REFERENCES

Barbosa, J.R., Govan, A.H., and Hewitt, G.F. (2001) Visualisation and modeling

studies of churn flow in a vertical pipe. International Journal of Multiphase
Flow, 27(1), 2105-2127.
Barbosa Jr, J.R., Hewitt, G.F., Konig, G., and Richardson, SM. (2002) Liquid

entrainment, droplet concentration and pressure gradient at the onset of

annular flow in a vertical pipe. International Journal of Multiphase Flow,
28(1), 943-961.

Cachard, F.DE, and Delhaye, JM. (1996) A slug-churn flow model for small-
diameter airlift pumps. Int.J.Multiphase Flow, 22(4), 627-649.

Cachard, F.DE, and Delhaye, JM. (1998) Stability of small diameter airlift pumps.
Int.J.Multiphase Flow, 24(1), 17-34.

Carvalho, J.R.F.G. (2006) Experimental study of the slug/churn flow transition in a
single Taylor bubble. Chemical Engineering Science, 61(1), 3632-3642.

Costigan, G., and Whalley, P.B. (1997) Slug flow regime identification from

dynamic void fraction measures in vertical air-water flows. Int.J.Multiphase
Flow, 23(2), 263-282.
Delfos, R., Wisse, C.J,, and Oliemans, R.V.A. (2001) Measurement of air-

entrainment from a stationary Taylor bubble in a vertical tube. International
Journal of Multiphase Flow, 27(1), 1769-1787.
Felipe Bastos Freitas Rachid (2006) Continuum thermo-mechanical model for

homogeneous liquid-gas flows with internal surface tension effects.

Mechanics Research Communications, 33, 337-351.

Fukano, T., and Kariyassaki, A. (1993) Characteristics of gas- liquid two phase
flow in a capillary tube. Nuclear Engineering and Design, 141(1), 59-68.
Hajiloo, M., Chang, B.H., and Mills, A.F. (2001) Interfacial shear in downward

two-phase annular co-current flow. International Journal of Multiphase
Flow, 27(1), 1095-1108.
Hawkes, N.J., Lawrence, C.J., and Hewitt, G.F. (2000) Studies of wispy-annular

flow using transient pressure gradient and optical measurements.

International Journal of Multiphase Flow, 26(1), 1565-1582.




100

King, M.J.S., Hale, C.P., Lawrence, C.J., and Hewitt, G.F. (1998) Characteristic of
flowrate transients in slug flow. International Journal of Multiphase Flow,
24(1), 825-854.

Lockhart, R.W., and Martinelli, R.C. (1949) Proposed correlation of data for

isothermal two-phase, two component flow in pipes. Chemical Engineering
progress, 45(1), 39-48.

McNeil, A, and Sturat, D. (2003) The effect of a highly viscous liquid phase on
vertically upward two-phase flow in a pipe. International Journal of
Multiphase Flow, 29(1), 1523-1549.

Nicklin, D.J. (1962) Two-phase bubble flow. Chemical Engineering Science, 17(1),
693-702.

Saroha, K., and Khera, R. (2006) Hydrodynamic study of fixed beds with cocurrent
upflow and downflow. Chemical Engineering and processing, 45(1), 455-
460.

Sylvester, N.D. (1987) A mechanistic model for two-phase vertical slug flow in
pipes. Journal of Energy Resources Technology, 109(1), 206-213.

Watson, M.J., and Hewitt, G.F. (1999) Pressure effects on the slug to churn
transition. International Journal of Multiphase Flow, 25(1), 1225-1241.

Wilkes, J.O. (1999) Fluid Mechanics for Chemical Engineering. New Jersey:
Prentice-Hall.



APPENDICES
Appendix A Water-Air Flow for the Pipe Diameter of 19 mm

Table A1 Determination of bubble size for pure water from experiment
Physical properties of air and water used in experiment:
density of water, puaer = 995 kg/m’; viscosity of water, pyater = 8.51 % 10 Pa.s
density of air, pair = 1.18 kg/m’; viscosity of air, pair = 1.85 % 107 Pass
temperature, T = 31 °C (£ 1 °C ); inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m’
Procedure to determine the bubble size: _
1. Make a movie of the bubble flow regime by video camera.
2. Capture the picture from movie by Snagit 8.0 software program.
3. Measure the bubble size by Scion Image software program.

Equivalent diameter (D) of the bubble is defined as the diameter of a sphere that has the same volume as the bubble.



Figure A1 Flow around a spherical cap bubble (Wilkes, 1999).

7 % Volume : h \\\\
| P\

Stagnation
point S |-

LT A A P
- —
b | S

v

1 b
| ¥ ¢
! - 7 ‘
a hll Q_/'-‘ a l.
o~ r‘
| {
|
| £
| £
| &
{ | R
~ | <

-
T AL g i

Equivalent diameter (D,) = # 3 .94}:[

h? +b?
2

B

h? + b2 _h
2h

ml

- -—

(AT)

01



[ J ®
. . s < Average
Bubble height,Ry, (mm) Average,R, Bubble width, W, (mm) Average Equivalent diameter, D, (mm) equivalent
Rewaer | Resir (mm)’ bubble width diameter, De
1 2 3 1 2 3 (mm) 1 2 3 ()

0 3.17 12.5 12.2 129 (125 = 03 13.6 14.9 14.4 143 £ 0.7 15.4 15.6 16.0 156 + 03
0 440 13.3 135 133 134 £ 0.1 14,7 14.4 13.8 143 + 05 16.4 16.5 16.1 163 = 02
0 5.64 15.6 15.3 150 (153 £+ 03 14.7 14.0 14.0 142 + 04 18.4 17.9 17.6 180 = 04
0 6.88 16.2 16.4 16.3 163 % 0.1 14.3 14.7 15.0 147 + 04 18.8 19.1 19.1 190 % 02
0 8.12 17.4 18.2 17.4 176 + 0.5 15.0 15.5 152 152 + 03] 200 21.0 20.1 203 + 05
1010 3.17 15.9 17.1 156 |162 = 038 15.4 15.0 14.5 150 = 05 18.9 19.7 18.3 190 £ 0.7
1010 5.64 16.6 18.5 18.3 178 £ I.1 14.3 14.3 14.1 142 + 0.1 19.1 20.8 206 202 = 09
1010 8.12 23.3 20.7 224. | 221 % 13 14.6 14.6 14.8 147 £ 0.1 253 229 24.5 242 = 12
1010 10.59 24.0 232 232 235 £ 05 15.2 13.8 15.3 148 + 08| 26.1 25.0 253 255 % 0.6
1010 13.07 23.6 25.2 239 242 + 08 14.5 15.6 15.0 150 £ 06| 255 27.2 259 [262 + 09
2740 3.17 10.9 9.5 9.7 100 £ 0.7 13.8 12.8 12.6 13.1 £ 06 14.1 12.6 12.7 131 £ 038
2740 5.64 11.3 1.1 10.7 11.0 £ 03 14.8 14.9 13.7 145 + 0.7 14.8 14.7 13.9 145 £ 05
2740 8.12 11.4 11.8 11.5 116 = 02 14.8 14.5 14.7 146 + 02 14.9 15.1 15.0 150 %= 0.1
2740 10.59 13.9 13.9 128 [135 = 06 13.7 13.7 14.1 138 = 02 16.6 16.6 15.8 163 = 05
2740 13.07 14.7 14.2 13.9 143 + 04 14.1 14.5 14.5 143 = 02 17.4 17.1 16.8 171 £ 03
2740 15.54 15.3 15 160 |[157 %= 03 15.0 14.8 15.7 IS+ 0.5 18.3 18.5 19.0 186 + 04
2740 18.02 16.4 16.1 17.5 16.7 £ 0.7 16.3 15.1 15.0 [ £ 0.7 19.7 19.0 20.2 196 £ 06
2740 | 20.49 18.3 17.3 18.2 179 + 05 15.0 13.8 152 146 + 07| 208 19.6 208 |204 £ 0.7
2740 22.95 19.7 18.2 17.7 185 %+ 1.0 15.3 14.8 15.2 15.1 £ 03 222 20.7 204 |[21.1 £ 1.0
2740 28.08 20.4 19.3 206 |20.1 % 0.7 15.4 154 15.3 152 £ 02| 2238 21.8 230 |225 = 07
2740 33.21 222 22.2 223 | 222 % 0.1 15.6 15.0 15.1 152 £ 03 24.5 24.4 24.5 244 t 0.1
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b ®
Bubble' height / Pipe Bubb]e‘Width / Pipe Equivalenf diameter / Pipe Average

