -

phase velocities may be calculated. The difference between the velocity
of the~two phases 1s known as the "s1ip velocity." Due to the slippage m
of the gas dver the 11quid, energy 'is transferred’acrosﬁﬁthe interface
between the phases within the system.' Therefore, it is quite clear that

. Haquid holdup is an important parameter in multiphase flow situations,

Many techniques have been used to measure Tiquid holdup and like-

wise many.methods have been proposed to correlate liquid holdup. with flow.

’parameters‘and'the physical properties of the flowing fluids, These meth-

ods, of‘méasurement and fiquid holdup correlations are’discussed in detail.

ina later ghapter. ~NF | o . . ‘ B

The subject of multiphase flow has stirred the minds of men- for
some time ‘and the 1iterature on the subject is voluminous.

A chronological review of the previous gas-1iguid flow studies

that are applicable to this- study follows in the next section.

'y ot ;
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> . . {iffed approaches listed by Dukler, _e_t_al [6] as follows:

S e I T R el st T ——

. N 3
.

o The purpose of this report is to develop a best avai lable cor- -
‘.relation with which the pressure losses occuring in continuous twe-phase
gas-liquid"’flow in-h(orizontal flov':line can be calculated and thereby*tp
‘enabie one to obtain the optimum design-of such flowline.

- . “ . b

st
Ky PN ' —_—

- EARLIER 'INVESTIGATIONS OF MuLTTPHASE FLow - ~ ; \

A- great d__eal'of research has\been conducted in the oeneral area_»
of multiphase, confined . flow: Interest in:this field has increased"
greatly since the year 1830 when the first known work in this area was pub~--

1ished, Figure 2 taken from a literature survey Gouse [2], shows the C
* number of publ‘lcations for all gas 1iquid flow studies exclud ng atomiza- \ \, 4
"tion, cavitation. and condensation, . In general, multiphase flaw 1s a sub- ’
' _i.ect of ‘considerahle interest since early 1960. In the revievrthat' fol'lows.' / i
only the studies that deal directly with steady-state. horizontal multiphase . » !
Iflow are dichSsed since a complete r-eview of all multiphase flow litera- ‘ 3

- | N | . :

.~ ture would fi11 several volumes.

l Tl{e evolution of a fundamental knowlﬁedge o® the ‘gas-\-liquid flow ‘ :
SR problem is by no means at an. advanced stage at the present time. However, ‘ / ' ;

" some progress of limited applicability has been made in the Jast quarter ) i

of a century in the area of empirical correlati,p“ls. Several two-phase' flov:l . ,
relationships have been developed using somewhat different approaches. : ,

<

Previous investigators have followed one of five broadly class-

1. Empirical correlations alone. ’ ' , - K o,
2: Bnpir"lcal correlations with dime'nsionaf analysis. S

3. Empirical correlations utilizing similarity analysts ad.
model _theory, .

, ’ ! .
- . . «

-~
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B . N + '
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. . .
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-4, Mathematlcal analysis and theoretlcal development of: equa- :
‘ tions using simplified physical models. |

. 5. Seml-emplrlcal correlations developed from the conservation

of energy and momentum equatigas using experimental data ¢
_ to evaluate' the. transport t T \

' y | :
The first practical correlation evolvedJZn l§49 from the study
) conducted at the Unlverslty of California by- Lockhart and Martinell{ and
. others 17, 8, 9, lO] Several different fluids were uséd in this’ study

1n short test plpes whose diameters varied from 2,54 centimeters to 1488

g

centimeters or capillary size. After an extensive mathematical deVelopment,
they resorted to experimental data to evaluate certain constants in order
to develop the pressure loss correlations. ‘

' Lockhart and Martlnelll‘proposed four pressure loss correlatlons er

" for four different flow mechantsms. The flow mechanisms conslsted of
.}

t

,:’ (1) lam1nar flow.in both phases (2) turbulent flow in both phases (3) and

-

-

(4)\one phase lamiriar and the other turbulent. Three oorrelatlng parameters -

X, BL.'and EG, were defined as follows:

AS
¥

- - - ,
.t B x - (AP ( e 2 e 0 » e o 8 9 s 1‘1&
' . s . ::.“ T ."
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! ‘ where ° . :
B Tt <;[:) y is the pressure gradient that wouid exist if the e oo
" Coe - e 11quid were flowing alene in the conduit. - ' R

-

r - 4 ’ N
, . ‘ i
S : T

S v(?%;)e .is the pressure gradient that would exist if the R
3 . i3 £ ,
G

'gas were flowing alone in the con%uit.‘ <
R ‘ «" : , . 2 -~

.o * 1
. - : : <
. e e . s . o 1 . ’
H . 0 v .

(AP) K is the actual two-phase pressure gr_adient." S
T.P

. . . i !
" 3 . - )

&

RS R —

. ‘ These investigators found that . and ¢G were both correiative with X and

“Flow mechanism. They further found that 1iquid holdup could be corre]ated

v with X, Therefore, 2 total of nine correlations are presented in their .

S pioneering study. The detail of these correiations can be found in ‘the

.
P

original reference 7. l ' \ ‘ ) , |
~ . Several authors [Ii. 12] refer to the work of Lockhart and Mar- . : ‘
-tinelld as the classical approach to the problem and some [13] state tﬁat i
these correlations have receiued universal acceptance However. other .
investigators such’as Hoogendorn [14], Isbin Tis], Ciafaloni [16], and ' . L
“others have shown that ‘the Lockhart and Martinelll correlations are by no - ‘
means a panacea to” the probiem. .

A possibie,expianation of the shortcanihgs of these corpeiations

consists of three parts.‘ First, Lockhart and Martineiii conducted experi-
ments on gas- fiquid-fiow at near atmospheric pressure, Secondiy. the data
were taken in smail diameter tubes in the laboratory These two iimiting

conditions on the data could explain why the correlations do not always .

" work when applied to conditions of high pressures and large diameter pipes.
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" I.astly. 1h using the cori‘elations. one- has extreme difficulty in detenn*ln-r
ing which flow mechanism ex1sts, therefore, if an error is made at this
-critical stage. the wrong pressure loss corre!ation fs used It shou!d_be )
) po1nted out’ that the 1ines separating the f1ow mechanisms are actually
‘broad zon%s of over'lapping flow mechanisms. Ciafalont shows that ‘large o
. errors are encountered when using the correlations near these trans1tiou |
‘regions. Gazley [17] have shown errors of +44% to -50% when the correla-
'tions were tested with thetr experimental daﬁi
The year 1949 was also the year that BergeHn et al. [18] pub-
Vished part one of their mu'lt‘lphase flow study. These authors showed that
the Lockart and Martinel1{ correlations- were not canplete1y genertn o ade—
' ‘quate. A genera'l method of predicting two-phase pressure drop was not prop-
‘.osed but it was suggested that a friction factor chart using gas properties
and 2 gas friction factor might be useful

The gas phase pressure I‘oss was defined by Bergelin, et al. [18]

-(g_g) [ L U 12
R , L] L] L] . L] .
*/6.p. 9 Pg%g SN

where ’ , -
A, . . »

6 ® gas phase friction factor

o W, = mass flow rate of gas

- ' S '
. . } i . .
Pe = Pipe wall perimeter wetted by the gas phase
clj = length of interfacial chord
‘ B 3 . Y v.

S = 'orea open¢to gas flow

X = distance travel: = .

~ il N A U S A
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' length.

h ' v
The frﬂ:t'!oa‘factor. f‘smas' found to correlate with a Reynolds modulus
which 15 defined as’ Y T R

T ‘ ' R - D'Gug- i A .
N - . Ao .e;g uGSG .

where D' = an equivalent gas ‘phase diameter,

-

14

Experiments were carried out in such a manner that the inter-

-facial pos'lt1on or height was measured This indicates that stratified

. . -
o h -

"flow was preva'lent \- ‘
- Bergel 1n et al. pointed 'o/ut/a very?"impd?‘taht factor, namely
that the Tength of the test section greatly affected the flow pattern..

\They showed that waves form 1n a lé-foot (4.88 meters) length at Tower

air rates than in a 10—foot (3 048 meter) length. The quest'lon of ‘the

re'Hab'IHt_y of short tube'mu;lti-phase ‘flow.data immediately:arises. iPo‘s-,- ’
(sib'l_y.' entrance effects cause short tﬁbe data to be unreliable. This ob-_-
- servation was confirmed by the study of Eaton, B.A. [19] {n_which flow. '

patterns were ‘observed to change as the fluids traversed a 518.16 meter -
. - ¢ ‘.m’ ' -
) 14

During 1952 Poettmann and Carpenter [20] pubHshed the result of
the'lr study on vertical two phase flow in oi1.weéll tubing. Poettmann and’

Carpenter developed their correlation on the basis of an energy balance

and a tvqo-phase energy loss factor-‘chart“. This approach has proved to be .

sound and the correlation has been used quii:e successfully for many: years.

Hagedorn [1] used a similar approach 1n his study of vertical multiphase

flow in long tubes to deve‘lop what appears to be & very good correlation

for predicting vertica'l two-phase pressure gradients.

‘ Schneider [213,1n 1953 deVe'loped another two-_phase friction

l]O .
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,.11shed the results of all this work, ; , ,J o= L | i

fically stated that his study and sol\ution were for 2 pa\rticu'lér'chul'lca'l ' '
_problem about this same time. Baker has.since published several artictes

vection. _ v — ' . ‘., Sy T

~study indicate that the Lockhart and Hartineﬂi cbrrelations became pro- o ) .

Cﬁenoweth and Martin proceeded to deve1op what they called an 1mproved
‘correlation along the same 1ines as the ones- by Lockhart and Martinelld..

factor corre'lation and in 1954 Schneider, Hhit.e. and Hunt1ngton [22] pub-

The Schneider fr‘lctjon factor.’ FT p_» Was carrelated by — =

. . F - "LUL [ ' : .
.a:;" B w , @ ¢ 8 ¥ v e, 0 % e e o “ .
LT 1Y -~ EEEEERERRE

1—4"
b

where: T , = '

" v = . constant T o~ .
e i “L ' ‘mass of 1iquid flow. . S o N

y = velocit_y of liquid flow , . - .

0 T v‘ .'\ ) : ;

- and a two-phase friction factor ‘chart was prepared ] Lo R
In 1954 Alves [23] published the results of Kis mu]t‘l-phase flow,

" study. Nq general correlation'was proposed in this work, as A'Ivee aspec‘l- oo | { :

engineering process. Baker [24] began to work on the multiphase f'lOl'l‘

on theéubject. and his method of sojution will be discussed later 1n th‘ls -

/

-

i
Chenoweth and Martin 1271 in 1955 ran a series of 264 tests fn

large pipes and at mean pr‘.ess\ures~ up to 100 psfa to check the I.ockhart

and Martfnel]i corre1at1on under these conditions. The resu]ts of th1s

gressive'ly worse as the mean pressure and pipe diameters are 1ncreased ) ) ]

The improved corre‘lations are 'Hmited to turbulent flow_ and the 1mprove- RS
ment appears to be Vimited to their deta Beker [24] used their correl,e-‘

'
% . It
.

\ , . ’ LA ’ . o
¢ T ~ ’




tion on field data and showed that large ‘errors are ehcountered, 1

White and Hunt1ngton [25] conducted an exte%ire search for the
answers to the myster'les of multiphase flow, The study was conducted 1n
the 1950's 1ip the laborator'y and pub]'lshed 1n 1955. - The data was obta'lned -
via a*gear p1ast1c tube at or near one atmospherel mean pressure. Color o
_ motign pictures were- made of th.e flow reg1mes and some six d1fferent pat-
terns were defined vand mapped. Pressure 1osses were correlated by means
lof an energy loss factor and 2 mass Flow ratio. Different corre]ations
were proposed for the djfferent Flow patterns Hhite and Huntington state v
specifically 1in their sumnary that the flow pattern map should hot be used
for conditions where the mean pressure is greater than one atmosphere.

.

