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MAI AY~IA ;. ·. 

RINGKASAN: Pengubahsuaian terhadap tiga jenis kore/asi yang sedia ada digunakan untuk 
disesuaikan dengan aliran bendalir gas bukanNewton pada keadaan dua fasa. Pengubahsuaian 

•. utama melfbatkan pJrub~han terhadap kelikatan dan fotmula faktor geseran .. · Sliatu database . 
'· eksperimental telah dibangunk~n untuk meriilat korelast yang . diubahsuai. Sebanyak lima· 
' ratus lapan puluh sembilan ujikaji dij~lankarl tethadap udara ''illir'an mantaplcecair ·bukan' 
, Newton pada aliran .ke atas. Peralatan. ujikaji merupakan suatu paip . dalam bi/ik. dengan 
. ,diameter dala,,-, 1.08 inci, pekali kekasaran relatif 0,00554 dengan ba~agian ujian,sepanjang . 

17.4 kaki yang dicondongkan pada empat sudut (+5, + 10, + 15 dan +20 darjah dari mengufuk). 
Udara digunakan untuk fasa gas manakala empat jenis tanah air tawar (dengan ciri-ciri fizikal 
dan rheologikal yang berbeza) digunakan sebagai cecair bukan Newton. Program eksperimental 
didirikan dalam pelbagai keadaan ~ksperi"men . d~ilgari pelba{jai j~lai dan keadaan ~~6air. 
Penilaian korelasi yang diubahsuai dijalankan untuk semua sudut condongan. Ragam aliran 

,, yang diQentukpada tiga sucjut condongan diperhatikan dengan membandingkan data ujikaji · 
dan peta ragaf!I aliran yang disediakan terlebih dahplu. Analisa statistik dijalankan untuk 
menunjukkan model rheologikal yang paling sesuai yang akan mewaki/i cecair bukan Newton. 

',1··,: · .. ' ,_: .· ; · . - ...... : ·. . : __ . ' .. . . . ·' ,_. _-·. . . . ..._ 

Juga, analisa t{]rsebutdijalankan dalam penilaian korelasi yang diubahsuai. Korelasi Beggs-
Brill (1973) • dan M~kherie-Bri/1 (1985) menunjukkan korelasi statistik ·yang . rriem~askan 

. iapabila dibaridingkan derlgan 'kejatuhan tekanan dan perangkap cecair.: -
: ·) ~ , . 

ABSTl=i~CT: Modifications on three currently available correlation;swere implemented to fit 
·' them to two-phase.'gas/non-N~wtonian liquid flo;;..,'. The ~ain m?dificaUons'c~n~ist of changi~g 

the viscosity and t~e friction factor formulas. Ari experimental database has been developed 
forthe evaluation of the modified correlations: Five h'undred'and 'eighty nine runs of steady 
state air/non°Newtonian liquid upward flow were conducted; The test facility was an indoor · 
1.08 inch inside diameter, 0.00554 relative roughness pipe with a test section of 17.4 ft inclined 

. at four inclination angles (+5, + 10, + 15 & +20 degrees from the horizontal). The air was used 
as the gas phase while four fresh water muds (with different physical and rheological properties) 
were used as the non-Newtonian liquid. The experimental program was set up in a wide range 
of experimental conditions to cover the range of the inclination angles and the properties of 
the liquids; The evaluation of the modified correlations were carried out for all of the inclination 
angles. The flow patterns, which formed at three inclination angles, were detected by 
superimposing our experimental data on the pre-prepared flow pattern maps. Statistical 
analyses were performed to indicate the best rheological model, which would represent the 
non~Newtonian liquid. It was also used in the evaluation of modified correlations. Beggs and 
Brill (1973) and Mukherjee and Brill (1985) correlations show satisfactory statistical results 
when compared between the measured and calculated pressure drops and liquid hold-up. 

KEY WORDS:-Two-phase fl0\t ;~on-Ne~6ni~n. multiphase flow 
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INTRODUCTION 

Multiphase-flow technology has become increasingly important for economical field 

development, in particular for deep-water fields. Many prediction models have been developed 

for gas/liquid two-phase flow with both empirical and mechanistic approaches. However, to 

date, available models cover only a limited range of the operating conditions in terms of _ 

inclination angle, pipe diameter, fluid properties;· pressure and so on. In the process of 

developing a model, validation against a large amount of data bank is required. To ensure 

the validity of the model, the evaluation should be carried out for each flow pattern, particularly 

when the model is a flow-pattern dependent one. 

