180;

Correlation and Estimation of Holdup in

Two-Phage Flow

by

PL. Spedding and JJJ. Chen
Department of Chemlcal and Materials Engineering
University of Auckland

1 Introduction
Butterworth has suggested that an equation of the form

[1]

is useful in expressing the results of a large number of correlations of
holdup in two-phase horizontal gas—liquid flow. Chen and Spsdding® have
shown theoretically that the use of equation [l) is justified for the cases
of the ideal stratified and annular flow regimes where the flow of the phases
are either both turbulent or both laminar. However, the analysis showed that
the values of the indices A, p, q and r varied depending on the value of

and the flow pattern. Thig is in agreement with the findings of
Butterwrth', Thus there 48 no general correlation which can be expected
to prsdlct holdup but specific correlations can % obtained to cover a

limited range of conditions.

Experlental data plus the results of other workers' 7 have established
the usefulness of two holdup relations namely the Armand
equation' and the Nguyen and Spedding mdsl’, . The Armand equation may b4

written as

(21

while the Nguyen and Spedding analysis gives

p
: G +(c°'1)+5-'— (3]
\'/
Pg 5G

ol

which is essentially of tha sa.u:a form, .
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Equation [1l] can be written in terms of volumetric flow rates and thus

for a glven system at constant tsmperaturs and pressure often reducss to

[4]

Figure 1gives a plot of the data in the ferm Suggested by equations
[2] and {4].. It transpires that all plug and slug flow data, i.e. with
QG/QT < 0,9, obeyed the transformed Armand relation of equation (2], quite

independently of the system or the temperature and pressure involved.

Annular flow data were observed to generally follow a relation of the
form suggested by equation [1] with some additional variation due to pipe
diamster, A relation was developed similar to equation (4] which would be

wed with advantage for any particular system sincs the variations of holdup

due to D, g3 ¥, only affected the value of the constant H  The
N and —
L Vs

actual relation for annular flow cast in the form of equation [4] proved to be
in general agreement with the transformed Lockhart-Martinelli equation'®
albeit 20% higher in value. The theoretical predictions of Chen and Spedding?
did not follow the annular flow data; the failure of the model being bound

up with the occurance of disturbance waves on the ligquid-gas interface.

2. Theoretical Development

Stratified flow data'"" exhibited a large scatter when plotted in the
form suggested by equation [4] because the.data seemed to be strongly
dependent on the nature of the flow that is whether the phases were laminar
or turbulent in nature. However, the problem has som solution by using an

idealised stratified flow anlaysis,

Figure 2 outlines the idealissd form of stratified flaw im which the
liquid passes along the base of the pipe such that the gas-liguid interface

io smooth. If the system is in equilibrium a force balance taken sspazatsly

for the gar, and the liquid phases yield the following equations.



By substitution of equation [5] and [6] into equation [7]
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while

[17]

substitution of equation [9] to [18] into equation (8] yields

which can be expressed in terms of the type of flow in the two phases.

Turbulent Gan and lLiquid Flow
When both gas and liquid phases are flowing in the turbulent regime

ca - CL = (0.046 and a = m = (.2, so equation [19] reduces to

[21]
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can be observed that P may ¢ divided into a number of distinct ranges

each with a particular approximate relationship, details of which are
presented in Table 1 8Substitution of these values of P into Equation [20]
leads to reslationships of the type

[22])

or by rearranging in equatien {1] and equation [4]. Tabulated values are

given in Table 2.

Laminar Gas and Liquid Flow .

In this case €, * ¢, = 160 andn = m » 1.0 thus Equation {19] reduces

to

Using a similar technique to the case of turbulent flow

[24]

which is solved numrically in terms of and is plotted in Figure 4.

There are® three ranges in this case and their relationships are given in
Table 3. substitution of these values of U into equation (23] yields a

relationship of the type presented in equation [22] or by rsarrangsment in
equation [1]. Tabulated values of constants are given in Table 2.

Turbulent Gas and Laminar Liguid Flow
This situation is represented by taking the following valuwes for €gs

¢,» nand = in equation [19)

CG = (0.046 . n = 0.2

CL- 16.0 m = 10



yielding

Simplifylng and rearranging giver

' S 5 1-8:,, 0.2
$1 g b L = 0.008715 P % Y (26]
P
(s; *

SR+Si L QL L

<

For equation [26] to be of practical use, the te¢rm in square brackets
on LHS must be solved in terms of (§G/§{L) . lat

where D™*? {s introducsd to make M independent of pipe size. Equation [26]

becomes
- 2 P
S|u = o.008715 =2 — (28]
R, PLO, VLD
Equation [27] is solved numarically in t#rms of and i{s plotted in

Plgure 5 and pleeswlses straight line curve fitting yields:

where the values Ai and ajy are given in Table 4. Substitution of equation
[28] to equation [29] ylields



with the values of A3 and a; glven in Table §.

taainar Gas and Turbulent Liquid Plow
This situation is represented by taking tho
Cr ® and e N equation {19].