Therefore, for higher pressure cond'lt'lons. it 1s 'impossib'le to be sure of .

the flow regime that exists and which pressure 1oss conrelation/ bould be ‘

. applied. A : _ _
In 1956.‘.Bertuzi1. Tek 'and Poettmann \I26]. 'proposed a somewhat .
d/ifferent' approac'h to the prob1em.)§/ introducing a new Re,'yno]ds' function
- with wh'l'ch’ the energy loss fact cou1d be correlated These authors
developed an energy)a'lance for two-phase horizonta] flow and, using this
equation with experimenta‘l data ca]cu1ated the over-al‘l energy losses due
+. to 1rrevers'lb1.‘|~1ties. They found that the Toss factor could be correla-
ted by a Reynolds function as follows:

Reyno]ds functjon = ni;x(RGa -._R b) . e v ee e e e 1-‘5

°

where B ‘ EEy !
, RG Reyno'lds number of the gas assuming 1t flows a1one

R = Reyno'lds number of the Hquid assuming 1t flows aloce

\\
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ket ;1 mass rate of _/‘
. L Mass rate of flu - ) e
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Vi1 = constant " y
4 The energy loss factor chart prepared from this“corre]ation consists of

several ltnes with a certai range of K Nalues associated with each 11ne

4 \}

© . ~kach line has a transitipn ‘region and overiap similar go that of the
Moody diagram [27] for single phase flow.

The correlation o Bertu221 . Tek, and Poettmann has the advan-

_tages of being re1at1ve1y free f flg pattern effect and is simply to

use. The Reynolds function will redyce to the single phase Reynolds

number as K approaches infinity (for all gas f1ow) or ag K approaches |
.azero (for a]l»]joui - flow). However, \it sh%g1d be poinEed out that the
acceleration term was set ‘equal to zero in energy balance; there-
fore;'acceleration ﬁ esshre losses were notf::hperly accounted for. .

" Lubinsk [éd] has pointed out that in some cas s acceleration can take
» " ona real'significance. Bakey [24] shows that) this correlation can give

resu1ts‘that are 1n!extreme error. The reasons for the failure can be

found in #tail 1n/tﬁe original reference. . - ‘
Investigators were active in 1957 co]lecting experimental data '

’ in separate efforts to solve the problem. Among these 1nvestigators .

 were Hoogendorn (141, Baker [24], Huntington [22]. Refd [28], Yocum [29],

_apd- others.
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Yocum presented a pqg in ig57 in which the frictional losses
« - _.occurring in long (Tﬁ» field flowlines were 'correlated against the square ;

< - .ofsthe Froude number (U%/gz
S

. The asswnpt:lo\ns and &eve1oplpent of this
» . S o0

correlat'lon can be f nd '1n' the priginal paper. However, this tfpe of

A8

friction factpr modeI has not received much~acceptance in other mu]t'lphase

V! - ’

T . flow literature. R -
‘ ..'_ LA so'lution to the horizontal two-phase flow problem that has

-

received a cons1dera§'1e ‘amount of aéceptacne in- the oil 1ndustry 'Is that

which Baker [30-] proposed 'l 1958

Marﬁnel]i corre]at1ons [7] ipto his solution. H;ls maﬁn contribution was'

" Baker incorporated the Lockhart and

. made in postulating an equ\tion for each @1fferent (low pattem Baker'
' "’u‘lse/proposed a chart with: which the flow patterns could be predicted

C —1;) / ) 4 -7 was found to vary . \. . ... 1-6a
‘ To “"“( I '

g:‘ . -

o 0.875 0.125 0 - .
. * = (%!.'-) | EL) ’ _p_G_ 8o e n‘ « o ,1"6b
" .-\’ Hg L Voo . pa

» (I)”/( 1o S

’where c and M were constants determ\ined by .the flow rates and tube rough-
bt ) ) . . b’/

. e ’ o - The rﬂrits of th1s ﬂow pattern map wi n be discussed in & 1ater chapter.
; ¢ Cry A Ch‘lsho1m and Laird’ [31] stud'led the prob]em using the ba\lc -
s ; apppoach of L.ookhart and M\rtinel’li [71. However. they extended the cor-
>;e.§' oy ' e relat'lon to- 'lnc1ude p'lpes of varying \Qegrees, of wall roughness. (
R A ’ ™~ . s
L i ‘gﬁ- In the final correlation. R - “ ;o N
% . q. k4 q_};

occordwq"to the foﬂowing equation? O ‘ - i : .

o

o




ness. The corre'lation can also be expressed as follows:
©N

: | 0.875M £, \1.25M £\ 0.5 | .
APT P 1 ‘ (GFG) (‘PE (iL-) | | JF “
R * Ld - + c p\ N . . L] L] .
, L L _ n .. \'G / |
¢ ‘ o - ‘ » ‘
- ., U The nuthors have excluded data whose values of X areless’ .- _ 1

‘than 0.40. Baker, in his discuss#gn of ‘the Chishom and Laird correla- .
¥ tion, points out that most gas condensnte two—phase ﬂow lines fa'|1 with-

in the excluded range. Hence, another corrélation 15 added to the ‘Hst ‘

T BN e

. of empirical relationships with limited appHcabthy

Next 1n the series of reportéd horizontal mu'lt1phase pressure

Py

1oss correlations 1s that of Hoogendorn [14] which was: deve‘loped from

£ .data taken in 24, 50, 91 and 140mm diameter pipes. Hoogendorn vanjed .

L g T
4 -
- o

the roughness of the 50mm pipe and, in addition, he determined the "quuid

L SRR e
c A

holdup for all tests.by a new capacitance techniq'ue [4, 14]. Flow pat- ’

terns were observed and a pattern was devel oped ‘H‘oogendom reported ‘

. - ~ that APacce'l amouuted to as much s 15% of APT P, in the sma'ner pipes.[

o / < .The data were. used in the familfar Lockhart and MartinelH cor-
re

ation, !:uy-the results showed that the correlation-did not fit the

. Dok 4

data when /'l-arge pipes and high pressures were utilized. A1§o, the correl-

' ships and’ pressure 'Ioss correlations corresp ding to the sever‘a'l d‘!f- '

ferent flow patterns. These eguations and charts can be‘ found 1n the - . - B

o

origing'l refe'rence ‘ These correlations have not been wide‘ly used.

- " Bankoff (327 in 1960, published a two-phase pressure 'loss cor- -

o re}ation and a holdup cgrrelation that have, been checked extensive'ly by
Dukler [6] with the data in the data bank at the/lJ*\vers*Ity of Houston.

f‘\ |




i . o These correlations were found to be unsatisfa%tory in most cases. Hugh-

, ' mark [33. 34] improved Bankoff's holdup corre]ation in 1962 and Dukler L,
| \ found this correlation to be the best ho'ldup correlation to date. - | h
. Ros [15] published the results of an extensive study on verti-

cal two-phase flow in 1961. A dimensional analysis was’ presented that

utﬂized the 1iquid density, interfacial tensiOn, and gravity as repeat-

i
ing Yarin'les. Hagedorn [1] 1n 1963-64, utdlized this dimensionn‘i an- z r
alysis very successfully to correlate vertica'l‘ t’wo-pnase_ fpow._ This 3
% ‘ ‘ analysis, as well as the holdup correlation of Hughmark [34] will be" ‘3
' ) . discussed in more detail in the chapter on holdup. o o o .- l
§ - ‘ The next in the series of horizontai two-phase fluid ﬂow stud-
¢ ) “fes that has been published s that of Dukler et al. [35]. As-has been ;
\

previously mentioned. these 1nvestigators haye accumulated all i;he:"p - o
“% 1ished date on horizontal two-phase'f'low and formed what they Eai‘l the ‘

sdata bank. The data corsist. of both short tube\']aborator){ data and ‘1ong' - "

tube o1l field data. -Over ZjOa;OOO experimental measurements have been ' é

taken, half of which have been taken sifce 1959. “The data’ have been

culled and approximately 2,600 data points remain as éonsiste'nt data.

Dukler. et al., report that some of the data contain very 1arge errors

These authors have discarded a great deal of short tubeKdata where end ’

; effects were known to be Targe. : . -

L IR et v | s s

The cui'led data have been used in what Dukler et al believe * '

to be the five megt rJiabTe two-phase pressure loss correlations. The

L ) correi‘ations tested were those of Lockhart and Martinell{ [27]. Baker 8
| . [30]. Bankoff {327, Chenoweth and Martin [12] and Yagi [39]. "These cor-

relations ‘are five of about twenty-five pubi,shed corlrelations. but the “ -

@

. others have received much less acclaim. Results of the comparison indi- o

.S : ! " . . '
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§ cate that the Lockhart and Martinelli and Baker correlation are still the \
B | ‘ ' ' . . .
‘ ; most reliable of the five. ' A -
- Lo Three holdup correlations were tested with the culled holdup
| : Y N
} ‘ . d§ta. The Hagedorn [14], the Lockhart and Martine‘l]i [7], and the Hugh- -
o . oo
} S . mark [34]. correlatjons were tested with the results 1nd1cat1ng that . * |

the Hughmark corre?ation 1s the most reHab1e Hughmark s)no'ldup correh-_

S " .- tion is an extension of the origina'l work of Bankoff [32]. which w‘l'l‘l be - i
) i I discussed 1n a later chapter. T B .
L . , In Part B of the article- by Dukler et aT [35], the approach
' through simi'larity ana'lysis is 1ntroduced and developed. The parameters
» for two-phase flow correspond1ng to the Euler and' Reynqlgis numbers for 5
} ) :
'* . sing‘ie phase ﬂow are developed These parameters are given below. '
Pl - ’ ‘
: . i p. .12
L , : -Az G ' C1 . A
'0.; i - ‘. - R L n— + —H— . ' ‘ _k .
NBQT.P'Q & .L‘ v M ) uLA + u (J ')\) Gz » &« o o e » ‘.‘ o o 1-?& N
B of - ~ * ) . ‘ B ‘ - - -, ' . ¢ . ’
0. 4. and ot g T . o , 8
- T ’ g 113 I >l . 1 )
. "y . Ng = 2f =] - . ' . X 12 I - :
o RITP. T.P. | V2 1 ;H:'l"ps (122", |- E3
- Where . " . ' ~- g‘ {A | . Lo » . - \ § X ] ' : ‘
r el o : A= qL_/qL"’ QG- "‘ . “ . ¢ . ‘,§ . .
3 . ] o N - . o ) o . o .“_ ) B : - .
cT ¢ S . ’“L = . 1iquid ‘holdup o J ’ T |
R N A S
' - ) ' '{NReT.P‘. = two-phase Reynolds nu}ber e . ‘ SR A
# ) . K R ) - - . . \ .
Z"Eui"P\ = two-phase Euler number which equals twice the SO N
e o friction factor - ) K 3
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- "Vari‘mis assynhptions were made to evaluate the-C's, imd this was done by.
B . . P ' ' . .
considering-some _spe(:iei cases of ‘two-phase f‘low. . One special ca's__e is

~ f_or“homogeneous. flow with no. siip’Ee,tvieen the phases, in which case
P - L ]
c,-c_,_ .o e

t

} - ANl of these correiations must utiTize "11quid ho'idup and this

| ' _ | study does not include a reliable holdup corre'lation.
| ) Banoczy REp| pubiished the study on-mul tiphase flow in which he
P ' modified the Lockhart arﬁi Martinell{ correlations [7]. This eorreﬁ“tion

. eppears to be only slightly better than the origina'i and has not been -

>
[
-

' . o ~ The latest work on>horizonta1 two-phase fluid ﬂow has been pub-

' ‘ﬂsehed is that of Mandhane. J:M., Gregory, 6. A., and Aziz, K.A. [35] -
These investigators have accmnu‘lated approximate'ly 10 600 observation&
. on horizonta'l two-phase flow and formed what’ they caﬂ the u.C. Muiti--.
: 'phase« Flow Data Bank [37]. and developed a new flow pattern map. this,

ng
.

map is in over-all best agreement with the observations in the data bank.
. However, this flow pattern has not yet received much acceptante in other

"multiphase flow literature.

g v ‘ o

: verified with any other data. . S T L

L - ' Presentiy. many investigations on horizontai t\vo-phase Auid
‘A © flow are under’way at the University of Calgary, Alberta, and University =~

.
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2.1 REAsens'FOR?MEASURING L1auip HQLDUP-

L 5 equatfon:

B ’ s - " ‘ :. . ‘ ;‘ “ :‘"' ‘ ., | * | - l~‘ " \7‘ - -.‘ . .x
- , _CuaPTER I1 - _—
= LIQUID HOLDUP CORRELATION

-

In a previous section. “Hquid ho'ldup was deﬁned as that por- a

tion of a unit volume,«Of pipe that s ocpupied by flowing 11qu1d The

-
. e 4
Y e e v AN AR A i s e 6T e
i > 3

complenent of Tiquid holdup: is sometimes ca'l'led the “void fraction."” § -

The term "void fraction" is a misnomer since it des1gnates that portion

/

of a unit volume of pipe occup1ed by flowing bas Neverthe'l,ess, it 1s a ” o

comnon term in two- phase f10w Titerature. VYoid fraction wﬂT be ca'lled -

. "gas® ho‘idup" hereafter and is rel ated to Hquid ho]dup by the following

4

\ SR -’1 “Ho.. ..”. I T .(21)

1
A

One may wonder why it 1s important to measure- holdup since it

‘appears at first glance that one should be able to calculate this quantity 7
‘ when.. the flow rates pressure. temperature, and fluid properties are J‘ , ‘
" known, This is possible when there is no slip ve]oc1’ty between the two ' 3

phases. This "no slip" condition does n‘ot‘,' exist under actl‘\a“l‘ﬂowing , :

‘cOnd'ltior‘\s, but’ is approached in some cases, The evidence that there ‘
exists a relative ve1oc1ty between the gas and 11quid phase is Shown 1n> - : 1‘
* Fig. 3, taken from a 'l'iterature survey. Eaton [19]. Values for 'I1quid h
holdup were ca]cu'lated‘ (assuming no slip ve1'oc1ty'exl15ts)’by -— L

\
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T:_-qs—-oea-e (22)

H (no .s11p)

- where the q's are volunetr'lc flbw rates ‘considered at the pressures - and
. : ) tenperatures at which the actua'-l llquld holdup values were measured lhe'
‘ *no slip” values and the actual experimental values of liqu1d holdup are
| .cunpared in Flg 3 It was notlced that 'ln every case the actual HL is
. greater than the calculated H (no slip) l‘fhe_ a_ctual valu“e; of HL are
greater than the "no s1ip" values due to thefact that the 'gas slxi'ps “past

AT

the liquld This slippage actually caules the l'.lquld phase .to move and
in most cases, to accelerate.

A knowledge of l:[qu'ld holdup also enables ‘one to predlct the two-

., ‘ L/‘
. phase flowing mixture dens*lt_v. . The denslty of a flowing gas-1 1,qu1d mixture

_ is given by L o o -

.% o . &." ( + (1 "l ‘.— L] " . L J . l.' - 'I *re . L] . ’; 2.3
' In a simllar manner., the vlscos1ty of a gas-liquid mixture may

| i ‘ . be def‘lned by

Al -
]

"' or, as was done by Hagedorn [11].

_' . . . H M
a . u". uLLuG(I‘HL)..........—'....,(25)
-A _knowledge of llquld holdup does not shed any.l.'lght on the ’
real Qu'ld dlstribut'lon in a pipeline. Two flow regimes of wldely dif-
faring geanetrv can have the same value fbr 1iquid holdup. The real s‘lg-
L ) n1f1cance of a knowledge of holdup fs that 1t enables on&: calculate the

area through which each phase is flovdng at any polnt in apipeline. The

. . Y
> « . =

‘ A v"‘-=uﬁws(l-ﬂ,_)-o-----?--'--(2-4)‘

¢

f
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o . Studtes of [/i 6, 19, 30] show that- THquid holdup and the cross sectional - - | -

area of. each phase change a‘lt a'long the flowline for any given set of

o - - * , |

| conditions. . o K2

. The obvious conclusion is that a correjation of 11quid holdup
vagainst gas-1iquid. flow‘rates, f'luii’i properties, ~and geometry of ' tHe sys=' |

tem wou'ld be extremeély usefui for the caicu'lation of real average ve'lgcities

i ) v

of each phase and the e\gaiuation of the transport tenns in any flow situa- = -
} ‘ t"Oﬂ. - ' . ) ." ‘

In order ‘to obtain a useful holdup correlation, experimentai

data had to Be obtained. There are several methods by inch experimenta'l .,

-

- holdup values may be measured. . AR J | RN
o ‘ B ’ . . a

i : . : - -t
:

2.2 'METHon. OF MEASUREMENT'OF Lraurp .HOL"DUP

“There are several ways in which 'quuid holdup can be measured. o .
and these techniques fall generally into two c]asses . - |
- I Indirect ho'ldup measurement . . oy o

a) By 'the concentration of dissolved radioisotopes in
the 11quid phase - - '
".b) Acousti ¢ velocity in a two-phase niixtureo

c) Dielectric constant oi’ a‘two-phase,mixture ) ._ -

d) Electric resistivity of a two-phase mixture -

. e) Tliema'l conductivity of 1‘,two;phase mixture
f) Capacitance of a two-phase mixture

g) Abi‘lity ‘of a mixture to absorb nuclear particles

o~ )

3

Alpha particles

’ . 2) Beta particles

Neutrons
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- II. D1rect holdup measurement
a) Direct measurement of each phase by use of quicke-

c'losing va'lves .
b) Photography | S

c) Samp /fng probes.

\
Several other techniques have been used to measure holdup and Gouse [4]
has discussed their -merits as weH as so;ne of: the techniques listed above. /’

Selecting a. holdup calcu'lation method is not the same fype of

'problem as se1ect1ng a method for comput'lng the frictional préssure grad- .

ient as discussed in C,hapter I. Of the Vimited number of holdup correla-

"tions av;ilable‘, as discussed fh Chalpter‘ I, Dukler; [6, 35],\2analyzed over
- a wide range of vahies the be_s:t hé\dub correlations publ 1:§hed by using his
"data'bank. His analysis in terms of ‘aver:age'error and' standard deviatibn ‘ )
are presented {in Tab'le"l of the correlations Duk'ler tested gugmark's [33] :
..,Martine'l'H's (81, Hoogendoorn's [14] and discussed Eaton's [191. |
" These’ corre'lations have 'Hmited app]icabﬂity. Eaton S []9] hold-
- up corre‘l ation ranges from approximate‘ly 0.0 to 0.7, Martinel'l'l's from

approximate’ly 0 05 to 0.84 and Hughmark's appears to be va'lid from approx-- 5

1mate'ly 0.1 to 1.00. Dukler et al, in the‘lr studies. show that both mgh-
mérk and Martinelli's fall below Re (in p1ace Tiquid holdup) = 0 2. In

" this range, Eaton s [19] torrelation 1s reconmended. ‘

Table 1 ,s,hows Hughmark's corre'lation to !:e best in the middle
range and Heogendoorn'.s for Ry close to 1.00. Dukler et al recamaed-
Hughmark!s correlation genera'l]y amt\used' it to test his results with

.

other equat‘lons. o

Hughnark's [33] correhtions have received a considerab‘le amount
A

S b o ATt W S
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S crtwhdlf) e W s e
C \ . R] . R ,1 K/ 1)(H ) LN .. ¢ se o :o . (207) L

. N . ' . ' 5 )
o .
Vo - - . . 26
. » . wy
. L B ’e

of acceptance .in the oi'l industry. i‘lie ‘detail of- these correlatfons can °

8

be -found in the originaI referénces. However, the ca'lcu'lat'lon scheme’ of’

Mart'lne”i's is simple, whﬂe the- corre'lat'lons of Martine'l'l'l and Eattm
. are exp1 fcit in ho'ldup, Hugl'mark's is not so easny r\‘bsukved According
.to Hughnark [33] Re 1s given by:’ '

> o \

We/W, 1-(m/pg [1 I(/(] -Rl)] (26)

7

v !

- So]ving for R'l ST L v

Awhere
7 K s a_parameter. that 1s a fuuction of § = (Re)1/6 (Fr)m/x‘”

N If ‘the Reynolds and Froud numbers are . 0 T

‘o . . \,

'L = '_ -R',-;; . wt/[R}u] (1 - R1)u 1)

, . | . i ] e v s e ;‘-,o ('2.8)
F", ‘; vns:(gcn , ::i ~ . ! . :

.

- if we let:.

2

cf --0.642 ¥, 0" 5°s 0.166750. 0427/"5 0. zs. .1. R X)

, then, for Hughnark's definitfons. beéoh:es: C ! ‘
. . i LA . o
\ 0.1
: ) § '101/ [R](ﬁ] :' "g) + ug] ' ‘667
- Hughmark presents a chart of Kvs § for a graphical solution of 11qu1d

4

ho]mp. . s . . . ~‘ ‘ . S .c

~

<

.“o o. ollyb . .(2.10) "
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3 EFFECT OF PRESSURE AND TEMPERATURE ON FLUID PROPERTIES

1

‘ S :
. -
The previous1y described 1iquid holdup function containg several

fluid properties that are functions of both tenperature and pressure of

"the system,’ The fu;ctionai relationships are not known. exactly in many

- cases,

Interfacial or surface tension appeared severalxtfmes“in the

hoidup-fupction. This quantity was corrected for temperature changes and

'solution gas effects by the charts shown by Katz, et al. [3BJ Baker [%0]

also presents some experimenta] data concerning the behavior of this var-

iabie.' The effect of changes in surface tension appeared to be rather

. s1ight, but these changes were accounted for in each case R

* Chew and Connally [13] developed a correiation whereby the gas-
free: oii viscosity may be corrected for so1ution gas. They-found that_
the viscosity of gas-saturated crude oil was related to the gas-free vis-

"cosity, or dead ofl viscosity. at any given temperature by R

4 s . . )

- . uos 'A(uoD)b l s e LU o« 0//. « e e (2:]1‘)‘

where . | .
T g viscosity of gas saturated crude ol

0 Hgp © dead oil viscosl;y

4

v

i

Dead oil viscosity is giVEn by Figure 4 and the intercept A and slope b
are given by Figure 5. Then equation (2 11) may be evaluated for "OS
Figure 6 is a chart for a graphica1 soJution of equation (2.11).

' - 'Solution- gas must aiwiys be evaluated and the faniliar Standing

- correiation may be used for this purpose. This correlation may be found

|3

vin the textbookaby Katz, et ai [38].
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@'HAPTER 111 - L /
) DEVELOPMENT OF THE GENERAL PRESSURE L
o ' LOSS CORRELATION :
. 3.1 The ENERG{ BALANCE" f‘”
L,‘;Qﬂ 3 i .xnnj f]uid.that’flbws fréh one arbitrary point in a given systen

to another point-in the system has aésocfated with each unit mass of flyid

a centain quantity of energy." The energy 1is ot;maﬁy forms such as kinetic

A
energy, potential energy, and othets As each unit mass of fluid enters

point one‘1n the system, it carr1es a certain amount of total energy with,

\ 2
When the same unit mass of fluid passes point, two in the system; it

nas associated with it that same total -energy-minus_a quantity of energy
— - ' i
lost in “the system“\lne différent forms of energy may be interchanged

or a conversion of one form into another may take place durfng the flow

Process, but the tota] energy must be conserved. It‘is obvious ‘that a v‘\~\~__\“}!

. quantity of energy is always lost or converted sﬁnce a pressure drop or

a
potent1a1 drop always accompanies. a real flow process in a constant dia-

g meter condu1t. Therefore, -if ‘these losses can be accounted for, the tota]

«

_energy at two points in any system can_be balanced. Hence,‘theaenergy °
baiance can be:the basis for any fluid flow situation\uheihéf:it be single
on multiphase flow, provided all thé energy tehns can be evaluated.