Reyaer | Reair Siare fer Average, Ry/D diameter Average, Wy/D diameter equivalert
1 2 3 1 2 3 1 2 3 diameter, De/D
0 3.17 0.66 0.64 068 |066 + 0.02( 0.72 0.78 076 |075 + 0.03 0.81 0.82 0.84 082 % 0.02
0 440 [ 0.70 0.71 0.70 {070 + 0.01 | 0.77 0.76 072 (075 %= 0.02 0.86 0.87 0.85 086 = 0.01
0 564 | 0.82 0.81 079 (081 + 0.02| 0.77 0.74 074 075 £ 0.02 0.97 0.94 0.93 095 = 0,02
0 6.88 | 0.85 0.86 08 |08 £ 001]| 075 0.77 079 (077 %= 0.02 0.99 1.00 1.01 1.00 = 0.01
0 8.12 | 091 0.96 091 (093 + 0.03| 0.79 0.82 080 | 080 %= 0.0l 1.05 1.10 1.06 1.07 + 0.03
1010 | 3.17 | 0.84 0.90 082 (085 + 0.04| 08I 0.79 076 |0.79 % 0.02 0.99 1.04 0.96 1.00 £ 0.04
1010 | 5.64 | 0.87 0.98 096 1094 = 006 0.75 0.75 0.74 |0.75 = 0.01 1.01 1.10 1.08 1.06 + 0.05
1010 | 8.12 1.23 1.09 1.18 | 1.17 = 0.07 | 0.77 0.77 0.78 | 077 = 0.01 1.33 1.20 1.29 127 %= 0.06
1010 | 10.59 | 1.26 1.22 122 | 124 £ 002 080 0.73 080 (078 £ 0.04 1.37 1.31 1.33 134 + 0.03
1010 | 13.07 | 1.24 1.32 126 | 128 + 0.04 | 0.76 0.82 079 |10.79 % 0.03 1.34 1.43 1.37 138 + 0.05
2740 | 3.17 | 0.57 0.50 051 |053 + 004 0.73 0.68 066 | 069 £ 003 0.74 0.66 0.67 069 £ 0.04
2740 | 5.64 | 0.59 0.58 057 (058 = 0.01| 0.78 0.79 072 [ 076 £ 0.04 0.78 0.77 0.73 076 %= 0.02
2740 | 8.12 | 0.60 0.62 061 |061 = 0.01]| 0.78 0.76 077 {077 = 0.01 0.78 0.80 0.79 079 %= 0.01
2740 | 10.59 | 0.73 0.73 067 (071 + 0.03| 0.72 0.72 074 |0.73 £ 0.0I 0.87 0.87 0.83 086 £ 0.02
2740 | 13.07 | 0.86 0.85 092 (088 + 0.04]| 074 0.76 076 | 075 %= 0.01 0.99 0.99 1.05 1.01 % 0.04
2740 | 15.54 | 096 091 096 (094 + 0.03| 0.79 0.78 082 |0.80 = 0.02 1.10 1.05 1.10 1.08 = 0.03
2740 | 18.02 | 1.04 0.96 093 |098 + 0.05| 0.86 0.79 079 1082 = 0.04 1.18 1.09 1.07 1.12 £ 0.06
2740 | 2049 | 1.07 1.02 1.08 [1.06 £ 0.04 (| 0.79 0.73 080 | 077 % 0.04 1.19 1.13 1.21 1.18 = 0.04
2740 | 2295 | 1.04 0.96 093 |098 + 0.05| 0.8 0.78 080 | 079 % 0.01 1.17 1.09 1.07 .11 = 0.05
2740 | 28.08 | 1.07 1.02 1.08 [ 1.06 = 0.04 | 0.81 0.79 080 |0.80 % 0.01 1.20 1.15 1.21 .19 + 0.03
2740 | 33.21 | 1.17 1.17 1.17 | 1.17 = 0.00 | 0.82 0.79 079 | 080 = 0.02 1.29 1.28 1.29 129 + 0.00
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Figure A2 Bubble width, bubble height and equivalent diameter vs. air Reynolds number of
pure water at Rewaer = 0 by using pipe diameter 19 mm.
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Figure A3 Bubble width, bubble height and equivalent diameter vs. air Reynolds number of
pure water at Rewaer = 1010 by using pipe diameter 19 mm.
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Figure A4 Bubble width, bubble height and equivalent diameter vs. air Reynolds number of
pure water at Reyaer = 2740 by using pipe diameter 19 mm.
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Figure A5 Bubble width from experiment vs. air Reynolds number of pure water
by using pipe diameter 19 mm.
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Figure A6 Bubble height from experiment vs. air Reynolds number of pure water
by using pipe diameter 19 mm.
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Table A2 Determination of slug height for pure water from experiment
Physical properties of air and water used in experiment:
density of water, pwater = 995 kg/m3 ; viscosity of water, p;m =8.51 x 10 Pa.s
density of air, pair = 1.18 kg/m’; viscosity of air, par = 1.85 x 10 Pa.s
temperature, T = 31 °C (% 1 °C ); inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m?
Procedure to determine the slug height:
1. Make a movie of the slug flow regime by video camera.
2. Capture the picture from movie by Snagit 8.0 software program.

3. Measure the slug height by Scion Image software program.
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Length of Taylor bubble (Lyg)

Length of Taylor bubble / Pipe

‘mm Average length of diameter Average Length

Rewater Regr Taylor bubble of Taylor bubble
! 2 3 (Lyg) ,mm 1 2 3 / Pipe diameter

0 2295 314 35.5 30.3 324 £ 28 1.7 1.9 1.6 1.7 £ 0.14
0 28.08 39.7 50.0 479 459 £+ 54 2.1 2.6 2.5 24 = 029

0 33.21 533 45.3 52.0 502 £ 43 2.8 24 2.7 26 % 022

0 38.33 55.9 58.2 54.9 563" .7 2.9 3:] 29 30 + 0.09

0 43.46 57.1 65.5 57.6 60.1 £ 4.7 3.0 34 3.0 32 = 025

0 48.59 59.3 75.8 62.3 658 + 87 3.1 4.0 33 3.5 & 046

0 58.85 82.7 75.9 79.1 792 '+ 34 44 4.0 42 42 = 0.18

0 69.10 83.3 82.2 84.6 834 £ 12 44 4.3 4.5 44 + 0.06

0 79.36 84.9 89.7 90.1 882 = 29 4.5 4.7 47 46 + 0.15

0 89.62 90.1 88.8 102.2 03.7 [ 2.¥ T4 4.7 4.7 54 49 + 039

0 99.87 101.0 101.4 115.9 1061/ r&=855 353 53 6.1 56 % 045

0 177 196.8 193.0 196.8 1955 + 22 10.4 10.2 10.4 103 £ 0.12
1010 33.21 37.1 38.8 414 39.1 Se==2 2.0 2.0 22 21 & 0l
1010 38.33 44.0 42.0 41.0 42 38 NS i 22 22 22 £ 0.08
1010 43.46 48.1 49.0 46.2 478 + L5 2.5 2.6 24 25 £ 0.08
1010 48.59 53.0 515 50.8 SER . F L2 2.8 27 20 27 %= 0.06
1010 58.85 56.8 56.8 60.2 580 =+ 20 3.0 3.0 32 31 = 0.10
1010 69.10 714 759 714 29 % 26 3.8 4.0 3.8 38 % 0.14
1010 79.36 73.6 873 81.2 80.7 + 69 39 4.6 43 42 £ 036
1010 89.62 75.0 90.2 859 837 = 78 3.9 4.7 4.5 44 £ 041
1010 99.87 101.3 108.8 86.3 988 + 115 o) 5.7 4.5 52 % 0.60
1010 177 113.0 117.6 113.0 114:5 =+ 2 5.9 6.2 5.9 60 £ 0.14
2740 48.59 375 40.9 36.4 333 + 24 2.0 230 1.9 20 £ 0.12
2740 58.85 42.0 429 429 426 £ 05 22 23 23 22 £ 0.03
2740 69.10 49.1 52.8 59.3 53.7 & 5 2.6 2.8 3:1 28 & 0
2740 79.36 61.7 64.2 63.3 631 %= 13 3.2 34 33 33 % 007
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@& ™
Length of Taylor bubble (L Length of Taylor bubble / Pi

gt ymm whhle (Lve) Average length of e d?:m;m: Gildls Average Length

Rewater Regir 2 Taylor bubble of Taylor bubble
/ Pive di

1 2 3 (Ltg) ,mm { 2 3 ipe diameter
2740 89.62 70.2 70.2 77.4 726 x 42 3.7 3.7 4.1 38 = 022
2740 99.87 81.3 80.4 80.5 80.7 &\ |05 43 4.2 42 42 £ 0.03
2740 177 126.0 120.0 124.0 123337 3.1 6.6 6.3 6.5 65 * 0.6
2740 296 206.0 209.0 211.0 2087 + 25 10.8 11.0 11.1 11.0 = 0.13
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Figure A7 Slug height from experiment vs. air Reynolds number of pure water

by using pipe diameter 19 mm.
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Table A3 Determination of bubble and slug velocity for pure water from Nicklin’s theory and experiment

Physical properties of air and water used in experiment:

density of water, pwater = 995 kg/m3 ; viscosity of water, pwater = 8.51 % 10 Pas

density of air, p;; = 1.18 kg/m?; viscosity of air, pai; = 1.85 x 10”° Pa.s

temperature, T =31 °C (+ 1 °C ); inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m’

Bubble velocity from theory, u, = 1.2(%) +0.35,/gD (A2)
Determination of bubble velocity from experiment by timing the bubble at known distance (0.7m)

Time of bubble travel (sec)/0.7m X Bubble and slug velocity (m/s) Avearzﬁes:’u";bbic s?;:’tﬁﬁfy

Reyyer | Reyir (Se:f;rf;g;) velocity from from
1 2 3 4 5 ] 1 2 3 4 5 experiment Nicklin's

(m/s) theory (m/s)
0 3.17 4.86 4.74 4.78 4.73 472 1477 £ 006 0.14 0.15 0.15 0.15 0.15 [ 0.15 £ 0.002 0.15
0 4.40 4.59 4.62 4.63 4,63 460 | 461 £ 0.02| 0.15 0.15 0.15 0.15 0.15 | 0.15 = 0.001 0.16
0 5.64 4.51 4.70 4.57 4.34 462 | 455 %= 0.14| 0.16 0.15 0.15 0.16 0.15 | 0.15 % 0.005 0.16
0 6.88 4.52 4,58 4.57 4,54 456 | 455 + 002 0.15 0.15 0.15 0.15 0.15 |0.15 £ 0.001 0.16
0 8.11 442 451 4.45 4.57 455 | 450 + 006 0.16 0.16 0.16 0.15 0.15 | 0.16 % 0.002 0.16
0 1059 | 441 | 443 | 445 | 437 | 448 | 443 % 004 0.16 | 016 | 0.16 | 0.16 | 0.16 |0.16 * 0.001 0.16
0 13.06 4.37 4.21 4.37 4.26 431 (430 £ 0.07| 0.16 0.17 0.16 0.16 0.16 | 0.16 %= 0.003 0.16
0 15.53 425 4.29 429 4.26 426 (427 £ 0.02| 0.16 0.16 0.16 0.16 0.16 | 016 + 0.001 0.17
0 18.01 4.16 4.12 4.15 4.27 420 (418 £ 006| 0.17 0.17 0.17 0.16 017 | 0:17 = '0.002 0.17
0 20.48 4.00 4.15 3.95 4.12 402 (405 + 0.08| 0.18 0.17 0.18 0.17 0.17 | 0.17 % 0.004 0.17
0 22.94 3.98 3.91 3.99 4.00 399 | 397 + 004 0.18 0.18 0.18 0.18 0.18 [0.18 % 0.002 0.17
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Time of bubble travel (sec)/0.7m R Bubble and slug velocity (m/s) B e | sogreicis
Reéuss || Reg: v!%r:,;ge velocity from from
1 2 3 4 5 (03 m) 1 2 3 4 5 experiment Nicklin's
(m/s) theory (m/s)