CG = 16.0 n = 10
CL = 0.046 m = 0.2

yielding

and rearranging gives

186,

(0]

vaiues of C_,

(1)



Substitution of equation (32) to [34] gives
1

[35]

with the values of Ay and ay given in Table 7.

TABLE 1

Relationship between P and the holdup ratio.

25 x100% - 3 x10"

a x10" 21 x 10°%

2.1 %107 - 2,5 x107}
2.5x10! - 1.3

1.3 - 8.0

8.0 - 14 x 10

1.4 x 10% 10%




TABLE II

Holdup Data from Various Models and Correlations
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74;; Value of Constants
Flow —_ equation 1] eq. (4] equation {22]
Type R H s | B a b. e
2.5~10" - 3x10”* 0.98 0.69 0.28 0.05|0.09% 0.69]1.02 -0.69 0.31 0.03
ax10”% - 2.1x207% 0.875 0.70 0.32 0.08]0.105 0.73]|1.143 0.70 0.31 0.08
2.1x10"% - 2.5x107' | 0.763 0.72 0.%0 0.08|0.112 0.72|1.31 0.72 0.32 0.08
2.5x10°) - 1.3 0.175 0.77 0.43 0.09]0.107 0.77]|1.48 0.77 0.34 0.09
1.3 - 8.3 0.671 0.83 0.46 0.09|0.083 0.83]1.49 0.83 0,37 0.C9
8.0 - i.ux10® 0.78 0.90 0.5 0.1 |0.059 0.90]1.28 0.9 0.% 0.1
1.4x10% - 108 0.914 0.93 0.52 0.1 |0.047 0.93|1.09 0.93 0.41 0.1
10°? - 0.2 0.68 0.45 0.%5 0.45/0.239 045|146 045 0 0.45
0.2 - 3.0 051 08 050 0.50)]0.262 0.50|1.95 0.30 0. 0.50
3.0 - 10’ 0.5 0.57 0.57 0.57]0.185 0.53|1.83 0.57 0  0.57
Annular - 1.0 09 05 0.1 loo46 0.90]1.0 09 0.4 0.1
" - 10 05 05 0.5 [0.134 05010 05 0 05
Hadal
1 1 o |10 101 1 0o o0
1 1 0.677 0 |0.111 1.0 | 1 1 033 0
1 072 04 0.08]|0.086 0.72 0.72 0.32 0.08
" ] 0.28 064 036 0.07]0417 0.64]|3.37 0.64 0.28 0.07
3 1 089 0.18/0233 10 | i 1 0.1% 0.18
1 0.7% 0.6% 0.13]0.325 074 | 1 - 0.7% 0.09 0.13
0.80 0.515 0 .|0.149 0.80 0.80 0.285 0
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3. polication of Stratified Flow Equations Bxpsrimental D

A corplats sst of covering the four possible «owbinations
of flow regiess in stratified flow le¢ now available for the pradictlon of
holduyp, The equations had been derived with the of a szooth
gas-liquid interface. It would b4 interesting to see how the equations apply

to practloal cases when surface disturbances sr= a comson feature.

Since the formulatlons for the equations for stratified flow were
similar to those used by Taitel and tukxler'! in their derivation of the
theoretical equations for the Lockhart-Martinelll type of relationship it is
expected that the holdup predicted for stratified flow {rea this set of
equations should agree with those of the Taitel and Duxler predictions, Based
on the X parassters calculated, the predicted 'iL wers plotted against the
R, 7 X line derived by Taitel and Dukler as shown in Pigure 7 and 6. Only
data of gas~-turbulent, liqild~laminar and liquid turbulent
are shown, Agrseesnt is excellent, In Plgqure 9 data of Govisr and Cmwer
covering the four regimes .t predicted by the author's holdup prediction are
shown against Taitel and Dukler’s predictions, Again 49ree=nt between thenm
{s excellent,

It has been shown Eo far that the holdup predicted by the equations
derived In this work agreed exactly with the Qncht.Lé.ns of the lockhazrt=:
type of i'_ - X relationship derived by Taitel and Dukler, Next,
expearizsntal results obtained in this work will be ¢orparsd with the valws

calculated by using the derived equations. This i{s done by plotting the



predicted 'I-?.L against the zsasursd i&_ in fPlgures 10, 11, 12 and 13 depénding

on the flaw characteristics of the gas and liquid phases whether it is laminar
or turbulent. Data of Gvier and Omr plottsd in Pilgure % have also been
included.