"The basic energy ba]ance equation in Ssymbolic differential form

based on one pound gf\flowing fluid 15 - o : | ’

»
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/\ 184°VdP. + g/g, dh + -— dW, + g/gcdw =0 . ... .. o3
C

" - Equation (3.1) assumes only steady-state flow which simply;means a flow .

that is independent of time. The first term in.the equatidn represqnts

P

e s

the chapge in pressure-volume en;rgy whi]e the second term is the symbol ‘ e

for a change in. potent1a1 energy due'to.a change 1n e1evat1on The th1rd

o term is the kinetic energy change term, The 1rrevers1b1eldosses or changes e

% represented. by the fourth term and the f1fth term 15 the energy change

~ due to externa] shaft work done by the f1u1d as it flows betwegen the two

arb1trary po1nts " A

o
The second and 1ast terms’ of equat1on (3.19) may be eliminated for o
hor1zonta1 f]ow 1n whlch no external work is done by the fluid. Horizontal

flow s1mp]y means that thére is ho change in e1evat1on between points 1

and 2.. Therefore,
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since no external work is involved in this case.- »
The energy balance for one pound of flowing fluid is then given‘
. K * ‘ ~ - ) . - .
by . e
o e +é‘-'d—" +g/gcdwf' =0 ... e i . 3.8

If we assume a gas- 11qu1d mixture f10wed between point x]; where
the stat1c pressure was P], and poinf Xz. where the static pressure was
Py. Let ML and MG represent the pounds mass per unit time of flowing 11g-
uid ard f10w1ng gas respectjve]y. Then, an energy balance mayqbe written

*

3

- . '
- - *




’ -
vy 2

| T for'the respect'We Quanéities of each phase. For the 1iquid phase, the

'
\

B . balance §s . , L

“',1\ ’ . 144 M deP + ;\Kgcntdwfl- 4 R .v . "'. . }5

—and’ for the gas\phase ' \ &

-~
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-  _Equations (3:5) and (3.6) may be added to 'qbtaiyn’a total _energy vba'laﬁce A

N * for both phases o ¢ Tt

-

IR [M v+ “s"s] P+ o [nl_ Lde + MGdevG]

G fG

>

One should keep in mind that the two-phase mixture flows from
s
(3.
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7) may be integrated between these limitsT”
A

e
‘

. s'lb'le energy losses. It is 1mpossible to eva‘l‘uate each term seperately

)

Iosses into nntteu s -

v .
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\ .\ +g!gc[,MLd"fL+M du ] =0 * s e & ¢ s o 3»

/{’ XZ where' the "pressures are P1 and PZ' respectively. Then. equat'lon

“ +g/g f[MLdHfL+Mdu ]= 0 ‘t.. ¢ o o 3-8-v

The Iast 1ntegra1 in equationxﬂ 8) represents the sum'of a'l‘l the 1rrever-

because the 1nterchange ‘'of energy across the gas-'liquid 1nterface cannot be
ascertained. Then, it becomes convenient to (;mlbine a l.of these energy
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" _One may'phoose to employ the Dafﬁydweisbach definition of the changes in

\ , R o | | .
B ) ° .. ’ 34
& - -
. MT MdefL-+ MdefG ..... o e 3.9
where . ‘ .

" frictional losses for single phase flow for use in multiphase f]ow s{tua-
. tions. This is given by — ° . - |
‘ ’ ' ' - . . . .. . ' —
S ks NP ' U gy A
. . . T dX - ng u.onlo-lolo . * [
Comb{nind equations (3.]1)_anq~(3.9) and (3.8) results in
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The integration may be performed directly on the last three terms‘of equa- -
" tion (3.12) to obtain,— - - B e T
B P2 / > P~2" - z_pn,—-’
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Equation (3.13) st111‘Epnta1hs two integrals that’mu;t be evaluated, but
the funcfiohal‘felationship of V with P'may‘nof be knbwn‘exa;t]yl. The

. N . . . . . . N . '
functional re]ation;hip can be approximated quite accurately with a linegr -
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re\‘at‘lonship, provided the . pressure decrements are fairly small’, The aver=-
age’ 1ntegrated volumes of each phase. v and V between pressure Hmits
P1 and Pz are g1ven by -’

Py

4

P{-P{' S Pl»-Pz

‘ The va]ues of the 1ntegra'|s are approx'lmated for sma'H pressure decrements

.
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A of the 1ntegrated average quﬁtities are guaranteed.tp exist in the -

pressure range P.l to P, by the theorem of the mean for 1ntegrals.
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Substitution of equations (3. 16) and (3. 17) back into equz;tion N
(3.13) gives the result -

2 [

9 = 8¢

. & .

Note that since M . M., and M. all have units of mass per time, . |,

L’
the equation (3.18) is an’ "energy-per-time" ba'lance or, more 'pre—cisely. a
power balance - between points )(1 and x2 The'po;uer ‘balance can be- carried.‘ )
one step further b_y noting “that V and VG’\ the 1nte§rated awi-erage\;spec'l‘fjc ‘
volumes, are Arelated tefthe_ 1ntegrated average 'liguid\ang' gas densities, }

and FG'\ respectively by
' PL = v;-— » DG . -.ve-’ « 4 8 & 8§ o o ‘o . : l-".__- 3

Employ1ng the vo}une-density re]ationships for substitution 1n£o -equat1on
(3 18) results 1n -
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The first term of equat1on 3. 20 represents the chage in pressure-vo]une

, energy per un1t t1me between pressures P, and P2 kinet'lc energy changes "

are represented in the second term while.all 1rr ersib'le energy changes

are combined 1nto ‘the last term. ' A1) of the terms have the units of power

- which are foot-pounds per Second. The coefficient f . in the last tem of

equation (3.20) represents an “energy loss factor” and s dimensionless.
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tero regardless of the manner in which the irreversible energy losses

, entirely
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The energy loss factor will in effect make equation (3.20) balance to

9

occur. R A - o

; A knowledge of 11qu1d holdup is .absolutely necessary‘in order
to eva1uate the transport terms that make up the second term of equation
(3 20). The finite differences in the actual average 1inear veIocities .
of "each phase are represented by. AvL and AvG. respective1y, -between points
X1 and xz. of course. these changes may be neg]igib]e in some cases. In

fact most investigators have chosen to neglect’acce]eration pressure drop

Hoogendorn []4j. however, showed that the accejleratioh pressure

drop’could‘amoﬂnt to as much as fifteen percent of the total static pressune -
=drop. Therefore, these terms should be evaluated even~though they will

_be neg]igible in a great majority of the cases. To do so, one must be

able to predict 11quid ho1dup, since the real ve1oc1t1es are dependent ‘
upon HL - Superficial velocities of each phase mqy be obtained by assum1ng

: that each phase flows a]one in the conduit Then,

. * . .
ﬂ Vst - 'qL/APi
' ;SG = qG/FAP -
\";M : At =.“.‘st*.vs.s.‘ : Ce / 3.21
P - ~

) i .
The actua] average velocities are related to the superf1c1a1 velocities

by ==

. “Ab‘u:.wﬂﬁmw"“ "
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The 1iquid holdup correlatlon presented in Chapter II will be used here- '

vaft,er to evaluate actual average veloc'lties o N

Equation- (3.20) still conta'lns two unknowns. namely AP and f,
for any given set of flowp‘étes, pipe size, pipe length and flowline
temperature Hence, an energy loss correlat'lon 1s necessary whereby f
is a function of known flow, fluid, and pipe properties. In order to ob-
ta'ln such a correlat‘lon. experimental data had ‘to be ut111zed

The energy loss factors were found by solvi ng equation (3 20)

for the energy loss factor f, as shown below —

-

: - 29D s M (M av2, moav 2
f= —':-——"i— 144 AP __—L+ pl-i - LL [2'g+ G G)
'.‘T"n2 (&%) ~\PL -Pg c

3

Every term to the right of the equal sign can be evaluated wlth exper1men- . '

" tal data and the energy loss factor can be calculated o _—_—

- : . A /
. E . .

3.2 f@gssune(,Loss_ CoRiaELATIon IR

A\l * 13

. Several of the pr X\evious {nvestigators [ 26, 14, 25, 40] of mult‘l-

phase flow have, attempted to correlate'a so-called "frictlon factor" ‘

- with flow parameters and fluid propertles. These friction factor models

were discussed in Chapter I and have also been, discussed by Gouse [5].°
It should be pointed out thet the term "friction factor is, in reel1ty.

an energy Toss faétor_containing all, the unknovm losses. including fr1c-.
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”t*lon\al Tosses. Theréfnre. the term "frictional factor" which {s a m'ls- ‘

nomer, will be"rep1aeed by a more general term 'EaIIed the "Energy loss

fector These fectors provide 2 corwen1ent means of ba]ancing the total

correlation 1s extremely useful in pred*lcting ressure ) ses in mu]t'l-

. energy “at any two po1nts in'a s_ystem. Therefore, an evx:y loss factor

phase floul'lnes. The merits of this energy 10ss factor correlation will .

be-discussed in the next section. . ‘ . ‘ "

- . ‘e

!

3,3 Pressure DrRoP CA!_CULATION ME‘rudns

o

In general, p‘ressure drop receives contribution from three

‘effects: friction, accelerat1on and elevat‘lon. Thus -

[CEC NG .
57) \eljfe \az M)y S

B

~-

® % ‘ -
37 ° Total pressure gradient.

For horizontal flow the last term is of course zero, Thus —.

o E)@)E)
. L azf szat ,' -

z

 of the number of pressure drop correlations evaﬂable, as discussed in .

Chapter 1. We are going to present the three ‘(3) Hethods of Ca]culat‘lon. '

1 I:ockhart-Marti nelli’ Correl at'l on

I1 Duk'ler Corre]at'lon
. “a. 'No slip.or homogeneous Flow (Case 1) -
- b. Constant slip (Case II) .

IIT Baker Correlation. . '




I. Lockhart=-Martinelli Correlation . ‘ . -

| - o 0f all purely empiricaf'eqhations‘ Lockhart-MartinelTits tahes

. the simplest'approach lt cons1ders the ratio of the frictional pressure

W b 1evge,

N drops that each phase would experience if it occupied the entire conduit
'} alone, (aP[aZ)1. (aP/aZ)g. The square root of the ratio. of these -two terms
i ¢ {s the correlating parameter X, Lockhart-MartineT1i parameter: -
i g . ) -t " - NN ; 1/’2 . g ‘1/2 . .
¥ £ X =[(ap/1),/(3P/31)g] ?(fdG,’pg/nggzgl) oo 0 3.26

S As mentioned previously, pressure drop is-higher for two-phase

’ f1ow than for single phase. Lockhart and Martinelli denoted the rat1o on

; the frict1ona1 pressure drop for two-phase flow. to the corresponding pres-

sure drop ca1cu1ated for one phase: .

0* = (aP/u)tp/(aP/aZ)l, g (aP/az)tp/(aP/aZ) NS '_.‘.;. 3.27

If the pressure drop (anaZ)1 s kngwn and the factor ¢, 2 can be found, then

S the~tw07phase frictional-pressure-drop can be computed from:

- = (3 .2z * : ,
re = (P/3Z)y, (aP/az)m AP/T)gp2 . | o

.-f1612¢1.72vgcp1 D s ¢ legcpg 2 e o 8 s & p o 3.28

This e1mple concept, coub]ed with a very 1arge amount of'experimentnt1on
L to'determine ¢uanq ¢g as functions of X resulted in the first really
eliab1e estimate for the two-phase frictional pressure drop , Table 2
. tabulates ¢1Dand bg for four different flon mechanisms: (1) 1am1nar f10w
in both phases (2) tunbuIent flow in both _phases (3) and (4)

one phase laminar and the other turbu'lent.' Table 2 tabulates’

¢; and ¢y for each mechanism. o - ' .
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¥ : . " The mechapisms are detemined by calculating the superficiﬂ Rey-

nolds number for each phase, where R o B3N . If the_ Reynolds m;nber
es dU :

is greater than 2,000, the flow is turbulent' 1f less than 2,000 the flow
- 1s viscous. Thus. if the gas-phase Reynolds number were 13}0 and tme
Hquid phase number were 500,- the flow wou'ld be described as turbulent” gas
-9 -\ | f'low, Hscous Uquid flow; the corresponding ¢ wou'ld be (¢ )vt ‘
. AL Fonow these steps to use Martinelli's correlation:
1. Compute the parameter X by est‘lmating the Tiqutd and mass f'lowrates
’ . ‘ . 6y and G, and then caw;gf the pressure drops for fr'lct‘lon ‘only, R :
’ o (aP/aZ).I and (aP/aZ) , with the usual single-phase method o /
' L - :
- | ‘2. —'Ca'lculate the superﬁcia'l—phase Reyno'lds numbers’ arid determine Awhiich‘
v . of the four types of flow exist in the conduit knen read the values

of the parameter ¢ from Tab‘le 2. . S oo

.. - 3. Using Eq. (3.'28)‘ cg'lcuf&te the twd-bhase pre_s;ui-e drop, Tge,

- : ' . -
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|uk‘|er s COrreIatT' on