0 28.06 3.73 3.81 3.85 3.88 379 | 381 £ 0.06| 0.19 0.18 0.18 0.18 0.18 | 0.18 = 0.003 0.18
0 33.19 3.74 3.74 3.71 3.74 376 (374 £+ 0.02( 0.19 0.19 0.19 0.19 0.19 | 0.19 % 0.001 0.18
0 38.31 3.63 3.66 3.56 3.71 357 | 363 + 0.06| 0.19 0.19 0.20 0.19 020 |0.19 £ 0.003 0.19
0 4344 | 3.65 352 | 356 | 356 | 361 [358 + 005| 0.19 | 020 | 020 0.20 0.19 | 020 % 0.003 0.19
0 48.57 3.55 352 3.58 3.40 349 | 351 + 007 0.20 0.20 0.20 0.21 020 | 020 £ 0.004 0.20
0 58.82 3.34 3.37 3.33 3.38 334 | 335 + 002 021 0.21 0.21 0.21 021 | 021 %= 0.001 0.21
0 69.07 3.30 3.16 3.20 3.20 323 | 322 + 0.05( 021 0.22 0.22 0.22 022 | 022 = 0.003 0.22
0 79.32 3.06 3.05 3.06 3.01 309 | 305 % 0.03] 023 0.23 0.23 0.23 023 | 023 % 0.002 0.23
0 89.57 2.82 2.90 3.04 2.96 293 (293 + 008| 025 | 0.24 0.23 0.24 024 | 024 = 0.007 0.24
0 99.82 2.88 2.85 291 2.88 290 | 288 + 0.02| 024 0.25 0.24 0.24 024 |024 % 0.002 0.25
0 177 2.24 221 2.28 2.20 221 (223 £+ 0.03( 031 0.32 0.31 0.32 032 | 031 % 0.005 0.33
1010 3.17 3.38 3.41 3.44 3.37 341 [ 340 % 0.03| 021 0.21 0.20 0.21 021 |021 £ 0.002 0.21
1010 5.64 3.28 3.40 3.34 3.32 343 | 335 %= 0.06]| 021 0.21 0.21 0.21 020 | 021 £ 0.004 0.21
1010 8.12 3.34 3.34 3.31 3.28 334 | 332 + 003 021 0.21 0.21 0.21 021 | 021 %= 0.002 0.21
1010 10.59 3.22 3.32 3.34 3.31 322 | 328 + 0.06( 0.22 0.21 0.21 0.21 022 | 021 %= 0.004 0.22
1010 | 13.07 3.28 3.25 3.35 3.28 331 | 329 % 0.04| 021 022 0.21 0.21 021 | 021 %= 0.002 0.22
1010 15.54 3.22 322 3.25 3.22 325 [ 323 + 002| 022 0.22 0.22 0.22 022 (022 = 0.001 0.22
1010 18.02 3.15 3.07 3.10 312 3.10 | 3.11 + 0.03| 022 0.23 0.23 0.22 023 [023 £ 0.002 0.22
1010 | 20.49 3.13 3.09 3.10 3.06 3.09 |3.09 + 0.03| 022 0.23 0.23 0.23 023 023 £ 0.002 0.23
1010 | 22.95 3.07 3.07 3.10 3.06 3.09 | 3.08 + 0.02| 023 0.23 0.23 0.23 023 023 = 0.001 0.23
1010 | 28.08 297 3.00 297 297 297 | 298 + 0.01] 0.24 0.23 0.24 0.24 024 |024 £ 0.001 0.23
1010 | 33.21 2.93 2.88 2.88 2.87 297 | 291 + 004 024 0.24 0.24 0.24 024 | 024 £ 0.004 0.24
1010 | 38.33 2.93 2.85 293 2.87 287 | 289 + 0.04| 024 0.25 0.24 0.24 024 | 024 £ 0.003 0.24
1010 | 43.46 2.78 2.81 2.78 2.72 272 | 276 % 0.04]| 025 0.25 0.25 0.26 026 | 025 £ 0.004 0.25
1010 | 48.59 2.75 2.75 2.72 2.69 278 (274 + 0.03] 0.25 0.25 0.26 0.26 025 | 026 x= 0.003 0.25
1010 | 58.85 2.56 2.56 2.59 2.59 259 | 258 + 002 0.27 0.27 0.27 0.27 027 | 027 £ 0.002 0.26
1010 | 69.10 2.47 247 2.53 2.54 247 [ 250 + 0.04| 0.28 0.28 0.28 0.28 028 | 028 %= 0.004 0.27

Sl




o

Time of bubble travel (sec)/0.7m Bubble and slug velocity (m/s) Ave;z‘gjesrsuubbte ?Ubbli ar!d

Average el siug vewocty
Rewaer | Reqir /0.7 m) velocity from from

1 2 3 4 5 (sec/0'm 1 2 3 4 5 experiment Nicklin's

(m/s) theory (m/s)
1010 | 79.36 | 2.44 243 2.47 243 241 | 244 £ 0.02| 029 0.29 0.28 0.29 029 (029 % 0.003 0.28
1010 | 89.62 | 2.37 2.34 2.37 241 234 (237 + 003] 030 0.30 0.30 0.29 030 | 030 + 0.004 0.29
1010 | 99.87 | 2.28 2.31 232 231 228 (230 = 0.02]| 031 0.30 0.30 0.30 031 | 030 = 0.002 0.30
1010 177 1.84 1.81 1.96 1.94 1.91 1.89 %= 0.06 | 0.38 0.39 0.36 0.36 037 | 037 £ 0.013 0.38
1010 296 1.34 1.37 1.38 1.38 1.31 1.36 + 0.03| 0.52 0.51 0.51 0.51 0.53 | 052 %= 0.012 0.50
1010 369 1.19 1.25 1.19 1.10 1.19 | 1.L18 £ 0.05] 0.59 0.56 0.59 0.64 0.59 |0.59 £ 0.028 0.57
1010 515 0.84 0.93 0.97 0.87 094 | 091 + 005 083 0.75 0.72 0.80 074 | 077 = 0.046 0.72
2740 3.17 2.28 228 2.31 2.32 231 (230 = 0.02] 031 0.31 0.30 0.30 030 (030 £ 0.002 0.30
2740 5.64 222 2.28 2.25 2.28 222 | 225 £ 0.03| 032 0.31 0.31 0.31 032 [ 031 % 0.004 0.30
2740 8.11 2.29 2.28 2.31 2.34 231 | 231 = 0.02| 031 0.31 0.30 0.30 0.30 [ 030 £ 0.003 0.31
2740 | 10.59 | 2.28 231 2.28 237 234 (232 % 004 031 0.30 0.31 0.30 0.30 [ 030 £ 0.005 0.31
2740 | 13.06 | 2.32 2.28 231 2.29 228 | 230 + 0.02] 030 0.31 0.30 0.31 0.31 [ 030 % 0.002 0.31
2740 | 15.53 | 2.21 2.19 2.25 2.25 225 (223 %+ 003 032 0.32 0.31 0.31 0.31 | 031 % 0.004 0.31
2740 | 18.01 2.19 2.22 222 2.21 225 | 222 + 002] 032 0.32 0.32 0.32 0.31 | 032 % 0.003 0.32
2740 | 2048 | 2.21 2.25 2.19 2.16 222 | 221 (20031 032 031 0.32 0.32 0.32 | 032 £ 0.005 0.32
2740 | 2294 | 222 225 222 2.22 222 | 223 \ERUOT | 032 0.31 0.32 0.32 0.32 | 031 £ 0.002 0.32
2740 | 28.06 | 2.09 2.06 2.09 2.10 206 | 2.08 + 0.02| 033 0.34 0.33 0.33 034 | 034 £ 0.003 0.33
2740 | 33.19 | 2.15 2,12 2.12 2.12 215 1213 £ 002| 033 0.33 0.33 0.33 033 | 033 = 0.003 0.33
2740 | 38.31 2.13 2.10 2.13 2.10 2.13 | 2,12 W 160021[2 033 0.33 0.33 0.33 033 (033 % 0.003 0.34
2740 | 43.44 | 2.10 2.13 2.12 2.12 2.13 | 212 £ 001] 033 0.33 0.33 0.33 0.33 [ 033 % 0.002 0.34
2740 | 48.57 | 2.03 2.06 2.06 2.07 203 | 205 £ 0.02| 0.34 0.34 0.34 0.34 034 | 034 + 0.003 0.35
2740 | 58.82 | 2.03 2.06 1.97 2.03 2.00 (202 + 003| 034 0.34 0.36 0.34 035 | 035 = 0.006 0.36
2740 | 69.07 1.91 1.91 1.91 1.88 194 | 191 + 0.02] 037 0.37 0.37 0.37 0.36 | 037 £ 0.004 0.37
2740 | 79.32 1.87 1.94 1.91 1.87 1.91 190 %+ 0.03| 037 0.36 0.37 0.37 037 | 037 + 0.006 0.38
2740 | 89.57 1.78 1.81 1.85 1.85 1.81 1.82 + 0.03| 039 0.39 0.38 0.38 039 | 038 + 0.006 0.39
2740 | 99.82 1.81 1.78 1.78 1.78 1.81 1.79 % 0.02( 039 0.39 0.39 0.39 039 |039 = 0.004 0.40
2740 177 1.50 1.43 1.54 1.53 1.53 | 1.51 + 0.05| 047 0.49 0.45 0.46 046 (047 £ 0014 047