Nearly all the published correlations are fQr gaiNewtonian liquid mixture~ in spite of the great 

amount of attenti9n that ha~ been given to _the flow of non-Newtonian liquids over the last three 

decades. Many applications for this type of flow can be seen in many fields today. In the 

chemical ·industry for instance; the design of a dynamic kill of an uncontrolled flowing well is 

an example of the need for an accurate correlation for multiphase, non-Newtonian flow . 
. . \· '~ .· \ . .)'. . . 

EXPERIMENTAL FACILITY AND~ TEST' PROCEDURE 

A schematic diagram of the 1.08-inch ID, 17.4-ft, 0.00554 relative roughness test section 

pipe is shown in Figure· 1. Air was stored in two tanks connected in series with each other 

to get a totalcapac'ity ·of 45-tt3. the range of the compression pressure was trom atmospheric 

to 100 psig. A flange type orificemeter was used to detect the air flow-rate. The liquid was stored 

in a 8-ft3 cylindrical tank equipped with a stirrer to mix the materials forming the liquid phase. 

Double stage centrifugal pump was used to circulate the liquid and the flow rate was measured 

with a 0.25-inch Sponslei' turbine meter. Pressure drop was measured using both high performance 

gauges and a mercury manometer. Also, pressure dampers were us~ to reduce the effect 

of the 'tluctuation'on the readings of the gauges .and manometer. The liquid holdup was 

measured directly. Probes were used to measure the temperature of the two-phases . 
• ' ... ; -~ ~ , 1 ' 
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1,2,5: Ball valves 
2,13: Temperature probes 
3: Orificemetet ' · · 

,, 4:_Ga11ge pressure transducer 
5: Surge tanks . 
6: Compressor ' 
7,8,9: Pressure sensors 
10: Mixing chamber 
11 : Manometer ·' 
14:Pump 
16: Liquid tank 
17: Motor with stirrer 

Figure 1. Schematic diagram of the two-phase flow test facility 
·~ . . ' ·• . 
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The physical and rheological properties of the air and muds are in Tables 1, 2 and 3. 

Superimposed on the flow pattern map for gas-(Newtonian)liquid two-phase flow in horizontal 
pipes, the flovy patterns ranged between.the annular ~nd slug flowsJor the three inclination 
angles (5, 10 and 20). · · 

, Table 1. Physical Properties of Air (at 60°F & 14.7 psia) 

Hydrostatic pressure gradient=0.00053 psi/ft -· · 
Average molecular weighl=28.97 lb-mole 

Specific weighl=0.0764 lb/ft3 
:r 

Viscosity=0.018 cp 

Table 2. Physical & Rh~ologi~al Properties of the Muds 
. . ; . ·•-- ' 

Parameter .• Run.1 Run.2 Run.3 Run.4 

P1 (ppg) 8.600 8.600 8.900 · 9.400 

Yb · (lb/100ft2) • 1.076 - 2.134 2:134 14.938 

µ., (cp) 3.201 6.402 8.536 25.608 

µ. (cp) 3.500 7.000 9.000 31 .000 
n dimensionless 0.806 0.806 0.800 0.706 
k (lb.sec"/100ft2) 0.028 0.056 0.053 0.096 

cr (dyne/cm) 70.000 · 73.000 · 72.000 : ,. 
79.600 · 

Marsh Funnel vis. 27.000 28.000 31 .000 37.000 
p n,in Gel Streng. . 0.500 . " 1.000 1.000 .2.000 ...... . , . 

10 min Gel Streng. 1.000 5.000 9.000 14.000 
. . pH 9.700 9.700 9.700 9.700 

··., 

' ' : '. 1:_ ·.· : ,. 

Table 3. Shear Stress-Shear Rate Relations of the Muds · · 

Shear Rate, Shear Stress, (lb/100ft2) 

(1/sec) Run.1 Run.2 Run.3 Run.4 

1021 .80 8.600 8.600 8.900 9.400 
510.90 1.067 2.134 2.134 14.933 
340.60 3.201 6.402 8.536 25.608 
170.30 3.500 7.000 9.000 31 .000 
10.218 . 0.806 0.806 0.848 0.706 
5.109 0.028 0.056 0.053 0.496 

,, 

·;: , _. 