Data of Govier and Oomer deviate in a similar fashion to these obtained
in this work. In the Turbulent-Turbulent reglgs plotted in Figure 10 the
predicted values am higher than the masured, This is believed to te caused
by the exlstence of faster moving waves at the interface where a large
proportlon of the liquid is teing at a higher speed as discussed
by Ueda'” and Quandt!®. In the lazinar turbulent reglzs shown in Pigurs 11
the predicted s lower than the masursd and the reason for it is not clear.
Them am very few data in the laninar-turbulent and laminar-laminar rsgisss,
The Laminar-Lasinar data of Govier and Omsr plotted in Plgurs 13 showed
excsllent agreseent with predictiens indicating that it i{s perhaps in this
case that the mal situation resernles mst closely that used in the derlvatlen
of the equationr.

It therefore apg2ars that the set of holdup equations for stratified
flow pressntsd in this work are quite valid despite the of smoth
interface. It agreed excellently with the Lockhart-Martinelll type of holdup
prediction derived by Taitel and Dukler, the agreemsnt with
experixental data was within reason.

The application of the holdup equations presented im this work to

pressurs drop prediction is not pursued here because pressurs drop predlction
in stratified flow ham already been covered adequately by using the Lockhart-
Rartinslll type of rslationship'!®!?,

4,
The general holdup correlation suggested by Butterworth' has been
shewn to bo valid from theorstical and experizental evidence, The plug #d

'slug flow data of a numrer of workers has t<en shown to follew the Armand
tor awide ruvge of conditlons, The annular flow reglze can be
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which {s a special form of the Butterworth relation. This equation does

show some variation with conditions and the type of system.

Stratified flow data can be predicted using a completes set of equation
derived from an idealised flow model. Ths resulting equations we s shown
to give agreement with the type of F&' varsus X
relationship for stratified flow darived by Taitel and buklsz!l,
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- factor given in equation [1]

flow arsa of gas phase t?

- flow area of lligquid phase !

- factor ¢ fined by equation [22]

tactors defined by equation (29], wlth galwss given i Table 4.
- factors defined by equatien {30}, with values given in Table 5.
= factors defined by equation [34], with values given in Table 6.

B - initial function given in equation [3], Lr?

I;ablb

B - factor defined by equation [22].
b - factor dafined by equation [22)
a - factor defined by squation [22]
c, ~ distribution paramster given in equation [3)
(! - 'constant in Blasins equals 15,0 for laminar flow,
0.016 for turbulent
- L



H factor defined by equatien [4)
K Armand's factor given in equation [2] squal to 0.83 for
wost situations
H - sfunction defined by equation [27]
r,n = exponent in Blasins equatlen equals 10 for laainar flow,
0.2 for turbulent flaw
N - function defined by
P - pressure M L™ T2
also function defined by equation [21]
- factor in equation [1]
- volumstrie flow rate AN ol
- factor in equation (1]
- average holdup
r - factor in equation [1]
8 = length of wall or intsrface N contact with thr phasss
shown in Figure 2.
0 - factor in equation [4]
U - fuction defined by equation [24]
= - true average velocity
VSG - superficial gas velocity
x - axial distance along pipeline L
x’ - dryness fraction .
X - flow modulus, ¢quals the square root
. of the presoure drop ratio of single phase liquid flow to
. single phase .gam flow.
Subsoripes
r - frictionall component
a = gas phase
i - interface
L = liquid phass
W = wall
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Floure 1

Hold-up relations tor slug, plug and annular flow regiss,
Chisholm and Laird's data.

=
:

Schematic diagram of Ideal stratified flow,

.
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Figure 3

Relationship between P and qull from equations [20] and [21] which
a n derived for turbulrnt gas and llquld stratified flow.

T

Figure 4

Relationship batween U and ltllil from equations [23] and [24] which
sre derived for laminar gas and liquid stratified flow.



Relationship between M and Rg/R fma equations [26] and [27] which

ars derived for turbulent gas and lamimr llquld stratified flow.

Relationship between N and Re/R from (32] and [33] uhich
are derlvad for laminar gas and turbulent llquid stratified fiat.

s, . . atd s
mﬁ L

Comparison of R prediction wing cquation [30] and the Ry - X plots

of Taitel and Dukler! for turbulent gas and Veminar liquid stratified flow,
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Yeasured liquid hold-up sgainst that predicted by equattfon [21] for
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rasured Viquld hold-up aguinst that predicted by equation
case of Yaminar liquid and turbulent gas stratifled floe.

jure 13 N )

Measured liquid hold-wp agsinst that predicted by equation [23] for
¢ case of Yamdmar liquid md gas stratified flow,