" Dukler's two methods..(:ase 1 and Case II. are 'Important ‘because

both yleld more re'liable estimnte§ ’
. a. No s1ip or_Homo _ggng_ogs_F]_ow ' e v g
e e e TS e e 4 1 -
_;’"J | J , n homomeous flow, a two-phase fluid is considered as a
®, - »

s1ng1e-phase fluid whose properties are the volumetric averages . of the two-

phase f‘luid " The key' concept is that of f1ow1ng-volume ho@up A, defined

}. either as the ratfo of the 11qu1d vo’lumetﬁc ﬂowrate to the total vo]ume-

'sa T 3
The propert1es of density and v'lscosity attributed to this. single-phase

- f1u1me discussed in Chapter I. The sum of the superficial gas’ ve‘locity

* tric f1ow. or as the ratfo of the liquid Superﬁcm velocit/to the total
\superf'lcia‘l ve'locity - {& L ~ e B

l v . , o

£ S QL/(0L+Q) )...:.;;....;3.29

and the superficial Hquid velocity is assuned to-be the %locity of the
‘homogeneous f1u2 : ; ' S . L'

S -

ns

v "vii’vsg"..raa.-o.1."'....._......3“‘&30.“-‘

Duk'le‘r, A.E., et al [35], s1m11ar1ty mﬂjl"s'is revealed‘that’the Eu_]e"o ST

number for-#nomogeneous flow is: - -
. v . Ve . . ’l . "
“EU = (aP/az 2 , -, ' ‘ ' v
ns Nc nsp/e . L ) L ] . ..‘ ‘. '.’ L] L L ] " ‘I L] L4 ® LN ] 3.31 "

hl * . \_ . .
" . s.»Since Eun f 7’2 rearrangement gives. ‘ o . .
3 ~
N AR Gtz)/(ZQ me) I

Q . ‘ -
All these terms are easily found except f,&r f . But remember that we areﬂ

© . now treating the fluid as' a p,seudo s1ng‘le-phase. and thatﬂny empirw
re‘lations exist for smooth-tqbe friction factort for‘ single phese. We

“.
']
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- 'Htt'le more effort than a single-phase pressure-drop calcu'lation, and

- ¢common bgs*ls such as gpm. or thousand cu. ft./day, weighting the densit
' ona ﬂowing-vomme basis, and correcting for we1ghted kinematic viscosity.

“if necessary.

R
can therefore use the- homogeneous Reynolds number:

.\.

- . Rens’lDGt/uns -.o‘,ao‘vcooo-o.oo.o«3-33

and a conVe,ngnt fr1ction-factor equation, to calculate the friction-
®
factor. f This factormay even be corrected for conduit roughness Just

as in s1ng‘|e—phase ﬂow. so that a fr1ction factor greater than or- equal

' to the corresponding smooth tube friction fa!‘tor for any given Reynolds

-

number always results , e

The friction factor, f. s'. may be evaluated from Re, . .and the

: fo'llwing smdoth-tube friction factor equation-

v
Cop v : e

‘. {Rey) 1) .
\ans =12 log T-sm 109 (Re ) —35El /. R .\.\. 3.3
T It is very simple to ca'lculate the pressure differentia'l for

Duk1er S homogeneous or no-sHp flow. Besides being more accurate than

the Lockhart-MartinelH equation, it s much simpler to use. requires

does not require consideration of flow regimes. Conventional pressure-\

drop charts may even be used by convert1nt_1 the gas-11quid flow.to some

Remember that+{n us1ng no-slip flow to estimate two-phase pres-

. sure drdp. no standard correction factor can be applied to .approximate the

actual "two-phase pressure drop that: might be experienced in a Hne.

b

two-phase pressure drop. e

rd

Caution The homogeneous pressure drop must a1ways be less than the actual

. Thus. no-sl{p ﬂou provides the lowest. pressure drop that ‘ls

o metgha b




feasible in a real sdtuation for two-phase flow, giving the:enginee; a

A0 1imtting boundary for estimating pipe diameter. A correlation that gives”

T " " an estimate for pressure drop 10wer than the homogeneous estimate--for » X
» - A

given range of operat1ng conditions--shou]d be assigned 1itt1e or no

K]

* credence. R ot )

]

\ o

s
[ ,
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ently available over a wide range,

Dqk1er 3 cﬁﬁstant-siip method is the mast accd%ate pres-
It has not attained the popularity °

in industry that 1tsvalid1ty deservess probably because of the computa- '
tional complex1§y of the Equatfon for (aP/az)

‘The aq;eleration term is_

~ . Zespecially complicatéd.

The detai] of this study can be found in the

’

or\g1ha1 reference [35]. : . ; - . . ' ..

The simplify re1at1ons, takinq advantaqe of the 1ncremental

pPrd

ag]or1thm and the mechan1ca1 ‘energy balance — - | " , S

’ ' b .
= 2/ ot NN ) om0 -
) B (p1lpn$)(k /RL) + (pg/pns)ﬁgL, A)thQJ . veoe w3438
3,; “The Case II Euler numher is: .
“, Euy, = LloP/a)g g, D]/GtzB e 3.36
1 | | : .
t. " _hehpe, remembering that ftp = Eutp/Z: . N | |
{ : N - ' ' . (ap/az)f‘ ,= Bftht2/2gc ns .0 ‘l . [ L ] l. . .. 0 'Q . ¢ 3‘37 '
Nk * The Case IMReynolds number s:. , o . .
R . 2 - \ b . %
F S pA® max) ' . -
. : o Retp (iRL .f‘ - ,)ovns /uns = BDGt/u =_8Reni s 3.38 ‘
* 'Auafn the pnqb]em is finding the two-phase friction factor, f;p ‘No ready-
made emp1r1ca1 relat1ons exist for the two-phase frtct1on factor as defined




-t

N‘rec\'.\

‘ 1nto a. frtc.tion-factor equatfon such as Eq. 3 34 He computed the nomal-

' mentioned data banks at the same conditions as f He found that ftp/f I BN
. could be corre'lated by a funct"fon of th‘e*‘ﬂowing volume holdup A, defiﬁ'ed
+ as a{(1). The method may be deve10ped in the foﬂowing manner: . /

. B A A R R s
Cand \ B '. .

Ty = (aw:n)tp = a(X)f setz/mcpnso R L -
“NE Baker Correlation - . . - "

”»

-1zed friction factor ftp/f s Whre f

[

by Dukler. With characteristic engineering insight, however, he caleula- ¢«
ted a friction factor f by substitut*lng the Case I1 Reyno'lds number Retp

tp was determined from the previously - B

(Re) o ‘
2109 m «ee e s 3.39 .

a(l)-f /f -1o-[m/e]...'..-..............3.4o

4]

r : ’ .
where E= 1.281 + 0. 478 InA + 9 448 (Inl)2 ‘0,094 (Inx)’+ 0. 00843 (In).)"
Then a(x) is plotted in Fig. and ' ‘

(0 . - : -

f »

Baicer [24] proposed a method ;I.n'1960. which has receive&consid- X

erable amount of acceptance 1n the ofl indusry. Baker 'incorporated the Lockhart

and Martinelli, et al, correiations [7] 1nto Ms so‘lut‘lon.

o Baker postu'lates an equation for each different flow pattern and
a chart with which the flow patterns couch be predicted The merit of
this f1w pattern map will be discussed 1n "Flow Region Correlation .
chaptcr o o ‘ :

K

. v One can establish a p,arti_mla\" flpw regiop from the Baker pa'ra-.
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‘meters Bx and ay. where‘ . ‘ . e
1y-215u\,/n45'— ,/ 3.3 R

b 1/3 . | P
Bx = 531 (\HL/H\,)(;E?'B)(U)...........,.- 3.4 ,

By - depends* on the vapor phase flow rate il

‘ Bx - depends on the weight flow ratio and the physical propert'les of the

1iquid and vapour phases. - , N

AN

N Us}Ag the'j.»ockhart'and Martine‘l"ii parameters, Baker proposed the

*N

\ ~ -~ a ~ N / » . ‘ o -
‘ fo'llowjng"gomélat‘lons for each different flow patteres Lot .
et o . . _ o
(2) For froth or.bubble flow:* ’ . e
P L ¥ Pl |
—' ) Gtt Lnl‘ *
Both phaes mtIst be f1qw1ng turbuléntly for this equation to hold. '415 -0
15 symboned by.the tt subscripts ' ' T
(b) For plug flow' \ .
o " 27315x355 X
oo Pee T T T : B '
c(C) For strattfie& flow: . ) o, S ‘.
LA - . Lo . R “ K .
. 8 ‘ z
nw 15400 X/L . !
’ (d) For wave flows - ; S o E I o

[

“Given by a figure 1n Baker 's_ paper., ‘[24].

\

(e)Forslugﬂow.i ' < ,\ -

v _]lsox- e

T‘T"‘s Qf"‘i'f ow are defined n m homegfn dﬁl’w . 7 }

¢ o._




e,

' ! i ,, -
(f) - For annular flow: : ‘ , 3

L L\ v.383 - 921Dy
o Bogy = (4.8 - 0.31250) (X y ) .

W ‘ . N K
Once the flow pattern is detemined then

) ‘preceding equations Then from the definit ons of Pe P,» and X the two-

phase ‘pressure loss is given by

+ -

4

8Prp, * » 8 Patt?

t where . ST , -
0P = the pressure loss that wouyld occur {f the gas

0 | : + flowed ‘alone in the pipe. '

3.4 Comwunuson.° .

: o
‘A, E Duk]er and his cm-workers in 19

) pubiished the results
of their comprehensive study on t\no-phase flow [19] In the fifst paper.

Duk'ler discusses the devlopment of a data bank/of some 2600 cuﬂed data

\ . \-
points out that were consistent, acpurate and epr’7sa.ntative of two-phase

. “flow systems. .The data bank was then used to ompare the accuracy of
N (o existing correlations . -,. - _ - o )

At t.he time oKDukler 3 uork some 2 correlations for horizon- K

' tal flow pressure loss had been pubiished kler's compared the five (5)

most popular methods and two of his [9, 10. 1, 12, 19, 24], against his
| ' cul'led .data points “The results are summarized in Table 3.
The lower the value of the statis fcal parameters v and o ’
then b tter the correl ation; the asterisk dZnotes the most accurate cor-
relatiEn_for each condi,tion. -The results fndicate that Case II 1s the
‘ ,superior methdd of caicu)la‘ting 'al'/az.' Bu7‘Case 1 is also consistently

A
.
)

IR . - : ‘ ,/
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better than Lockhart Mart1ne‘l'|1's method

K The key comparison parameter‘
35% for fivg groups of ﬂartineﬂi data.
groups for Case II.

Two groups for Case I and. o o

The MartineLH correlat‘lon perfonned ‘best for Tow

.

viscosity 11qu1d in sma'l'l tube ‘sizes, conditions under which most of N

the Martinelld data were obtained. - The other 4 oorreht'ion results \mere

- B -
" not accept’.hb‘l\e. - ~— . .
o o -
) ) - \. ) \
- “’ . . R » ) .
‘g - . - !
’ - ¢ 4
P tn/ 7 4 X » »
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His standard deviation o, exceeds
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Clar to- that of Bergelin and Gaz'ley and 1s based:on air-water data 1n V, "

“tern maps.