91l




. ) Average bubble | Bubble and

Time of bubble travel (sec)/0.7m Bubble and slug velocity (m/s) and slug slug velocity
Rewaer | Reair AVERagS velocity from from

(sec/0.7 m) : S i
1 2 3 4 5 1 2 3 4 5 experiment Nicklin's

(nvs) theory (m/s)
2740 | 296 1.22 1.18 1.19 1.22 122 [ 121 = 002 057 | 059 | 059 | 057 | 057 |0.58 % 0.009 0.59
2740 369 1.00 | 0.94 1.06 | 0.96 100 {099 + 005| 070 | 074 | 066 | 0.73 | 0.70 | 0.71 %= 0.032 0.66
2740 515 0.81 078 | 082 | 084 | 078 (081 + 003| 086 | 090 | 0.85 | 0.83 | 0.90 |[087 =+ 0.028 0.81

L1l




&

Bubble and slug velocity, = Average bubble B‘l:g?,l;;n g:ﬁg

(gD)”’ and slug velocity, | ey jin's theory

Rewnm‘ Relil u ’

— u
1 2 3 4 5 (2D)™ el

0 3.17 0.33 0.34 0.34 0.34 0.34 034 + 0.004 0.36
0 4.40 0.35 0.35 0.35 0.35 0.35 035 £ 0.001 0.36
0 5.64 0.36 0.34 0.35 0.37 0.35 036 + 0011 0.36
0 6.88 0.36 0.35 0.35 0.36 0.36 036 £ 0.002 0.37
0 8.11 0.37 0.36 0.36 0.35 0.36 036 + 0.005 0.37
0 10.59 0.37 0.37 0.36 0.37 0.36 037 + 0.003 0.37
0 13.06 0.37 0.39 0.37 0.38 0.38 038 + 0.006 0.38
0 15.53 0.38 0.38 0.38 0.38 0.38 038 + 0.002 0.39
0 18.01 0.39 0.39 0.39 0.38 0.39 0.39 + 0.005 0.39
0 20.48 041 0.39 0.41 0.39 0.40 040 £ 0.008 0.40
0 2294 0.41 0.41 0.41 0.41 041 041 £ 0.004 0.40
0 28.06 0.43 043 0.42 0.42 0.43 043 £ 0.006 041
0 33.19 043 0.43 0.44 0.43 043 043 £ 0.002 0.43
0 38.31 0.45 0.44 0.46 0.44 0.45 045 %= 0.008 0.44
0 43.44 0.44 0.46 0.46 0.46 0.45 045 £ 0.006 045
0 48.57 0.46 0.46 0.45 0.48 0.46 046 + 0.009 0.46
0 58.82 0.49 0.48 0.49 0.48 0.49 048 = 0.003 0.48
0 69.07 0.49 0.51 0.51 0.51 0.50 0.50 £ 0.008 0.51
0 79.32 0.53 0.53 0.53 0.54 0.52 053 £ 0.005 0.53
0 89.57 0.57 0.56 0.53 0.55 0.55 0.55 = 0.015 0.56
0 99.82 0.56 0.57 0.56 0.56 0.56 0.56 + 0.005 0.58
0 177 0.72 0.73 0.71 0.74 0.73 0.73 £ 0.011 0.76
1010 3.17 0.48 0.48 - 047 0.48 0.48 048 <+ 0.004 0.48
1010 5.64 0.49 0.48 " 049 0.49 0.47 048 £ 0.009 0.49
1010 8.12 0.49 0.49 0.49 0.49 0.49 049 =+ 0.004 0.49
1010 10.59 0.50 0.49 0.49 0.49 0.50 049 + 0.009 0.50
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Bubble and slu

Bubble and slug velocity, "u_us Average bUbhfle velocity ﬁomg

(gD)" and slug velocity, | \iicylin's theory

Rewala Reair u >

]
1 2 3 4 5 (gD)"* W

1010 13.07 0.49 0.50 0.48 0.49 0.49 049 % 0.006 0.51
1010 15.54 0.50 0.50 0.50 0.50 0.50 050 £ 0.003 0.51
1010 18.02 0.51 0.53 0.52 0.52 0.52 052 % 0.005 0.52
1010 20.49 0.52 0.52 0.52 0.53 0.52 052 = 0.004 0.52
1010 22.95 0.53 0.53 0.52 0.53 0.52 053 + 0.003 0.53
1010 28.08 0.55 0.54 0.55 0.55 0.55 054 + 0.002 0.54
1010 33.21 0.55 0.56 0.56 0.56 0.55 056 = 0.008 0.55
1010 38.33 0.55 0.57 0.55 0.56 0.56 056 = 0.007 0.56
1010 43.46 0.58 0.58 0.58 0.60 0.60 059 + 0.009 0.58
1010 48.59 0.59 0.59 0.60 0.60 0.58 059 =+ 0.007 0.59
1010 58.85 0.63 0.63 0.63 0.63 0.63 0.63 + 0.004 0.61
1010 69.10 0.66 0.66 0.64 0.64 0.66 065 £ 0.009 0.63
1010 79.36 0.66 0.67 0.66 0.67 0.67 067 £ 0.006 0.66
1010 89.62 0.68 0.69 0.68 0.67 0.69 069 £ 0.008 0.68
1010 99.87 0.71 0.70 0.70 0.70 0.71 070 * 0.006 0.71
1010 177 0.88 0.90 0.83 0.84 0.85 086 + 0.030 0.88
1010 296 1.21 1.18 1,17 1.17 1.24 1.20 = 0.027 1.15
1010 369 1.36 1.30 1.36 1.47 1.36 1.37 % 0.064 1.32
1010 515 1.93 1.74 1.67 1.86 1.72 1.79 £ 0.107 1.66
2740 3.17 0.71 0.71 0.70 0.70 0.70 070 = 0.006 0.70
2740 5.64 0.73 0.71 0.72 0.71 0.73 072 = 0.010 0.70
2740 8.11 0.71 0.71 0.70 0.69 0.70 070 + 0.007 0.71
2740 10.59 0.71 0.70 0.71 0.68 0.69 070 + 0.012 0.72
2740 13.06 0.70 0.71 0.70 0.71 0.71 0.71 £ 0.006 0.72
2740 15.53 0.73 0.74 0.72 0.72 ©0.72 073 + 0.009 0.73
2740 18.01 0.74 0.73 - 0.73 0.73 0.72 073 = 0.007 0.73
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Bubble and slu
Bubble and slug velocity, _Du-)u—s a:;esﬁzevt;::;i; vekacity fromg
Rewne R (g . > | Nicklin's theory,
L u
05 e S
1 2 3 4 5 (gD) D)
2740 20.48 0.73 0.72 0.74 0.75 0.73 0.74 = 0.011 0.74
2740 22.94 0.73 0.72 0.73 0.73 0.73 073 = 0.004 0.74
2740 28.06 0.78 0.79 0.78 0.77 0.79 0.78 £ 0.007 0.76
2740 33.19 0.75 0.76 0.76 0.76 0.75 076 + 0.006 0.77
2740 38.31 0.76 0.77 0.76 0.77 0.76 0.77 = 0.006 0.78
2740 43.44 0.77 0.76 0.76 0.76 0.76 076 += 0.004 0.79
2740 48.57 0.80 0.79 0.79 0.78 0.80 0.79 £ 0.007 0.80
2740 58.82 0.80 0.79 0.82 0.80 0.81 0.80 + 0.014 0.83
2740 69.07 0.85 0.85 0.85 0.86 0.84 085 £ 0.009 0.85
2740 79.32 0.87 0.84 0.85 0.87 0.85 085 £ 0.013 0.87
2740 89.57 0.91 0.90 0.88 0.88 0.90 0.89 %= 0.015 0.90
2740 99.82 0.90 0.91 0.91 0.91 0.90 090 =+ 0.008 0.92
2740 177 1.08 1.13 1.05 1.06 1.06 1.08 + 0.033 1.10
2740 296 1.33 1.37 1.36 1.33 [.33 1.3 = 0.022 1.37
2740 369 1.62 1.72 1.53 1.69 1.62 1.64 £ 0.075 1.54
2740 515 2.00 2.08 1.98 1.93 2.08 201 £ 0.065 1.87
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Figure A8 Comparison bubble and slug velocity from experiment vs. air Reynolds number of pure water

comparing with Nicklin's theory by using pipe diameter 19 mm.
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Table A4 Determination of the pressure gradient for the bubble flow regime from Nicklin’s theory (Pure water)
Physical properties of air and water used in experiment:

density of water, puaer = 995 kg/m®; viscosity of water, pyaer = 8.51 x 107 Pas

density of air, pai; = 1.18 kg/m3; viscosity of air, pa = 1.85 x 10° Pa.s

temperature, T = 31 °C (< 1 °C ); inner pipe diameter, D = 0.019 m; cross-sectional area of pipe, A = 0.00028 m’

Superficial liquid velocity, ., = Q’;‘**‘ (A3)
Superficial air velocity, j,, = Q;‘" (A4)
D
Reynolds number of liquid, Re,,,, = Pligua™ (AS5)
Jul.lqw'a‘
Reynolds number of air, Re,, = PlarD (A6)
Hair
Bubble velocity rising in stagnant liquid, », =1.00,/g R, (A7)

where Ry, is equivalent radius of the bubble which defined as the radius of a sphere that has the same volume as the bubble

Void fraction, ¢ = Qar (A8)
Qal'r i Q.h'qm‘a' +* “bA

Pressure gradient for bubble flow regime, % =-p,g(l-¢) (A9)
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o
Sup.
Qwaler wate-r Qwam Qair Sup :i\ll’ 3 Flow Void (-dpde)tp
(ml/min) w;l‘::ty (m’/sec) Rewate (L/min) j\::l?:;g Quie (mfsec) Reai regime Ciimis) fraction ﬁ?&i:ﬂ‘;ﬁ’
(m/s)