~\· · 

Saleh (1989) proposed a statistical method for selecting the best rhelogical model depending 

on t~e shear stress-shear rate re~ation. Power law was found to be the best appropriate one 
to be implemented (Tables 4 and 5). However, due to its _wide range of applications i~ the 
industry, we applied Bingham Plastic model as well. 
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Table, 4, ,Values of (~Pf::) ,",_Fou,r, data points 

Models Run 1 Run 2 Run 3 

Bingham Plastic 9:859 4.677 4.568 
Power Law(1l 12.090 6.967 8.687 
Power Law(2l 7.330 1.024 2.293 
Casson 7.668 2.010 2.963 · 
Robertson - Stiff .. 8 .. 971 .3.852.__ .3.096 -

,,. · 

Table 5. Values ~f (AAPE) : Six data points 
. .. ~. .. .. -· 

Models Run 1 Run 2 

Bingha~ Plastic 25.3(12 27.818 
Power Law<1l 

., , 
33.781 

.. 
· 30.433 

Power Law<2l · -- 13:814 . 6.329 
Casson ··' ' -· fo.990 11.214 

· Robertson - Stiff 17;808 7.792 
. .. . 

•. (1 ): Two-points were used to determine n &. k . 
. (2): Six-points were used to determine n & k . · ,., 

MODELING STUDY AND EVALUATION 

. ,. --~ 

Run 3 

25.584 
31 :241 

.. 
6.306" 
9.045 
6.414 

Run 4 
., 

5.365 
' ' 

10.018 
0.362 

· 0.526 
1.496 

Run 4 

167.298 
' 'g'.575 
. . 2:377 ··· 

' t0.707 
2.945 

Fluids in which 'shear stress i~ not directly proportional to <;leformation rat~'a:re non-Newtonian. 

Because of the; complex behavior o( the non-Newtonian fluids due . to the change of the 

viscosity and forming ·the gel-strength, numerous empirical equations have been proposed 

to model the observed relations between 'Z'y, and "( for time-independent fluids. Below, the 

most common models: 

1. Bingham plastic model: 1 

.. 
'Z',i .= 'Z', + µpr 

2. Power; laW model: 

3. Casson model: · 
_ .· ( 'Z'y,>°"5 = < 'Z',)05 + (µ Jo.s < rt5 

4. Robertson~Stiff model:· 

'Z'y, = A(y + C)8 

(1) 

(2) 

(3) 

(4) 

Three .correlations were implemented to predict both 'the pressure drop and liquid hold~up. 

These correlations are Beggs ·and Brill (1973),' Mattai: and Gregory (1974) and Mukherjee 

and Brill (1983, 1985) which were'all originally . stated for two-'phase gas and Newtonian liquid 
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(see appendix). Two modified non-Newtonian single-phase friction factor: ]oimulas ,were 

suitable for two-phase flows. These equations are: 

·1 

!. = tp 

2 [~J3n+l 8 (3~-:1) 
77• . 

------R - 1 

[ J 
,r tp 3n+1 3::1 (\.:~·) 

(5) 

(6) 

Equations 5 and 6 have been modified from Govier and Aziz (1972). The original friction 

factor expressions have been modified as welL , 

((; 

Under the action of the simultaneous flow and changing flow rates, the viscosity cit the liquid 

would be changed significantly and, as a result the viscosity of the mixture will be affected 

a~ well. The ~iscosity formulas o,t Bingham _p,lastic and Power law models._have been appli~d 

into \he correlations ... Table 6 summ_arizes these , combination~, . 
. • .. • . I ' .. ·. 

Table 6. Summary of different combinations in modeling 
: ~ ! ' . :. . ' ' • . . • ,.... . ... 

Correlation Abbre. Viscosity Formula Friction Factor Formula 
n• ·.; ... , ,. 

·' -· " ~ I i .. :;. '·· . . 
Beggs & Brill (1973) 881 Bingham Beggs & Brill (1973) . -· . i , .. , , ·.. . : . ....,, 
Beggs & Brill (1973) 882 Power law Beggs & Brill (1973) 

Beggs & Brill (1973) .. ,. 883, .. c .. Power.law 
: 

· Modified 1 [eq.5] (1972) 

Beggs & Brill (1973) . _ .. 884 _ Power law Modified 2 [eq.6] (1972) 

Mattar & Gregory (1974) MG1. Bingham Mattar & Gregory (1974) 
- -

Mattar & Gregory (1974) MG2 . .Power law Mattar & Gregory (1974) 

. Mattar & Gregory (1974) MG3- .· Power law . Modified 1 [eqt.5] (1972) 
' 

Mattar & Gregory .(1974) . ."\ 
MG4 . Power law . Modified 2 [eqt.6] .(1972) 

Mukherjee & Brill (1985) ·J · M81 - Bingham . Mukherjee & Brill (1985) 

Mukherjee & Brill - ( 1985) _' M82 Power law , Mukherjee & Brill (1985) 

Mukherjee & Brill (1985) M83 ·Power law Modified 1.[eqt.5] . (1972) 

Mukherjee & Brill (1985) .. MB4 '· Power law '" Modified 2 ·[eqt.6] (1972} 
•. •. 