ChaPTER IV - - N

t
-]
]
e A s il 50 L e ) bbbt s -
-

FLOW REGIME CORRELATION

¥

"

4,1 FLow RecIME

_Near]y a'l]' the igvestigators of- horizontai two-phase'f'low. have
presented different pressure loss corre]etions for_the several different
‘flow patterns that oceur 'dur'lng such flow processeé‘ Flow patterrr has ‘__i,,/\/
been treated as an 1ndependent var1ab1e in pract1ca11y a‘ll of the exist-
ing correlations. \gcum [29] and Bertuzzi, \e/t-f [26] are exceptjons :
to the gerieraT ru‘le, s1nce they show no ﬂow pattern effect. Several

methods of predi%t1ng flow patterns have h;en presented in the form of

"f‘low pattern maps."”  These maps consist .of plots of two 1ndependent S

ﬂow parameters, such as mass. ﬂow rates of each Phase, with each pattern

fal'l'mg in a certain area ‘of the plot S B {

¢ ' . Various flow pattern maps which have appsared in the Hterature
} : \

Bergelin- and Gazley (4] suggested one of the firgt ﬂow pat-

are br‘lefly d1scussed be‘low 1n chrono'logical order.

Their” diagram, based on "the a'lr—,water system in a 1.in. pipe,
uses the quid and gas m&ss flow rates, ML and MG" as the coord1nat'es‘.
Johnson -and Abou-Sabe [42] proposéd P ¥low pattern map which 1s very s'lmi-

2
y oo Alvés [23] sugyested a map baséd on data ior air—water and air- ‘
. ‘7 | ‘ L _f_ E | .
.- o8 . ~ R

0.87.4n. pipe. . ., . A T Cq




Ay ce mfn e o s - w -

~

3

." as the coordinates.

011 mixtures ig a 1- in. pipe utﬂizjng the superficia'l qu and gas vel-

'ocities._VSL and VSG’ as the coordinates He was ab]e to represent both
',;of the systems on a single map. A'lves also proposed a visual classifica-

" tion of basic flow patterns for horizontal pipes. The merits of this flow

_pattern will be discussed in a later chapter

Bager [24] proposed a flow pattern map based on the data of )
denkins [43], Gaz‘ley [44], Alves [23], and Kosterin [45] Most of  their

data are for the air-water system. The detail of Baker flow pattern will U
\A

' be discussed 1n a later chapter. - ' R

.

. White and Huntington [25] proposed a ﬂow pattem map based on
their data obtained. in 1=, 1 1/2-, and 2-in, pipes with gas-oi'l air-oi'l. :

and air-water systems. They used 'quuid and gas mass velocities. L and 8,

) ) N R ":. v "R -

-

Hoog?oaorn [25] used the mixture velocity, Vy, and the input

gas vo'lume fra ti g* 3 coordinates as. first “proposed by Kosterin

[45] 1n 2 flow patternumap which is based on several air-oil and air-water

systems -Hoogendoorn observed modest effects due to pipe diameter and

_ 'liquid properties at 'liquid viscosity less than 50 cP. .

e,L'..

Ve
v . - .. -

Govier and Omer [46] presented a map based on their. data for
air-water system in a 'l 026-in pipe The Hquid and gas mass ve‘locities.
L and G, Were used as the coordinates. ,
| Scott [47] wodified Baker s I24] diagram b.y making us@ of the .
more recent data of Hoogendoorn [14], and Govier and Omer [46] The mod{-
fled d'lagram does not have clearcut transition boundaries but insteai

shows relativeiy wide bands depicting regions of transition from one flow
pattern to another. '




P . Eaton et al. [197 cbtafned extensive data on natural gas; water,
. . g . -

A natural §as-cr‘ud‘e ail; and natural-gas-distillate Isystemsliih”“s:m&tand/ .
o S 10.16-(cm) pli_pes.. Knohles [48,]stv1ng. the data of this Eaton study, util- ) ;
‘ * {zed several of the existing corre1at1ons *includihg that of Baker in a'n B

¥
g N *.: 'attempt to find a. correlation suitab]e for a wide range of f'low conditions.

e i

i ‘ Knowles found that none of the existing flow pattern maps are adequate for
‘ % _ ‘the prediction of the flow patterns that occurred dur'lng the Eaton experiments.‘ .
. : . These’ compar1sons are shown 1n his report [48] ' a
| | _ s A new pattem correlation was presented by’ Knowles and is 1nc1u— o .
v ded here. Knowles deﬁned two dimension'less groups by means of d1mension- L
, al analysis. These groups are: 1) a two-phase Reyno'lds function and '

~

©2) a two-phase Weber functM

~ : ' R The Reynolds function is g1ven by - - |

‘ A B _ ‘ . .‘ A ’ (R )T P WL; ¢ o. .« o ?. ‘o . :o - o‘ . o . o. . (4.1) f ‘l' )
| o .) L . “ X s B } , . - . B} . &

i1 T where . SRR S
¢ . | - : ' ’ " ‘1T b " uL us(l-u ) t s i N ' . . )

-

The Heber ﬂmct1on 1s g'lven by

R . ol U, LA (4} IR |
C O, s LA * 3 o T
‘ where. ’ L | _ |
o . z»rs-vs’-vl_. (43) . f
e o | < sHp velocity - I L )
‘ \ . "+ . These two d‘lmenstoh'less groups app r to separate the diffqrent
> Qw;patterh data quite.well. l?igure 7 sl %te Hnes separating the
flow reg?mes. Very few data points sh ahy overlap, as tan he seen in
Knowles or{ginal work. ' The two dimensionless groups oiven previously may 4
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be evaluated with data and Figure 7 may be used to.predict the flo .
regimes, o - ‘ |
_ Note that the in situ ‘11,quiu volume fraction H , must b known ° /
® fl; order to,au‘se the Eaton et al. map. Moreover, their definitjdns of - ' | J

flow patterns are somewhat different from those commonly found in the
f 1iterature which results 4n apparent subdivfsions of the usua'l'ly defined.
| re91on. S - : . ;.‘\',_“,,a \ .
Al-Sheikh et al. [49] Ihave taken an entirely different approach
to develop a methodqf;o prédict flow patteru. Their cgrrel#‘lou’js based
on the AGA;AP’I qu-Pha;e Flow Data Banle r'-e'fer‘red to by DukTer et al. [6].

‘ e',l’heyfuse a' total of 4475 data points aLnd produce a complex cofreiution
.whfc; requires 2 set of -twelve figures on ten different coordinate systems.
They did not attempt to d'efiuef lines of separatjon between different flow

patterns byt haue tried to enclose an of the data b'e1onging'to a particular )
L pattern fnto-a flow pattern Observat'lons are completely rel i\e. A sequen-' )
" tial procedure required to pred'ict -the flow pattern. Bgc use the bound- ) j

ari;s of their reg,ions are highly 1rregu1ar‘ “this method . not regdﬂy . (‘

suited for a computer oriented stut\y - e

+

Govier and Aziz [50] have presented a revised versio: of the
~\Govier and Omer [46] ﬂow pattern map. The rev1:1\on is based .on, in addi-
tion to the Govier and Omer data, the data of 'Beker [24']1an‘d Hcﬁgendeom
[14].' and others. The cuord'lnate system_fqQr this revised diagram is also
'.different from that orig‘lnauy used by Go 1er and Omer in that the super-
ficial 1iquid and gas veloc'lties. sL an(VSG, are used as or‘lg‘lnallr ;

8
. suggested,by Alves Tza}

an

"X
;th suitable modification to

(3

Govier and: Azj_g also suggest tha
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k unit;s (dyne cm). VSL and "ss are then used 1rﬁ]1e normal way w‘lth the

o class(fjcat'lon of basic ﬂow pStterns for horizonta] pw!s. a sketch of (

expected uheu tﬁe vapour c‘nmt ils

. < O
o P S AT e 86
. ‘ K . , ' : ; .
" than the afl r-wate; dystem. Specifica'lly, these authors reconmend thaf Y2 1
fluid propertw paran\eters, d‘efined as Cote, T - /‘._: . o
x = mr Y . W e t - eme; L te o o (404) <,

Y s pL ) (72-4) ]/4 L] v‘ ; e L] H. - [ ] ¢ o0 (4‘5). - ‘
62.4 - o C N " ' W"m a |
~ t" . i S ol " v- . " ,

be‘used to 'multip'ly the actual superficia'l‘ ffufd‘ \}e1oc1t1es* as follows: ,

1

. Kl t

< o'.‘ o VSG - x VSG o s srale o o o o g'e ’- e » o s o s e (4 6)
- V. . . JES L '
' N ) ' v = Y v * ® o 4 ® o o o b o 8’6 o & s s e e s (4 7’

o | SL SL ‘ P

In eQns. (4. 4) and (4. 5). P and pg are expressed in (lb /ftY), and ahas

revised Govier and Omer map.. This 15 referred to as the revised Govier K

*and Omer map with physica't property parameters. The quantities VSL and

SG' thus represent "effect‘lve" superﬁcial ve!ocities for all systems

excep"t eir-water. for the a1r-water system. they are the actual superf1c1a1

ve‘lpcities. S Do . .
t‘ ' . L] . V_‘ L : \ ’

4.2 - FLow PATTERNS L b

o ‘ . ‘ ‘ L "’“\’::,

m following is 2 ‘brtef. descript‘lon of Alves [23] v1sua1

(a) Spray _; ogsp_ersgd Ftow \ihtn mr‘l,y‘ l‘ll of m Hquid 13 entrained
s spray by, the gas tha flow 1s dupersed. TMs txpe of flow «can be : ,

y 30% of-#le total

which appears 1n Hg. 8. . o

l

,‘“4 3%,
a
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‘  content is less

‘ (b) Annular Flow - Annu'lar flow develops when Hquid forms a film or

as a centra'l core.

,' upper surfaoe‘ of the pipe. 17 ve1oc1ty of these bubbles and the ve10c1ty

; .‘ periodican 1y 1n the form of frothly slugs that move at a greater velocity

O T R N S = L = s e L meeaa e NP WA N
T i ”

weight ﬂow rate. Some overhedd condenser and reboiler retum 1ines

v - R
have dispersed flow. . -

S

ring around the 1nside wall of the bipe, and gas ﬂow at a higher ve]ocity

- (c) Stratified Flow.~ In this 1iquid flows a'long the bottom of the p'lpe

- et s G e e

which tfe gas ﬂows above it. . The ‘gas Hquid 1nterface remains smog,th
-

and the fract1on occupied by each phase rema'lns constant. o

: x A . * .
(d) Wave Flow - Wave flow 1s simﬂar to the stratified: flow except that *
gas flow at h*l”gh velocities and disturbs the 1nterface so that waves are -
formed which travel in the direction of flow..
- ‘. ) /\ N
(e) Plug | F‘Iow - In this f'low there are a'lternating plugs of gas and

)

'Hquid wh'lch move along the ‘upper sect‘lon of the pipe The lower‘ section
. 1s Hquid ’ '

4

of this ‘Hqu1d are ‘approximately- equal. ' If the bubbles become dispersed
through the . ﬂquw this is  as froth flow.’ “

‘ This t,ype of oy can be expected when the vapour -
an about 30% of the lotal wefght flow rate. -

kg) Slug_Flow -“' Sl ‘ develops when waves of 11duid arepicked wp'

than the average‘&k;uid velocity. Typicany. this phenmnon may occur . o
1n a pocketed 1ine between an overhead condenser at grade nnd an’ elevaged, |

? - '
. . et » . * . . . Lo, . v
B [ N 1, » o .
I 3 pe
e Y N S . Co : ‘, .
KA A YT NI S ’_' L e, . ) R . . ,
. N ‘ . I .. : B .
iy o Ly v, o T "




. 5 -
. A\ . . . . . - .
Kref"l.ux, drum. At low velocities, 1iquid collects at the .low point and

periodically can become a slug in the line. With a sufficiently high

A velacity, the  11quid phase can be carried through without developing S
r ~sTug flow, IR ‘ Lo \
e 4,3 EVALUATION“OF:EXISTING'Ftow PETTERN; MaPS

.

Of the 11m1ted number of diagrams avai‘leb'le. as discussed in

Cha.pter I and Chapter IV, wvere written into the computer program fn tems
. of the original coordinate systems used by G.W. Gregory et al. [50]. Two

parameters, defined betow, were ca'l'cu'lated to ~facﬂi-tate 'emhpa isons. . -

Number of points correctly predicted\

: _ o = to 1ie in flow regime 1

o\ 1 . | Number of points which were observed /
' in flow reg'lme i :

X 100 L . (4‘.-8)

. . - <
. .