0 0 0 0 0.0444 0.0026 7.40567E-07 3.17 bubble 0.2770 0.0093 9.6697
0 0 0 0 0.0792 0.0047 1.31925E-06 5.64 bubble 0.2970 0.0154 9.6103
0 0 0 0 0.1139 0.0067 1.89793E-06 8.12 bubble 0.3159 0.0208 9.5583
771 0.0453 | 1.28451E-05 1011 0.0444 0.0026 7.40567E-07 3.17 bubble 0.3051 0.0074 9.6887
771 0.0453 | 1.28451E-05 1011 0.0792 0.0047 1.31925E-06 5.64 bubble 0.3147 0.0128 9.6363
771 0.0453 | 1.28451E-05 1011 0.1139 0.0067 1.90E-06 8.12 bubble 0.3446 0.0169 9.5961
- 0.0453 | 1.28451E-05 1011 0.1486 0.0087 2.47662E-06 10.59 bubble 0.3533 0.0215 9.5516
771 0.0453 | 1.28451E-05 1011 0.1833 0.0108 3.0553E-06 13.07 bubble 0.3587 0.0260 9.5073
2090 0.1229 | 3.48294E-05 2740 0.0444 0.0026 7.40567E-07 | 3.1670 bubble 0.2536 0.0069 9.6937
2090 0.1229 | 3.48294E-05 2740 0.0792 0.0047 1.31925E-06 | 5.6418 bubble 0.2664 00118 9.6456
2090 0.1229 | 3.48294E-05 2740 0.1139 0.0067 1.89793E-06 | 8.1165 bubble 0.2711 0.0167 9.5978
2090 0.1229 | 3.48294E-05 2740 0.1486 0.0087 2.47662E-06 | 10.5912 bubble 0.2827 0.0211 9.5550
2090 0.1229 | 3.48294E-05 2740 0.1833 0.0108 3.0553E-06 | 13.0659 bubble 0.3070 0.0245 9.5221
2090 0.1229 | 3.48294E-05 2740 0.2180 0.0128 3.63398E-06 | 15.5407 bubble 0.3175 0.0283 9.4848
2090 0.1229 | 3.48294E-05 2740 0.2528 0.0149 4.21267E-06 | 18.0154 bubble 0.3226 0.0323 9.4457
2090 0.1229 | 3.48294E-05 2740 0.2875 0.0169 4.79135E-06 | 20.4901 bubble 0.3312 0.0359 9.4105
2090 0.1229 | 3.48294E-05 2740 0.3220 0.0189 5.3665E-06 | 22.9498 bubble 0.3216 0.0409 9.3621
2090 0.1229 | 3.48294E-05 2740 0.3939 0.0232 6.56567E-06 | 28.0780 bubble 0.3324 0.0484 9.2884
2090 0.1229 | 3.48294E-05 2740 0.4659 0.0274 7.76483E-06 | 33.2062 bubble 0.3463 0.0552 9.2223
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Table A5 Determination of the pressure gradient for the slug flow regime from Nicklin’s theory (Pure water)
Physical properties of air and water used in experiment:

density of water, pwater = 995 kg/mJ; viscosity of water, fyater = 8.51 % 10 Pa.s

density of air, pair = 1.18 kg/m?; viscosity of air, pair = 1.85 x 107 Pa.s

temperature, T = 31 °C (+ 1 °C ); inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m?

+
Mean liquid velocity, u, = _Q_f"A_ﬂ
u,D
Reynolds number of the liquid slug, Re . = Plgua¥i
#I'rquid'
Fanning friction factor, fr = RIG for laminar flow (Regiug < 2000)
e.n'ug
fr =0.079Re,." for turbulent flow (Resiug > 4000)
2 cong
Single-phase frictional pressure gradient for liquid only, [%] - J Fpgwd {
sp

0.,
1.200,, +Qua )+ 0.354,/gD

Void fraction, ¢ =

Pressure gradient for slug flow regime, % =(1- a{— Piigua & + (—2) ]
p

(A10)

(Al1)

(A12)
(A13)

(Al14)

(A15)

(A16)

124!



@ ® ®
Quater (M*/s€¢) | Rewger | Qair (m/sec) | Rey, | Flow regime | Mean liquid velocity Uj(m/s) | Regyg fr (-dp/dz), | Void fraction | (-dp/dz),, from theory (kPa/m)
0 0 5.367E-06 | 22.95 slug 0.0189 422 | 0.0379 1.4235 0.1089 8.6988
0 0 6.566E-06 | 28.08 slug 0.0232 517 | 0.0310 1.7416 0.1295 8.4983
0 0 7.765E-06 | 33.21 slug 0.0274 611 | 0.0262 | 2.0597 0.1489 8.3090
0 0 8.964E-06 | 38.33 slug 0.0316 705 | 0.0227 | 2.3777 0.1673 8.1298
0 0 1.016E-05 43.46 slug 0.0359 800 | 0.0200 | 2.6958 0.1847 7.9599
0 0 1.136E-05 48.59 slug 0.0401 894 | 0.0179 | 3.0139 0.2013 7.7988
0 0 1.376E-05 58.85 slug 0.0486 1083 | 0.0148 | 3.6501 0.2319 7.4999
0 0 1.616E-05 69.10 slug 0.0570 1271 | 0.0126 | 4.2862 0.2598 7.2287
0 0 1.856E-05 79.36 slug 0.0655 1460 | 0.0110 | 4.9224 0.2851 6.9815
0 . 0 2.096E-05 89.62 slug 0.0739 1649 | 0.0097 | 5.5586 0.3083 6.7552
0 0 2.335E-05 99.87 slug 0.0824 1837 | 0.0087 | 6.1947 0.3297 6.5473
0 0 4.134E-05 | 176.80 slug 0.1459 3252 | 0.0049 | 10.9660 0.4473 5.4011
1.285E-05 1010 7.765E-06 33.21 slug 0.0727 1621 | 0.0099 | 5.4669 0.1149 8.6438
1,285E-05 1010 8.964E-06 38.33 slug 0.0770 1716 | 0.0093 | 5.7849 0.1299 8.4977
1.285E-05 1010 1.016E-05 | 43.46 slug 0.0812 1810 | 0.0088 | 6.1030 0.1443 8.3576
1.285E-05 1010 1.136E-05 | 48.59 slug 0.0854 1904 | 0.0084 | 6.4211 0.1581 8.2231
1.285E-05 1010 1.376E-05 58.85 slug 0.0939 2093 | 0.0076 | 7.0573 0.1841 7.9697
1.285E-05 1010 1.616E-05 69.10 slug 0.1023 2282 | 0.0070 | 7.6935 0.2082 7.7351
1.285E-05 1010 1.856E-05 79.36 slug 0.1108 2470 | 0.0065 | 8.3296 0.2305 7.5172
1.285E-05 1010 2.096E-05 89.62 slug 0.1193 2659 | 0.0060 | 8.9658 0.2513 7.3144
1.285E-05 1010 2.335E-05 99.87 slug 0.1277 2848 | 0.0056 | 9.6020 0.2707 7.1252
1.285E-05 1010 4.134E-05 176.80 slug 0.1912 4263 | 0.0098 | 37.4397 0.3834 6.0422
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® ¢ @ ®
Quater (M/5€¢) | Rewaer | Qair (m*/sec) | Re,, | Flow regime | Mean liquid velocity U(m/s) Regug fr (-dp/dz),, | Void fraction | (-dp/dz),, from theory (kPa/m)
1.285E-05 1010 6.922E-05 | 296.03 | slug-churn 0.2896 6456 | 0.0088 | 77.4159 0.4899 5.0185
1.285E-05 1010 8.631E-05 | 369.11 | slug-churn 0.3499 7801 | 0.0084 | 107.7919 0.5334 4.6045
1.285E-05 1010 0.0001205 | 515.27 | slug-chumn 0.4705 10489 | 0.0078 | 180.9944 0.5941 40357
1.285E-05 1010 0.0001718 | 734.50 | slug-churn 0.6514 14522 | 0.0072 | 319.8312 0.6498 3.5308
3.483E-05 2740 1.136E-05 48.59 slug 0.1630 3634 | 0.0044 | 12.2525 0.1156 8.6430
3.483E-05 2740 1.376E-05 58.85 slug 0.1715 3823 | 0.0042 | 12.8887 0.1361 8.4439
3.483E-05 2740 1.616E-05 69.10 slug 0.1799 4011 | 0.0099 | 33.6587 0.1554 8.2729
3.483E-05 2740 1.856E-05 79.36 slug 0.1884 4200 | 0.0098 | 36.4780 0.1736 8.0964
3.483E-05 2740 2.096E-05 89.62 slug 0.1969 4389 | 0.0097 | 39.3939 0.1909 7.9293
3.483E-05 2740 2.335E-05 99.87 slug 0.2053 | 4577 | 0.0096 | 42.4054 0.2073 7.7708
3.483E-05 2740 4.134E-05 176 slug 0.2688 5992 | 0.0090 | 67.9443 0.3080 6.8016
3.483E-05 2740 6.922E-05 296 slug 0.3672 8186 | 0.0083 | 117.2778 0.4128 5.8003
3.483E-05 2740 8.631E-05 369 slug-churn 0.4275 9530 | 0.0080 | 153.0319 0.4586 5.3670
3.483E-05 2740 0.0001205 515 slug-churn 0.5481 12219 | 0.0075 | 236.4062 0.5257 4.7419
3.483E-05 2740 0.0001718 734 slug-churn 0.7290 16252 | 0.0070 | 389.4364 0.5908 4.1537
3.483E-05 2740 0.0003399 1453 slug-churn 1.3224 29480 | 0.0060 | 1104.2015 0.6902 3.3664
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Table A6 Determination of the pressure gradient for the slug flow regime from Sylvester’s theory (Pure water)
Physical properties of air and water used in experiment:
density of water, pwater = 995 kg/m’; viscosity of water, pyaer = 8.51 X 10™ Pas
density of air, pair = 1.18 kg/m®; viscosity of air, s = 1.85 x 10” Pa.s
temperature, T = 31 °C (+ 1 °C ); inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m’