. ·· .:, 
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OVERALL· PERFORMANCE ·0· 

The overall performance of the proposed combinations was evaluated against · the entire 

experimental data (589 data point) statistically. Three statistical parameters are used in this 

study for analysis and evaluation. They are: . 

(7) 

(8) 

/(~p -~p )2 . /"£ ~ m X 100 - APE ., ·· '· 

SD. =../ m (9) 
N-1 ·· 

The average percentage error, APE, is a measure of the degree' of the overprediction 

(positive value)or underprediction"(negative value). The .absolute average percentage error, 

AA.PE, is a measure of the agreement between the predicted and measured values. The 

standar_d deviation, · SD, in~icates the ' scatter of the ~~rors. · · 

The statistical evaluations for pressure gradient · and liquid holdup calculations are shown 

in tables 7 'and 8, respectively. 

' . . 
Table 7. Statistics Froni Pressure Gradient Analyses 

• . 

Corr. 
8=5° (148 data point) 8=10° (154 data point) 8=15° (146 data point) 8=20° (141 data point) 

' APE AAPE SD APE AAPE SD APE AAPE SD APE AAPE SD 
. . 

881 -29.20 33.28 21.14 -9.44 20.46 21.94 2.70 14.39 7.32 12.82 17.73 18.48 

882 -29.95 33.91 21.18 -10.14 20.88 22.03 0:62 20.81 25.36 12.29 17.49 18.51 

883 '-71.66 5.97 -71.15 71.15 5.99 -73.12 ·, 71.09 
- -73;21 71.11 1 7.36 71.66 ·6.77 

884 ~75.83 75.83 5,12 -74.95 74.95 5.04 -76.23 76.23 5.59 -76.08 . 76.08 6.17 

MG1 -5.27 35.37 47.33 36.79 45.24 60.65 54.06 59.51 71 .88 75.78 82.99 85.73 

MG2 -5.73 35.52 47.27 36.35 45.01 60.56 53.72 59.18 71.77 75.46 , 82.67• 85.62 

MG3 -16.50. 46.59 56.97 26.09 44.19 68.03 45.18 51.92 75.61 67.41 74.66 88.13 

MG4 -19.84 46.49 53.34 23.05 42.42 65.01 42.84 50.01 73.21 65.29 72.54 86.00 

M81 -37.56 37.90 17.10 -23.59 35.74 33.82 -21.83 33.96 35.54 -14.33 34.05 50.01 

M82 -38.40 38.70 17.15 -24.40 36.30 33.61 -22.47 34.39 35.49 -14.98 34.34 49.47 

M83 -80.12 80,12 5.76 -75.06 75.06 8.03 -73.51 73.51 8.35 -69.98 70.51 13.27 

M84 -89.56 89.56 4.32 -84.01 84.01 6.41 -80.73 80.73 7.57 -77.33 77.33 8.97 

28 



Effect of Rheology on Gas Non-Newtonian Liquid Flow 

Table 8. Statistics From Liquid Holdup Analyses :· 

8=5° (148 data point) 8=10° (154 data point) 8=15°. (146 data point) 8=20° (141 data point) 
Corr. 