} ’ . R
not to a particular flow regime. o N o i

~»

Total nimber of observations. correc- ) \ - K )

X

. . . t}y pﬁdictedito 1ie in their respec- . P
' . = | tive flow regimes : . , ~
. - N Totﬂ number of observations /x 100. . . .(4.9)

¢,

Resu'lts of the comparison Sased on the aﬁ*f-uater da:ti ere shown in ‘Table.
4, It shou]d be noted that in Table 4 the bubble’ ‘and e'longated (sume-
times referred to as plug) f'low regimes ‘are grouped toqether as simp'ly
’bubble flow. Also no distinction is_drawn between annular and annular-mist
) flow. The reg10n designated in this study as disperSed bubble 1s sometimes ‘,\ .
\ . also referred’ to in the Hterature as froth flow. .. Y ¢ -

The resu]ts of the- cunparison of ﬂow pattern. nps for m 5,935
 dhservations are shown Tabh 5. - . % L

It is 1nterest1ng to note that uh‘l'le the. f'luid property correc-
k ticns deffned by eqns. (4.4) and (4.5) were expecm to 1mme the nm~
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e TABLE 4 ,
- CMPARISON OF FLOH PATTERN MAPS USING AIR-WATER DATA |
| T Number Yalues of a / -
Flow of ‘ - 2 Revised "
‘ Pattern Observati ons Baker; Hoogendgorjn Govier-Omer
Bubble 12° 58 9.6 58
Stratified 229 Cot21 - -89 o 52.8
Wave 162 - 9.9 6l.2 ® 432
Stug ' 153 7 19.0 57.8 S A
Annular-mist 320 ‘ 9T.5 9k.1 ©95.0 "
Dispersed 2 0.0. 0.0 . 0.0
bubble oo ’ ) ‘

’ ‘

TOTAL =




. . .

"w

’ -
-
- .

“.  TABLE 5

v

. COMPARISON OF FLOW PATTERN MAPS USING ALL AVAILABLE DATA ,

1

Values of o

Revised Govier-

No. of . R o Omer with .

Flow - obser- * Revised physical property
Pattern vations Baker  Hoogendoorn Govier-Umer  parameters - -
Bubble 758, 20k 64.6. el — . - 23.3
Stratified = 397 " 5h.T 80.9 51.6. "h6.3
-Wave 783 16.0° 41.5 17.5 16.5 oo
Slug 2020 240 - 58.7 63.4 58.6
‘Annular- . ‘ : s g
‘ mist _ T6 . - 8L.7 90.5, 91.0 .- 93.2 '
> Dispersed | L \ ‘
. bubble a3 2.2 o.o‘. h\o.o | 0.0

: ——— " . Y

TOTAL -- 5935 ‘ . ‘

-
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'here.

' e

bility of the revised Govier and Omer map, in fact the reverse is true
for mostsof the flow regimes. It {s a]so interesting to note the total -
failure of all of these maps to predict the dispersed bubble flow regime.
In fact, there is some evidence that the data (at 1east the observation
regarding flow pattern) are part]y at fault. Hhen a11 5,935 points are
plotted on V¢ , VSG coordinates, a substantial number of the observations

designated as "dispersed “bubble" are seen to lie in the region of high

" gas rate and low 11qu1d rates where one wou1d norma11y expect annular-mist

f1ow to predominate In any case, this flow pattern designation represents

1ess than 4% of the tota] data and 1ts importance will not be overstated

R \
/

A11 of the maps do very well with'respett to the annular-mist

 flow regime. whereas without exception they tend to predict wave flow very

poorly. Fdr all maps, there 1s ev1dence that the boundary between d1spersed
bubble, and slug flow is located at a 11qu1d f1ow rate that is too Tow. Frdm
the calculated values of B, it 1s apparent that the map presented by Hoogen-
doorn [14] is substant1a11y more re11ab1e than that of.Baker [24]. But map

presented by Baker [24] has been used extensively, both in 11terature and

1n industrial design calqulations. -
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CHAPTER V o A .

7/

GENERAL METHOD OF APPLICATION

5.1 FLow PATTERN Pksnrcnon h‘ .M

L

As was previously mentioned, there have been many f10w regime h

maps developed for predict1on purposes. Baker~[24] presenteﬂ the corre1a- .
tion that is most widely used in the petroleum industry. Baker [24] - ‘ .
plotted B versus B parameter as a function of the modified ratio of i
liquid to vapour phase mass velOc?ty, where B and B are fluid property

correction factors and are defined as:

y = 2.16 W /A e, o e P (5.1)

- WAR 2w ™LA : - |
’ = . L L v _.L__. .
Bx 531 (‘r\’) B‘[ﬂ)( OL .0 o @ : 'o e » s s @ .’.J e o (502)

where By”depende-on the vapor phase flow rate.'11du1d and vapor densitfes

¢ 7 v

~ and pipe stze. The practical significance of pipe size is that by chang-

ing pipe diameters, the tggs,of flow might also be changed, which also <
g changes friction 105$es 1n the pipe.. N. -

B depends on the weight flqy retio and the physical prope:ties )
of the liquid and vapor phases. For HL/H we can substitute the ratio
of ¥ 11quid to ¥ vapour. Once B, 1s calcu!ated it does not change with
alternattve pipe dieheters._ Ihe pq;ition of»the hx line changes only\tf

P .y
PRSP aane:
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. 'the 1iquid vapor proportion changes and to a much Tesser extent ifgthe
lphysical properties of the flowing 1iquid and vapour change. This can

occur in long pipelines whenrrelatively high friction losses reduce the

pressure. Consequently. the vapor content of the mixture increases with

a corresponding decrease in vapour density. The B Tine will shift’ some-

S\

what to the left. . o —f - -

- . In Baker parameters Fig No. 9, the intersection of B and By .
determines the‘flow region for the calculated 1iquid vapour ratio and the
physical properties of the liquid and vapour. Increasing vapour content, ,

g the point of intersection moves up and to the left. o
The border of the various. fﬂow patterns are shown as 11nes in
' —the Fig. 9.. In reality. these borders are not lines but zones of transi-

tion between flow patterns. o f

5.2 Phsssun‘s Drop PREDICTION

Two general approaches towards the prediction of pressure drops .

have been used.’ One approach attempts to ‘correlate pressure dr0p in terms

" flow. The other analyzes ghe hydrodynamics of individual flow patterns. ,
- The‘forner approach suffers in that the mechanisms differ over the range‘
of flow condition while the latter requires an, approximate~knowledge of
the flow pattern which was explained earlier.'
The total pressure drop in a two-phase flow system is often
expressed by the equation, which was explained earlier. -

i B Y s

total * Ptwo phase * &P elevation + &P accelerstion

AP
o Flow change - change

v - > R I‘
) : [EPEIN .
. e , , oL . .
. ! \ ‘ : )
T, > .
T . A A N * :

e

of dimensionless groups and the other parameters as is done in single-phasev.
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The most important pr}ssure drop considerat{ion are APm phase flow r'\ 4

" and AP difference. -’ The pressure drop due to an acceleration’ o ]

e'levation ' , _ i
change is usually neglected If -the pipeline 1s horfzonta'l .che eleva-
tion correct‘lon term 1s zer6. If the pipeline is vert'lca the correction

term can be calculated using an average mixture density in the standard

manner. The calculation of unit losses for two phase flow (vapour 11qu1d . 1‘

-, - "
TR T A TR IO v R——
..
-

mixtures) are based on the method of Lockhart and Martinelld [7] .Only .

essential reTetionships are repeated here and 100 ft pipeline is taken

3

as bases of calculation. The General Equation N

\ . . - Coy -
\ v . L ‘ R .
AP]oo(two Phase) AP100(vamPr‘2 -— " L ¢« s e (5.3) -
we calculate the pressure. drop of the vapour phase by assuming that only.

) vapour flows 1n the p1pe'|1ne S - &

<

The cqlcu'lated vapour-phase unit loss is then correct with the ,

‘ corre'lat1ons ,as shown in Chapter 111 (Section 3. 3) The {Qrm of the cor-

rehtion 1/;
p=ax® L., e i f .. (5.8)

-

St © where a includes the vapour phase flowrate and the pipe cross-section, b

is constant and x is the Lockhart Martiineflli two-phase t;wn modulus,

aj explained in Chapter III. o)

[ 3

1 | o KR APy (Tiquid) / APmoQ:u:).,.'. Ceeeir (58
‘ ‘ ‘ AP],ob(liquici) is calculated by‘assumjng ontyN iquid flows in the pipe -

1 o and APloo(vepqur) by assum'ln‘g only vapor flows in the same.,aiié pipe.
b 4 By using DARCY [51] relation n equation 5.5 the two-phase flow

AR o modulus becomes

X - (U,_Nv)’i(p‘,'/ol_)(fl_/f\;) e (508007

o
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where fL and f are the iiqu'ld and vapour phase friction factor
:The modulus can be attained direct'ly by ca‘lcuiating ‘the 1iquid’
and vapour phase, Reynolds nunbers and using Moody friction, factors ‘

2] (Fig 10). ~ oo

Reynolds numbers are calculated sepanate'ty for the vapour and

- 'iiguid phases by using the same pipe. diameter. and corresponding flow ‘_

rates and- viscosities. - ] - ’

-

HNRC- sslu/du ’....\.‘.....(57)

v

A conveniént form of Darcy equation for unit preSsure-ioss corre'iation

in pipe‘lines for iiquid or -vapor ' -

L—— . ?

oy
M

. AP,oo-oooosas(fw*)/d'p .". (5.8)

~ <
l use the same diameter for the liquid and vapour phase calculations.

" A generalized form suggested by Blazius [52] for the Lockhart-Martine'lH\

(7] relation: expresses the friction factors for turbulent flow as:

- ) ) fL = 0 Ou(uRe)Lo 2 ‘s ® ._‘0 . a.o -, . :Vo o. (5 9)

yf = 0.046/ (Ngg) 0.2,

\ v * :, . :‘- . '..':. > o . o o o ‘(’5010)
Using equations (5.7), (5:9), and (5.10) to sinpiify the Equation (5.6)

the two-phase ﬂow moduhfbeeomes -

Y

.

x2 " (/¥ ol a(pv/pL(pL/uv)o SRS TR 3 n)

‘:The Blazius Friction factor does not take into accourL t the relative rough-

ness of the pipe wall and- the consequent re‘lative reduction of the fric-
tion factor as the pipe diameter inc‘reas'es. The Hoody friction~factor
[27] wm give sonewhat smmer values for fL/f’ and consaquent‘ly sn}ner

.~\a.-_r

oy
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umt 1osses than the B]azws form of fL/f d%{ending 'onapipe size a%d y

11qu1d vapour proportwn Oyerall friction loss in the pipeline line or ~
. process piping between ;wo points will be ¢

» . .
°

AP(tWo phase) = Pyo.(two-phase)(L/100). . .. . .- (5.12)

“where® L is the equivalent Iﬁgth of pipe-and fittings. - . <
=T AR S ' L
. s ‘ o s ! ‘
5,3 EXAMPLE PROBLEM - & A ,
This -example problem demonstrates the use of General Flow. N
_ "Pattern Pred1ctwn and the-General pressure drop currelatlon. Find the -
4
unit ~1<§s in a 12-inch schedule 40 pipe for\he fo]lowing f1ow data '[53]\
™~ T ' Ce o .- s X
- R Liquid Vagoug
. Flow "W Wb/hr. .. i . ... .. .. -=300,000 350,000 A
- R Molecular weight M .. . 1. . . .. 8.8 757 \
Density .1b/ft3 . . .. .. ..... . 335 . 200 _ -
N T - ‘ ) Viscosity Ps €Per oo o o * ¢ oee - ," 0.y - ‘*.0]-5 .y
' Surfac,e te‘nsi\on dynéfem. - . . .., .- 5.7 -
: Solution | D ." ' »
/' ) ‘ yo” ks
. - From piping design data book. ' ‘ .
i heduT' 40 © 5, 5'p1pe IR ' AW :
./"' & * . A ! - \ . * 2 ) -
‘ : 'l2 in, . d =11.938-1in. . A =Q,7773 ft : .
“ Ll . . . N N
T We first calculate the flow regime coordinates (Baker Parameters). [24] )
+ . ,:’\ . ) ‘. .
' Co ' ) , 1/3 _ S -
- ' = L ptgv') [ * o o Tyt * _
| S 53’(?)(?73)( ) v FRA |
': . . i . . , . * . . N .‘ SR X ' o ‘8 . ‘ -
. S o : - 1/3 ‘ S : ) A |
: .1 ' , . = 53] (300 000)(‘33-5 X 2) .(001 ) . '.’. g ) . (\‘ e N ;‘
- A e 350,000/ \ 33 52/3 5"‘ TR DRI o