B = Lrs/Lsu

where: Ltp is length of the Taylor bubble

Lsy is length of the slug unit

Friction factor associated with the Taylor bubble, f; = ; 5
!1 —g\? )
[-— 2.010g{ I8 H
7.4
Reynolds number of the liquid slug, Re, = Pl usD
Ky

where: velocity of the liquid in the liquid slug, U, =Ug; +Ug
1

2
_20l0ed &2 (592 ), ¢/D 13
MR Re, 3.7 Reg

Acceleration pressure drop, (AP)a = pr(Urts + Uts)(1-arg)(Urte + Ute + ULLs)

Friction factor associated with the liquid slug, f,s =

where: ¢ is the pipe roughness

/2
where: velocity of the liquid film around the Taylor bubble, U,,; =9.91 G[gD(l ~Ja )]J

(A17)

(A18)

(A19)
(A20)

(A21)

(A22)

(A23)

LTl



172
velocity of the Taylor bubble, U, =1.2(Ug; +Ug ) +0.3 5[__35' (o, - Pg )}
PL

Average allarea at Taylor bubble region

area average void fraction of the Taylor bubble, a;; = = R
erage area in Taylor e

Hydrostatic pressure drop, (AP)y = pr(1-01s)gLis

USG
%1 = 0425
425+2.65(Ugs +Usg,)

where: void fraction of the liquid slug,

length of the liquid slug, Lis

Frictional pressure drop of slug unit, (AP), =

L Pcﬂf ran?a
2D| (1- g ~(1—apy

Total pressure drop in the slug unit, (AP)t = (AP)a + (AP)u + (AP)r

J-wzgpf.u—am)fu(l-ﬁ)]
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; Hydrostatic | Frictional Total Tl Pressure

Flow Accelerglion pressure pressure pressure Y gradient

Rewser | Resr | rooime | P fre | Res | fis s drop | drop (aP), | drop (4P), | drop insiug s‘lj:;pufit (dp/dz),
3 Pa Pa unit (AP), Pa (AP), kPa kPa/m

0 22.95 slug | 0.1940 | 0.0579 | 422 0.0821 186 1261 0.0821 1447.6 1.4476 8.6692
0 28.08 slug 0.2551 | 0.0620 517 0.0764 252 1246 0.1052 1497.3 1.4973 8.3246
0 33.21 slug 0.2796 | 0.0620 | 611 0.0721 254 1193 0.1283 1447.5 1.4475 8.0619
0 38.33 slug | 0.2977 | 0.0640 | 705 0.0686 293 1216 0.1617 1509.5 1.5095 7.9771
0 43.46 slug | 0.2918 | 0.0620 800 0.0658 260 1325 0.2177 1585.3 1.5853 7.6986
0 48.59 slug | 0.2994 | 0.0620 894 0.0634 263 1390 0.2714 1652.4 1.6524 7.5184
0 58.85 slug | 0.3602 | 0.0640 | 1083 | 0.0595 305 1253 0.3091 1558.7 1.5587 7.0848
0 69.10 slug 0.3870 | 0.0640 | 1271 | 0.0564 311 1162 0.3593 1473.3 1.4733 6.8368
0 79.36 slug 0.4032 | 0.0620 | 1460 | 0.0540 279 1135 0.4305 1415.0 1.4150 6.4664
0 89.62 slug 0.4073 | 0.0620 | 1649 | 0.0520 285 1172 0.5408 1457.8 1.4578 6.3376
0 99.87 slug | 0.4440 | 0.0620 | 1837 | 0.0502 291 1131 0.5890 1421.8 1.4218 5.9506
0 176 slug 0.5854 | 0.0640 | 3252 | 0.0423 379 1109 1.1543 1488.7 1.4887 4.4574
1010 | 33.21 slug 0.2305 | 0.0579 | 1621 | 0.0522 214 1217 0.6982 1431.9 1.4319 8.4455
1010 | 38.33 slug 0.2447 | 0.0579 | 1716 | 0.0513 216 1211 0.7507 1428.5 1.4285 8.2574
1010 | 43.46 slug | 0.2463 | 0.0579 | 1810 | 0.0505 219 1347 09114 1566.4 1.5664 8.0780
1010 | 48.59 slug 0.2723 | 0.0600 | 1904 | 0.0497 256 1268 0.9036 1524.2 1.5242 8.0155
1010 | 58.85 slug 0.2782 | 0.0579 | 2093 | 0.0482 226 1362 1.1293 1588.9 1.5889 7.6269
1010 | 69.10 slug 0.3097 | 0.0620 | 2282 | 0.0470 304 1456 1.3388 1761.9 1.7619 7.4840
1010 | 79.36 slug 0.3657 | 0.0620 | 2470 | 0.0459 310 1242 1.2037 1553.0 1.5530 7.0382
1010 | 89.62 slug 0.4053 | 0.0640 | 2659 | 0.0449 358 1079 1.1149 1438.3 1.4383 6.9645
1010 | 99.87 slug 0.3792 | 0.0620 | 2848 | 0.0440 322 1408 1.7009 1731.5 1.7315 6.6490
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: Hydrostatic | Frictional Total foul Pressure

Flow ACOSIISOR pressure pressure pressure e gradient

Rewaer | Reur regime B fre Reis fus pre&s;;e ;i;op drop (AP), | drop (AP), | drop in slug s‘lil:gpu::ni( (dp/dz),
2 Pa Pa unit (AP), Pa (AP), kPa kPa/m

1010 176 slug | 0.5761 | 0.0659 | 4263 | 0.0391 466 694 1.1650 1160.6 1.1606 5.8390
2740 | 48.59 slug | 02367 | 0.0579 | 3634 | 0.0409 266 1148 2.5647 1415.7 1.4157 8.7605
2740 | 58.85 slug | 02755 | 0.0579 | 3823 | 0.0403 271 1032 2.3893 1304.9 1.3049 8.4483
2740 | 69.10 slug | 0.3443 | 0.0620 | 4011 | 0.0398 360 935 2.1347 12979 1.2979 8.3181
2740 | 79.36 slug | 0.3955 | 0.0640 | 4200 | 0.0393 414 874 1.9954 1289.8 1.2898 8.0890
2740 | 89.62 slug | 0.3497 | 0.0640 | 4389 | 0.0388 421 1214 3.2072 1638.1 1.6381 7.8933
2740 99.87 slug 0.3428 | 0.0640 | 4577 | 0.0383 428 1381 3.9618 1813.0 1.8130 7.7034
2740 176 slug | 0.4405 | 0.0640 | 5992 | 0.0356 483 1333 5.2003 1821.2 1.8212 6.5045
2740 296 slug 0.5415 | 0.0640 | 8186 | 0.0327 577 1423 7.8721 2008.2 2.0082 52116
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Table A7 Determination of the pressure gradient for the annular and mist flow regime from Wallis’s theory (Pure water)
Physical properties of air and water used in experiment:

density of water, pwater = 995 kg/m3; viscosity of water, pyater = 8.51 10* PA.s

density of air, pair = 1.18 kg/m’; viscosity of air, pair = 1.85 x 10~ Pa.s

temperature, T = 31 °C (x 1 °C ); inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m?

Fanning friction factor, f. = -;{i for laminar flow (Re <2000)
e

f+ =0.079Re™"* for turbulent flow (Re > 4000)
F

Pressure gradient for air, [d_p] - _f F f;;w Jair
2 7
Pressure gradlent for llql.“d, [_diJ - fF pa‘rqmd' qumd'
liquid D
Martinelli parameter, X
e dp (|+ers,m)3-ﬁl & : 1
( ) az),., Parg X2 &z ) [(1+0.0904Xo.54s)2,sz Par*+( (1+0.0904X °5#)2%2 )Puguia)&

Void fraction, & = 1 7
(1+0.0904 X °* "

Gas two-phase flow multiplier, ¢, =(l+ x 36 )3"“”

(A30)
(A31)

(A32)

(A33)

(A34)

(A35)

(A36)
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. dap 2( dp
Pressure gradient for two-phase flow, [—J =g, [—] - Purg (A37)
dZ dz air
Q Qi Flow frof | (dpid)y | (-dp/dz) Matinelli | Void g:jf::i
(mlf%tcirn) Rewaer (Lfr:En) Reair regime fr.0f gir wgter (F['::ah"m).Jr (Fl;afm;w par%eler ﬁ-e(lction ¢32 (-dp/dz)y
£) (kPa/m)
771 1010 400 28510 Annular | 0.0061 0.0158 418 3.4072 0.1574 0.9130 3.0265 1.2764
771 1010 500 35637 Annular | 0.0057 0.0158 618 3.4072 0.0998 0.9313 2.4309 1.5128
771 1010 600 42765 Annular | 0.0055 0.0158 850 3.4072 0.0765 0.9402 2.1786 1.8627
771 1010 700 49892 Annular | 0.0053 0.0158 1113 3.4072 0.0632 0.9459 2.0292 2.2697
771 1010 800 57020 mist 0.0051 0.0158 1406 3.4072 0.0544 0.9501 1.9267 2.7200
771 1010 900 64147 mist 0.0050 0.0158 1728 3.4072 0.0480 0.9533 1.8504 3.2081
771 1010 1000 71275 mist 0.0048 0.0158 2077 3.4072 0.0431 0.9559 1.7905 3.7309
2090 | 2740 | 400 | 28510 | Annular | 0.0061 | 0.0058 418 9.2386 0.2511 0.8895 | 3.9692 | 1.6704
2090 2740 500 35637 Annular | 0.0057 0.0058 618 9.2386 0.1655 0.9107 3.1083 1.9312
2090 2740 600 42765 Annular | 0.0055 0.0058 850 9.2386 0.1273 0.9220 2.7186 2.3215
2090 2740 700 49892 Annular 0.0053 0.0058 1113 9.2386 0.1051 0.9294 2.4870 2.7791
2090 2740 800 57020 mist 0.0051 0.0058 1406 9.2386 0.0903 0.9348 2.3292 3.2858
2090 2740 900 64147 mist 0.0050 0.0058 1728 9.2386 0.0796 0.9390 2.2126 3.8338
2090 2740 1000 71275 mist 0.0048 0.0058 2077 9.2386 0.0714 0.9423 2.1219 44193
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Table A8 Determination of the pressure gradient from experiment for pure water
Physical properties of air and water used in experiment:

density of water, pwater = 995 kg/m3 ; viscosity of water, pwater = 8.51 % 10 Pa.s
density of air, pai; = 1.18 kg/m?; viscosity of air, pair = 1.85 X 10~ Pa.s
temperature, T =31 °C (x 1 °C ); inner pipe diameter, D = 0.019 m;
cross-sectional area of pipe, A = 0.00028 m?; pressure taps difference = 0.4 m
Procedure to determine of pressure gradient from experiment:

1. Read the highest and lowest difference level from manometer.

100 — level — (100 = level
2. Put the value of difference level in — d_p = P8 Vel waer ) ~ ( vater#)

dz 100x0.4x1000

(A38)
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Test tube
Scale 1 Scale 2

0 0
1 NE
2 T 2
3 3

Flow direction 4 4
5 Ah 5 Manometer
6 6
71 J‘ 7
8 8
9 9
10 10
11 U 11
12 12
13 13

[ _gsed

Figure A9 Appearance scale and water level in manometer.
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Appearance water levels difference in manometer, (cm)

Rewaer | Rey | Flow regime Left hand side (lowest) Right hand side (highest)
1 2 3 4 5 1 2 3 4 5
0 3.17 Bubble 88.1 88.1 88.1 88.1 88.1 482 48.2 48.2 48.2 48.2
0 5.64 Bubble 88.2 88.2 88.2 88.2 88.2 48.4 48.4 484 48.4 48.4
0 8.12 Bubble 88 88 88 88 88 48.3 48.3 48.3 48.3 48.3
0 10.59 Bubble-Slug 87.6 87.6 87.6 87.6 87.6 49 49 49 49 49
0 13.07 Bubble-Slug 87.3 87.3 87.3 87.3 87.3 49.5 49.4 49.2 49.2 494
0 15.54 Bubble-Slug 87 87 87 87 87 49.2 493 493 49.3 492
0 18.02 Bubble-Slug 86.5 86.5 86.5 86.5 86.5 50 50 50 50 50
0 20.49 Bubble-Slug 86.2 86.2 86.3 86.3 86.3 50.2 50.3 50.2 50.2 50.2
0 2295 Slug 85.5 85.5 85.5 85.5 85.5 50.8 50.8 50.9 50.9 50.8
0 28.08 Slug 80.6 80.7 80.6 80.6 80.5 455 45.3 45.5 45.5 45.6
0 33.21 Slug 80 80 80 80 80 46 46 46 46 46
0 38.33 Slug 79.5 79.5 79.4 79.4 79.5 46.5 46.5 46.6 46.6 46.5
0 43.46 Slug 77 77 76.9 76.9 76.9 44.8 447 44.8 443 44.5
0 48.59 Slug 76.8 76.8 77 77 77 44.5 445 442 44.2 44
0 58.85 Slug 76.2 76.2 76.2 76.2 76.2 44.5 44.5 44.5 44.5 44.5
0 69.10 Slug 75 75 75 78 75 45.8 45.5 453 44.8 453
0 79.36 Slug 74 74 74.5 74 74 44.8 443 43.8 448 442
0 89.62 Slug 73.7 73.7 73.7 73.7 73.7 45 45 45 45 45
0 99.87 Slug 73 73 73 72.8 72 44,8 45 44,5 445 44.5
0 177 Slug 67 67 67 67 67 44 44 44 44 44
1010 317 Bubble 854 854 854 854 854 45.8 45.7 45.8 45.7 45.8
1010 5.64 Bubble 85 85 85 85 85 45.5 455 45.5 45.5 45.5
1010 8.12 Bubble 84.5 84.5 84.5 84.5 84.5 455 454 45.4 454 454
1010 | 10.59 Bubble 84 84 84 84 84 45.3 453 453 453 453
1010 | 13.07 Bubble 83.9 839 83.9 83.9 839 45.5 45,5 45.5 45.5 455
1010 | 15.54 Bubble-Slug 834 83.5 83.5 83.5 83.5 45.8 45.8 459 46 458
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Appearance water levels difference in manometer, (cm)

Rewer | Rewir | Flow regime Left hand side (lowest) Right hand side (highest)

1 2 3 4 5 1 2 3 4 5
1010 | 18.02 | Bubble-Slug | 82.9 83 83 83 83 46.5 46.4 46.4 46.1 46.1
1010 | 20.49 | Bubble-Slug | 82.6 82.6 82.7 82.6 82.7 46.5 46.6 46.4 46.8 46.5
1010 | 22.95 | Bubble-Slug | 82.5 82.5 82.4 82.4 82.5 46.9 46.7 46.8 47 46.7
1010 | 28.08 | Bubble-Slug | 82.5 822 82.3 823 82.3 47 47.1 472 47.1 47.1
1010 | 33.21 Slug 81.8 81.8 81.8 81.7 81.7 47.3 474 47.3 475 475
1010 | 38.33 Slug 81.5 81.5 81.4 81.3 81.5 47.8 47.8 479 47.9 47.8
1010 | 43.46 Slug 81 81 80.9 80.8 80.8 48 48.1 483 48.3 482
1010 | 48.59 Slug 80.8 80.8 80.8 80.8 80.7 48.1 48.3 485 48.5 48.6
1010 | 58.85 Slug 80.4 80.4 80.3 80.1 80.1 49 49.2 493 49 49.4
1010 | 69.10 Slug 79.9 79.7 79.7 79.7 80 49.5 49.7 49.8 49.7 49.6
1010 | 79.36 Slug 79.6 79.8 79.8 79.8 79.6 49.8 50 49.8 49.5 50
1010 | 89.62 Slug 79.5 79.5 80 79.7 79 50 49.9 49.8 49.9 50.2
1010 | 99.87 Slug 74.4 743 74 74.3 74,3 47.9 477 472 47.5 475
1010 | 177 Slug 71.8 71.8 71.5 71.5 71.5 48 48.1 48.5 48 485
1010 296 Slug-Churn 59.5 60.5 59.5 60.5 60 40.8 40 40.8 39.5 40
1010 | 369 | Slug-Churn 50.5 50.3 50.5 50 49.5 31.5 31.3 31.4 31.5 30.8
1010 | 515 | Slug-Chum 445 44 43.5 43 39.8 29.5 30 287 28.2 23
1010 | 735 | Slug-Chum 32 30 30 28 28 16 16 15.8 15 14.8
1010 | 1454 Churn 61 61 59.5 59 58.8 51 50.8 49.5 49 49
1010 | 2474 Churn 57.8 57.5 57.8 57.8 57.5 48.9 49 48.8 49 493
1010 | 3495 Churn 56.5 56.8 56.8 56.8 56.3 492 49.1 492 49.8 493
1010 | 4516 Chumn 56 56 56 56 56 50 50.1 50.2 50.2 50.1
1010 | 5537 Chumn 56.6 56.7 56.7 56.7 56.8 50.5 50.4 50.3 50.4 502
1010 | 14255 Churn 55.2 55.2 552 55.2 55.2 51.4 51.3 51.3 51.3 51.3
1010 | 21382 Churn 55.7 55.7 55.7 55.7 55.7 51.2 512 51.2 51.2 51.2
1010 | 28510 |  Annular 56.3 56.3 56.3 56.3 56.3 50.6 50.6 50.6 50.6 50.6
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Appearance water levels difference in manometer, (cm)

Rewser | Rey; | Flowregime Left hand side (lowest) Right hand side (highest)
| 2 3 4 5 1 2 3 4 5
1010 | 35637 |  Annular 57 57 57 57 57 499 499 49.9 499 499
1010 | 42765 |  Annular 547 54.7 54.7 547 547 443 443 443 443 443
1010 | 49892 |  Annular 562 56.2 56.2 56.2 562 42.6 426 426 42.6 426
1010 | 57020 Mist 53.5 53.5 53.5 53.5 535 38.4 18.4 18.4 38.4 18.4
1010 | 64147 Mist 54 54 54 54 54 36.6 36.6 36.6 36.6 36.6
1010 | 71275 Mist 56.5 56.5 56.5 56.5 56.5 383 383 383 383 383
2740 | 3.17 Bubble 855 85.5 &5 855 85.5 456 456 45.6 456 45.6
2740 | 5.64 Bubble 85.4 85.4 85.4 85.4 85.4 45.5 45.5 45.5 45.5 45.5
2740 | 8.12 Bubble 85.4 85.4 85.4 85.4 85.4 45.5 45.5 45.5 45.5 45.5
2740 | 10.59 |  Bubble 85.4 85.4 85.4 85.4 85.4 456 45.6 45.6 456 45.6
2740 | 13.07 |  Bubble 85.1 85.1 85.1 5.1 85.1 45.6 45.6 45.6 45.6 45.6
2740 | 1554 |  Bubble 85 84.9 84.9 84.9 84.9 458 458 459 459 459
2740 | 1802 |  Bubble 84.8 84.8 84.8 84.8 84.8 46.1 46.1 46.1 46.1 46.1
2740 | 2049 |  Bubble 84.6 84.5 84.5 84.5 84.5 46.1 46.4 46.1 462 46.1
2740 | 2295 |  Bubble 843 843 84.4 84.5 84.4 466 46.5 46.4 46.5 46.6
2740 | 28.08 |  Bubble 83.9 84 84 83.9 84 47 46.8 47 47 47
2740 | 3321 |  Bubble 83.5 83.6 83.5 83.5 83.5 47.4 47.1 473 473 473
2740 | 3833 | Bubble-Slug | 83.4 83.5 83.5 83.5 83.5 47.1 47.5 475 47.4 47.6
2740 | 43.46 | Bubble-Slug | 832 83.2 833 833 83.3 47.7 47.8 478 47.6 476
2740 | 48.59 Slug 82.6 82.5 82.5 82.6 82.6 47.9 48 48 479 48
2740 | 58.85 Slug 823 82.5 82.4 82.4 82.4 48.1 483 482 48.1 48.4
2740 | 69.10 Slug 82 82 82.3 82 82 4838 49 48.6 4838 4838
2740 | 79.36 Slug 81.6 81.6 81.6 81.6 81.7 492 49.1 49.1 492 492
2740 | 89.62 Slug 81.5 81.6 81.5 81.5 81.4 49.5 493 49.1 49.5 49.4
2740 | 99.87 Slug 81 81.5 81.5 81.6 81.5 492 49.4 49.5 49.4 49.5
2740 | 177 Slug 64 64 64.5 642 64 372 372 38 37 37
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Appearance water levels difference in manometer, (cm)