APE APE AAPE SD APE AAPE SD APE AAPE SD AAPE SD 

881 -6.25 15.31 18.76 -9.16 22.27 30.23 -4.64 32.67 21.53 . -0.82 13.84 3.12 

882 -6.25 15.31 18.76 -9.16 22.27 30.23 -3.67 20.16 36.26 -3.94 40.76 66.37 

883 -6.25 15.31 18.76 -6.25 15.31 18.76 -4.64 32.67 45.57 -3.94 40.76 66 .. 37 

884 -6.25 15.31 18.76 -9.16 22.27 30.23 -4.64 32.67 4!5.57 -3.94 40.76 66.37 

MG1 50.84 50.84 30.63 42.98 42.98 26.90 33.81 33.81 20.14 29.84 29.84 32.62 

MG2 50.84 50.84 30.63 42.98 42.98 26.90 33.81 33.81 20.14 29.84 29.84 32.62 

MG3 50.84 50.84 30.63 42.98 42.98 26.90 33.81 33.81 20.14 29.84 29.84 32.62 

MG4 50.84 50.84 30.63 42.98 42.98 26.90 33.81 33.81 20.14 29.84 29.84 32.62 

M81 -16.82 20.41 18.99 -18.65 20.51 18.61 -21 .82 23.18 19.91 -23.29 24.13 18.87 

M82 -16.82 20.41 18.99 -18.65 20.51 18.61 -21 .82 23.18 19.91 -23.29 24.13 18.87 

M83 -16.82 20.41 18.99 -18.65 19.66 18.61 -21 .82 23.18 19.91 -23.29 24.13 18.87 

M84 -16.82 20.41 18.99 -18.65 20.51 18.61 -21 .82 23.18 19.91 -23.29 24.13 18.87 

CONCLUSION 

Based on the results of this study, a number of conclusions were reached. An experimental 
database has been developed for evaluation of model modifications. The database consists 
of 589 runs of steady-state air/non-Newtonian liquid flow through inclined pipe using an indo~rs 
experimental facility. The experimental studies were set up over a wide range of experimental 
conditions to cover the slug, annular and intermittent flow patterns. The statistical method of 
selecting the best rheological model was found to be more accurate with four data points than 
with six data points. Simple modifications have been implemented on currently available 
correlations. The performance of these models has been evaluated statistically against the 
entire experimental data. Changing the terms of viscosity has no clear effect on the calculated 
pressure gradient and liquid holdup because at the range of turbulent flow, the effect of viscosity 
would be negligible. Beggs and Brill (1973) and Mukherjee and Brill (1985) correlations predict 

· both liquid hold-up and pressure better than Mattar and Gregory (1974) because Qf the flow 
pattern consideration. None of the two turbulent, non-Newtonian friction factors correlations 

. improved the predicted pressure drop or liquid hold-up. 

NOMENCLATURE 

A = constant 
B = constant 
c = constant 

I = friction factor 
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k = consistency index, lb.seb"/100 tt2 · 

N = number of points 

n ;,,; flow 'behavior index, dimensionless 
! . . . . . . . 

!:i.p = ·pressure gradient, psi/ft · 

R = Reynolds number : 

Yb ,;;, Yield point, lb/100 ft2 ; -' 
0 . = surface. tension, dyne/cm 

(J . = '.'.i>ip~-i'ncliriatibn ~ngle f~om;' horii:on, ' degrees. 
·( :'7 ·,she~pate, 1/sec . . . , . . . 

p .• = density, ppg .. 

µ '= . viscosity, . cp : 
't: = shear stress, lb/100 ft2 .. · 

j , :· 

SUBSCRIPTS 
a :,;;, apparent, absolute: 

c = calculated 

g = gage 

I = liquid 

m = measured, mixture 
p '1 ,;, plastic . · 

tp ;, two-phase 

yx ;rtwo-dimensions 

y 'r= one dtmension, y ' 
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APPENDIX - PRESSURE GRADIENT AND LIQUID HOLDUP CORRELATIONS 

• Beggs and Brill correlation (1973) 
Over the years, numerous correlations hav~ ''been developed :to calculate ttie pressure 
gradient in horizontal gas-liquid flow. The most commonly used in the industry is that of 
Beiggs and BriU. It has been proposed for gas-Newtonian, liquid flow and it is applicable to 
any pipe inclination and flow direction. This correlation uses the general mechanical energy 
balance and the in-situ average density to calculate tlie . pressure gradient and is based on 
the following parameters: 

(A-2) 

, Li = 316A} .302 (A-3) 

(A~~) 
I ·. · j , 

L3 = 0.10;\,/4516 (A-5) 
-· 

w = 0.5;\,/738 (A-6) 

- The flow regimes used as correlation parameters in this correlation are segregated, transition, 
intermittent and distributed. The flow regime transitions are given by the following: 

.. 
Segregated flow exists if: -

l 1 (0.01 and N FR (Li or l,~ 0.01 and N FR (L2 
Transitions flow occurs when: · 

;\,1 ~ 0:01 and L2 (N FR~ L3 
Intermittent flow exists when: 

0.01 ~ A1 (0.4 and L3 (N FR~ Li or A1 ~ 0.4 and L3 (N FR ~ L4 
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Distributed flow occurs .if: 