. o T
. L . Coa . - ~o s v
= 29.3 - : S e S 1 : V4
. . . . ! . .. o b
. . ' .. . . A
. . . . B . - N 3o
. . * .t , v : L . . %
. . . . RO . " . e % . Lt R
. . 4
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\ ) - N . \ ' /’ ’ , - » .‘
5 By = 216 W/AARPE, -~ o _ S _
. ; ‘i ' ' P ‘ - .
ey S0 LP2e(30,000). L qplo0 | -
| ] . =, : ’ ) _ - |
| , : . 0.7773 433.52(2) _ - i
‘ W ¢ - - ' : - -
i - With these values of By, and By we' enter Fig. 9 of "Flow Patter'r?' Regions" Sl
l ‘ i and find thé intersect in the dispersed flow reg'ion. ¢ ‘ g ‘
P Next we,ca'lcu]ate the Modu]us Xz‘ from Equation (5.17¢. oo o
o~ Y oL AR . v
* 2 = (W 1.8, ° 0.2 L
.. : X2 = (W W)l oy )y u) \ o .
* \ " . Y e’ N ' ‘
g 1.8 7.\ [+ 1\0:2 o 1
2 - {300,000 2 = 0.072 ‘ o -
f. o< (B8 () b S
" ! - ) lH ; . r‘ . "' ) . o
S x‘=,=oe72 : S e
. N v . ,.)‘,.j: 1-5‘ . ]
with the value X = 0. 072 we enter Fig. 11 "Lockhart Martinem Corre;g,tion" - _
s - . R . . ‘ }a . ‘ by . ) <
— . . v-\ - . . ‘ * 4 s .
: ;X2 =0.072 . . [ )
é. . v , .t . ' .
Next we ca]cu]a’ig the Reyno]ds number to find the fraction factor (Vapour “"
Phase) from Equation 55, . - C . T ) .
, TP S S
N ( Re)v 6.31 W/du o . .
= : - d=11.984n. L
U . . 6.31 x 350,000 - ’ - !
. , ) ||.§3E(U.ﬁh . . * ' o 4 . 4 .

[ - ’-\ ) ‘ :‘ . B f\\'
. i ) 5 - . .. - o
S =0 —_ o ‘

‘. .

with this Reyno'lds number we enter Fig 10 "Friction Fact’ors in New: Stee'l ‘n
p*ﬁe" B ,‘ . v e ) o ) . _;‘ R , ) s N ". .
cfyn 0.0
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) Ne&rt we calculate the Vapour Phase unit 'Ioss by using- Equat‘lon (5. é)
, i . ’ 2
o 5 ap "(VGPOUY‘) . o‘.ooossgo.m:s}g.aso,ooo)
, . - 100" 2 , .
R S L Coow S o 1. ps‘l?IOﬁ ft C ’
‘From‘Equ?fio‘n (5.3). N o
L, ) AP qp(two -phase) = P.“)O.(vapour').nt2 . ~
| S APmo(dispersed) -1 1x6. 3=6.93pst/100 ft - ]
R Dispersed force unit 1oss. 6.93 psi/100 ft. - . - : ‘
: . . . - : 5
‘ EXAMPLE 2 = e 7 ' - ~
. ‘ o Find the unit Toss in a B-tn. schedu'le 40 pipe for the fo'llow- o
ing flow data. [53]. . v . - S \
N " . .7 Liquid Vapour .
S " Flow W, w}h\. R R 1 21,500 )
- ) - . - o Ly
| : < . Densityp, W/FS. . ... .. /82 1.9 .
’ ' Viscosity, u, cp. e e o e e 0.1 SN
y o " Surface tension,odyne/em. . . . . . 6.25 - -
DU IR L ' ‘ o ‘ o . ! o
o, Pipe Data , L ] _ ) :
. ., \' . ! . . ) . . s .
;v :."_ . f . . d = 6-065 1“ R ‘ . .~ ’ L ’ .
- .‘ \ R . ’ “ M. s L ' ﬂ. ' E
A S L ‘ d®=8,206 % . - L .. o o »
< " SR 09 fe2. s e IR
w )' . ' . . A “ 0.2 ft* - ,‘;”_ . . R TR : !
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By = 2. 16(21;500) -

0. 2 -{52‘1 92)

- 23%200

V.

With these coﬁrdinatesﬁe find thnf the point of 1ntei‘s_ect10n in Fig. 9

L}
falls in the annular flow region,

Two phase flow modulus ~X2.

Xe =

e

0.1
o.0T

0.2

= 0.00619

" where

. "’; ‘ Q B e y
_ Reynglds Number ' V. co \w .o

’ ‘ . NRev. :‘ 6.~3] 21 500! ' - 2.24l x 106 - : \“ ' "‘n‘?:‘? :. ., ,‘."'.‘ ::

6.150 \I'8 (1.92
) |7

N } : . o * T - R
From Chapter-III, section 3.3, we find that the two-phase' fiow correlation
h ' . o « ) i ‘ B
for annular flow 1is BN

‘ p=axt . T . = SR
a-48-(03125x6065)-29 .
b-0343~- (0.021. xsoss)-ozw

x"’"-—o 0019- .- o B A
S x = 0.7 o o T
e o DRI

= 2.9(0.0787)° 216 .. s; IR o
2 =280 - Ly R

“

. .
.
. . . . 3 . ‘ .. .
' . H I
. . [ LI . - .
n . )
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! cross: section. The weves congregate and %ouch the. h high point of the pipe

- : . . . L%

; ’ 19
vapour phase unit Toss'by Equation 5.8. L
S e . :000336(0.015)(21:500) .. e
100(vapour) . . . , Lo
By substituting this value in the equation 5.3. - A 1

$ N - . .-

5 x 2.8 = 0,42 psi/100 ft.. . . :

[ —

A 9100(An\nu1ar) =

9 . P

Note: Th lar ﬂow relation in Table 1 correlates well With pipe -

Stze up to 10 Above this negative values are obtained so for pipe - - ¢ |
size ,'Iarger than 10 in. use I. D = 10 in. = d ~ _ ) 7

‘ Stratified flow fis simﬂar to the wnve flow except the 1nter- o

7

face has waves moving in the direct'lon ‘of f,Low. e bestvmethod for |

calculat'lng te unit Toss for these types of flow is the Schneider-white-

' Huntington correlation [21] > . . v )

SN SRR YRV SN

(5.1;)'
After comput1ng Hx we find the fraction factor fy from Fig: 12 and then S -
fuse 1t 1n t})e equatfon of Darcy mlation to determine the un1t loss. ‘ .

. ‘~ , ,. . z 5 ‘ i. ". . -\”'_
N Apmo(m . ,o.oooasi f"(H\,) /d pv. REE (s.4) X

PIug ﬂow develops when the interface 1s high 1n the pipe ‘ C {

-, mm. Then. nlugs of Hqu‘ld alternating with pockets of gas in the liquid -

11ternat1ng mn pockets of gas in the- Hquid c'lose to the. npper ﬁm




w

!

| . O
Crowly-flow 1ines have such types of Jf'low.~
Bubble Flow - taflculating the unit loss procedure is similar to

that of, di.spersed flow. The correlation for doubie flow is shown‘vin

Chapter III, Section 3.3, | ' b

i

Slug Flow - Unit Loss . . . | - ~
-Unit losses for slug flow in pnocess piping are lgeneral'ly not cal-

cu1ated. , In borderiine cases unit losses for s'Iug flow are smaller than
ﬁ‘ ,
those for bubble or annu]ar flow. : o 1 ~

-

Slug flow causes pressure ﬂuctuations in piping, which can upset

_process conditions and cause inconsistent instrumeni; sensing. wSlug flow

can be avoided in process piping by:
®

- Reducing Tine sizes to the minimum permitted by availab]e -

pressure differentials. B h - )

.- Designing for parallei pipe runs that wi n increase flow |

* B . tl =
’ N

capacity without increasing overa'F friction ioss. ’
- Using va‘lved auxiiiary pipe runs to reguiate aiternative )
ﬂowrates and thus avoid sTug flows. ' , S
= Using a iow-point effluent drain or bypass.
- Arranging the pipe configurations to protect against siug
| flow,  For exampie, ina pocketed 1ine where 1iquid can co'l'lect. slug
flow might develop.- e "o ‘\‘ C,
~ Slug flow will not occur in gravity-ﬂow Hne. flow through
the branch. at a low point can provide sufficient turbulence for more- I~
effective liquid cérryover. S o ,L e PR 'a;

A diameter adjustment, coup'ied with gas in.iections. can aiso _' ' '

a'lter a slug-ﬂow pattern to bubb‘ie or dispersed ﬂow. .




et i

-

iEe £ ¥u vemmwy ¥ ¢ " -

~

“tal circular condults' has led to conclusions that are important ‘from. the

- . D |
‘ ' -
- ‘ 7:".’ , ‘.6
- ,. CHapTER'VI 3 S
Lo - CONCLUSIONS « S
.-.J . ” ‘ ' ' | ) \ ‘
6.1. ConcLustons . . ... - ¥ |
B T ) v . .

The present‘ldterature review of two-phase flow in long horizon- . .

author's viewpoint. l . ' T e -
| A greqx deal of experimentgl work on this problem has been done

y .
by people in the chemical, petroleum, and nuclear industries as well as in .

/
g T

many Universities. e

¢ - -

Most of this research in the-chemical and nuclear fndustries

hes.been COnCErned with “specific processes and does not approech'the prpb.

lem in a general manner. However, several attenpts have been made to .= -

develop generalized correlations ‘that can be used for process design as

‘well as two-phase flow plpeline design. None of these attempts has been
_successful .and’ a great amount of disagreement exists among the authors
iof‘multiphase flow literature. This ts probably ‘due to the-fact that none

_“of the existing correlations adequately account’ for all of the: varfables

PR

i 3

1nvolved 1n the problem. ‘ - ' . . _

* The correlations presented 1n th1s study mny be used‘to accur-

- +
v . ¥

.‘ately predict the prezsuro Noss for horizontal multlphase flow p1pe11nes. N

'h

.In _rpolation hotween the lines of :he enerqy 1oss fhctor correletion
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Accuracy anp LimiTaTioNs oF METHOD DESGRIBED
. . : !

The application of correlations for two-phase flow to process

piping design and to pipeline design is arbitrary.

N Exper1ments are usua11y done with sma11 diameter and stralght
hor1zonta1 p1pe Under Taboratory conditions f]ow patterns are kept con-.
stant and flow cond1t10ns consistent. However, most process piping in
nost cases has changtng flow pattern'in varjous segments of the line be-

cause of the three d1mens10na1 pipe' configuration in which one finds horl-

- “a

zonta] and vert1ca1 runs, elevations manifolds pipe components reducers

and other restrictions. 2

Sizable deviations, can bedexpected in prediction of friction

. n TN - . . .“ )
loss compared to actually measured values. However, if actual pipeline -

" closely resemble the experimental conditions, deviations are small. A. E.

Dukler, et. al. [?] compared the‘va1u%s obtained-by the described method
using his data bank with a number of other suggested mode]s hnd found the
deviation within ‘the perm1ssib1e level 2 Table 3 page 49 g1ves the general “.

comparison of these values. . . . ' !

8 -

o The author used this correﬂation to design 60 ft..long and 80 in.

. ~ .
" dia. pipe of two phase monoéthanolamine (MEA) and natural gas from scrub-

bing p]ant‘tp gasoline plant*,

J

@ od
*The calc¢ulated pressure drop was §. 75 psi and observed pressure
drop was 7.00 psi and the % error was 20%.
This correlutlon 1s wldely used in the petroleum 1r1dustry in

process p1pi7ng
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