\ (0.4 and N FR ~ L1 or l,' ~-0.4 and N FR )L~ (A-10) 

The same equations are used to calculate the liquid holdup, and hence, the average density, 

for the segregated, intermittent and. distributed flow regimes. These ·are: 

r, = 'Y,/P (A-11) 

(A-12) 

-; 

with the constraint that r,0 ~ i, and: 

<p = 1 + C[sinC1 .88) ~ 0.333sin3(1.88)) , .. 13) 

where: 

C = (1 - l)ln (4l/ Nj N Fi) (A~14) 

.,. 
where a,b,c,d,ef and g depend on the flow regime and are given in table A-1. c. must .. 

be ~o. 

If the flow regime is transition flow, the liquid holdup is calculated using both the segregated 

and intermittent equations and interpolated using the following: -

l, = A\ (segregated) + Bl, (intermittent) (A-15) 

(A-16) 

The holdup constants used in this correlation are listed in Table A-1 : 

Table A-1. Beggs and Brill holdup constants 

Flow Regime a b c 

Segregated 0.98 0.4846 0.0868 

Intermittent 0.845 . 0.5351 0.0173 
.. .. -. .. 

Distributed . 1.065 0.5824 •· . 0.0609 

d e f 9 

Segregated Uphill 0.011 -3.768 3.539 -1.614 

Intermittent Uphill 2.96 . 0.305 -0.447 0.0978 

Distributed Uphill No correction, C - 0, <p = 1 

All Regimes Downhill 4.70 -0.369 0.1244 -0.5056 
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and: ,: 

B = 1 -A 

The frictional pressure gradient is calculated from: 

. (!1 
where 

· ...... 

and: · 

ftp 
·--·- · .. l,p = l.7: 

(A~18) 

(A-19) 

(A-20) 

The no slip friction factor, f., is based on smooth pipe (e/d = o) and the Reynolds Number, 

(A-21) 

where: 

(A-22) 

The two-phase friction factor, f. , is then 
Ip 

(A-23) 

where: 

(1 n(x)] 
s = ------------------

{- 0.0523 ·+ 3.1821 n(x) - 0.8725[1 n(x)]2 + 0.01853[1 n(x)]4 
(A-24) 

. and: 
' "7•' 

(A-25) 

Since S is unbounded in the interval 1 $ x $ l.2, for this interval, 

S = ln(2.2 x - 1.2) (A-26) 
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The kinetic energy contribution to the pressure gradient is accounted for with a parameter 

E1 as follows: 

dp (dPfdz)PE + (d%z)p 

where: 

µ,,.µ,s Pm 
Et=---gi 

• Mukherjee and Brill Correlation (1983, 1985) 

(A-28) 

This correlation is a semi-empirical one and depends upon the superficial velocities and upon 

Moody Diagram in specifying the no-slip friction factor. The stepwise procedure is as follows: 

1. A= nr2 (A-29) 

(A-30) 

(A-31) 

µ,m = µ,g ·+ µ,I (A-32) 

2. ( 
1 )0.25 

Ni = µ, (p/r/ 
(A-33) 

(('.-3_4) 

N = _. -' . ( p )0.2S 
gv µ,g p<r, (A-35) 

where Ni, Niv and N gv are the liquid viscosity number, liquid velocity number and gas velocity -

number, respectively. 

3. 

N cs 
[C!+C2sin(8)+C3sin2(8)+C4N12c "f N,, "'>] 

H1 = e (A-36) 

where Cl,C2 ..... C6 are coefficients for the liquid holdup equation. For upward flow and for 

all tl;Je flow patterns, they have the following values: 
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C1 C2 C3 C4 C5 

-0.380113 0.129875 -0.119788 2.343227 0.475686 

4. 

5. 

6. 

7. R = dptpµsm 
nns 

Jl,p 

8. Ins from Moody diagram 

9. 
A-1 

HR = - (the liquid holdup ratio) 
H, 

10. f,. = ~ 
Ins 

the value of le is interpolated from the following table: 

HR 0.01 0.20 0.30 0.40 0.50 0.70 1.00 

f c 1.00 0.98 1.20 1.25 1.30 1.25 1.00 

11. l e = /rlns 

12. dp • ((J) l ep,pµsm2 

-d=psm + 2d z tp ge 
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C6 

0.288657 

10.00 

1.00 

(A-37) 

(A-38) 

(A-39) 

(A-40) 

(A-41) 

(A-42) 

(A-43) 

(A-44) 