Revaer | Reair Flow regime Left hand side (lowest) Right hand side (highest)

1 2 3 4 5 1 2 3 4 5
2740 296 Slug 67 66.5 66 66 66.5 43.5 44.5 44 44 43.5
2740 369 Slug-Churn 62 61.5 61.5 61.5 61.5 42 41 41 4] 41
2740 515 Slug-Churn 58 57 575 SRS 575 40 39 39 39 39
2740 735 Slug-Churn 54.5 54 54 54 54.5 39 39 39.2 38.5 38
2740 | 1454 Slug-Churn 60.5 58.5 58.5 58 58 45.5 47 46.5 46.5 45.8
2740 | 2474 Churn 51.5 52.5 51 51 51 40.5 40 40.5 40 39.8
2740 | 3495 Chumn 50 50 50 50 50 40 40 40 40 40
2740 | 4516 Churn 49.5 49.5 49.5 49.5 49.5 40.2 40.2 40.2 40.2 40.2
2740 | 5537 Churn 57 56 56 56 56 45.2 44.5 44.5 445 44.5
2740 | 14255 Churn 544 54.4 54.4 54.4 54.4 45.2 452 45.2 45.2 452
2740 | 21382 Churn 54.7 54.7 54.7 54.7 54.7 44.6 44.6 44.6 44.6 446
2740 | 28510 Annular 53 53 53 33 53 39.6 39.6 39.6 39.6 39.6
2740 | 35637 Annular 52 52 52 52 52 35 35 35 35 35
2740 | 42765 Annular 50.6 50.6 50.6 50.6 50.6 30.8 30.8 30.8 30.8 30.8
2740 | 49892 Annular 47.6 47.6 47.6 47.6 47.6 25.8 25.8 25.8 25.8 25.8
2740 | 57020 Mist 46.2 46.2 46.2 46.2 46.2 21.8 21.8 21.8 21.8 21.8
2740 | 64147 Mist 46.8 46.8 46.8 46.8 46.8 18.8 18.8 18.8 18.8 18.8
2740 | 71275 Mist 46.8 46.8 46.8 46.8 46.8 16.5 16.5 16.5 16.5 16.5

8¢l



Appearance water levels difference in manometer, (cm)

Reyaer | Reyr | Flow regime Left hand side (highest) Right hand side (lowest)
6 7 8 9 10 6 7 8 9 10
0 3.17 Bubble 88.5 88.5 88.5 88.5 88.5 48.6 48.6 48.6 48.6 48.6
0 5.64 Bubble 88.3 88.3 88.3 88.3 88.3 48.5 48.5 48.5 48.5 48.5
0 8.12 Bubble 88 88 88 88 88 48.6 48.6 48.6 48.6 48.6
0 10.59 Bubble-Slug 87 87 87 87 87 49.5 49.5 49.5 49.5 49.5
0 13.07 Bubble-Slug 86.5 86.7 86.7 86.7 86.7 50 49.8 49.7 49.8 49.7
0 15.54 Bubble-Slug 86 86 86 86 86 50.2 50.2 50.2 50.3 50.3
0 18.02 Bubble-Slug 85.8 85.8 85.8 85.8 85.8 50.6 50.5 50.5 50.5 50.5
0 20.49 Bubble-Slug 85.6 85.6 85.5 85.5 85.5 51 51 SEA 51 51
0 22.95 Slug 84.6 84.6 84.5 84.6 84.6 51.8 52 51.8 52 52
0 28.08 Slug 78.8 79 79 79 79 472 47 47 47 47
0 33.21 Slug 78 78 78.1 78.1 78.1 47.5 474 47.5 47.4 474
0 38.33 Slug 77.9 7179 7138 71.9 77.8 47.7 47.6 47.6 47.6 47.7
0 43.46 Slug 75.3 75 +75 75 =1 46 46.3 46.5 46.8 46.3
0 48.59 Slug 74.8 75 75 74.8 74.8 46.5 46.2 46.2 46 46.3
0 58.85 Slug 73.8 73.5 73 73 73.2 46.5 47 47 46.8 46.8
0 69.10 Slug 723 72.3 72.3 723 723 46.8 47 47 46.8 47
0 79.36 Slug 71.5 71 71 71 A | 47 48 47.5 47 47
0 89.62 Slug 70.8 71 71 70.8 70.8 47 47 47 47 47
0 99.87 Slug 69.5 69 69.5 69.5 69 475 48.5 47 47 48
0 177 Slug 62 62 62 62 62 475 47.5 47.5 475 47.5
1010 | 3.17 Bubble 85.4 85.4 85.4 85.4 85.4 45.7 4538 45.7 45.7 45.7
1010 | 5.64 Bubble 85 85 85 85 85 456 4538 458 4538 4538
1010 | 8.12 Bubble 84.5 84.5 84.5 84.5 84.5 458 45.7 458 4538 4538
1010 | 10.59 Bubble 83.6 83.6 83.6 83.6 83.6 4538 459 45.9 4538 459
1010 | 13.07 Bubble 83.5 83.5 83.5 83.5 83.5 4538 4538 4538 459 459
1010 | 15.54 | Bubble-Slug | 832 83.1 83.1 83.1 83.1 46 46.1 46.1 46 46
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Appearance water levels difference in manometer, (cm)

Rewaer | Reair Flow regime Left hand side (highest) Right hand side (lowest)
6 7 8 9 10 6 7 8 9 10
1010 18.02 Bubble-Slug 82.6 82.6 82.6 82.7 82.5 46.4 46.5 46.6 46.4 46.5
1010 20.49 Bubble-Slug 82.3 81.8 82 82 82 46.9 47 47 47.1 47
1010 22.95 Bubble-Slug 81.8 81.8 81.7 81.6 81.6 472 472 473 47.5 47.3
1010 28.08 Bubble-Slug 81.5 81.2 81 814 81.3 474 47.8 48 47.8 479
1010 33.21 Slug 81.1 81 81 79.9 81 479 48 48 48.1 48
1010 38.33 Slug 80.5 80.5 80.3 80.3 80.2 48.6 48.5 48.7 48.6 48.8
1010 43.46 Slug 80 80.1 80.1 80 80.1 49 48.8 48.9 49 49
1010 | 48.59 Slug 80 80.2 79.9 79.9 80 49 48.8 49 49.1 49.1
1010 58.85 Slug 79.2 79.2 79.3 79 79.3 49.8 49.8 49.7 50 49.8
1010 69.10 Slug 78.8 78.7 77 79 78.5 50.5 50.3 51 50 50
1010 79.36 Slug 78.5 78.5 78 78.3 78.2 50.3 50.2 50.8 50.3 50.6
1010 89.62 Slug 77.8 T7.5 77.8 71.2 { ot 51 51.5 51.3 51.3 51.2
1010 99.87 Slug 72.2 72.5 72.5 72.5 71.8 48.2 48 48.5 48.6 48.8
1010 177 Slug 69.2 69.2 69.3 69.3 69 49.8 49.5 49 49.8 49.8
1010 296 Slug-Churn 35 54.5 54.5 52 53 42.5 42 41.8 433 41.8
1010 369 Slug-Churn 44.5 448 - 45 45 45 34 33.5 33 342 33.9
1010 515 Slug-Churn 345 33 '34.5 32 32 26.8 255 25.5 253 26
1010 735 Slug-Churn 23 23 22.8 22 222 19 18.5 19.5 18.8 19
1010 1454 Chum 56 56 56 56 57 52.5 52 51 51.5 50
1010 2474 Churn 56.3 56 56 56 56.2 49.8 50 50.5 50.3 49.8
1010 3495 Churn 55.8 56.2 56 56 56 49.8 50 50 50.3 50.2
1010 4516 Churn 55.5 55.5 55.5 55.5 555 50.5 50.5 50.5 50.5 50.4
1010 5537 Churn 56.2 56.4 56.2 56.3 56.3 50.8 50.8 504 50.2 50.2
1010 14255 Churn 54.8 54.7 54.8 54.7 54.7 51.6 517 51.7 51.6 51.6
1010 | 21382 Churn 55.5 55.5 55.5 55.5 55.5 514 51.4 514 514 514
1010 | 28510 Annular 56.2 56.2 56.2 56.2 56.2 50.6 50.6 50.6 50.6 50.6
1010 | 35637 Annular 57 57 57 57 57 50.1 50.1 50.1 50.1 50.1
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Appearance water levels difference in manometer, (cm)

Reéuusr | Reyy Flow regime Left hand side (highest) Right hand side (lowest)
6 7 8 9 10 6 7 8 9 10
1010 | 42765 Annular 54.6 54.6 54.6 54.6 54.6 44 4 44.4 444 44 4 444
1010 | 49892 Annular 56.1 56.1 56.1 56.1 56.1 42.7 42.7 42.7 42.7 42.7
1010 | 57020 Mist 53.3 53.3 53.3 53.3 53.3 38.5 38.5 38.5 38.5 385
1010 | 64147 Mist 54 54 54 54 54 36.6 36.6 36.6 36.6 36.6
1010 | 71275 Mist 56.5 56.5 56.5 56.5 56.5 383 383 383 383 38.3
2740 3.17 Bubble 85.5 85.5 85.5 85.5 85.5 45.6 45.6 45.6 45.6 456
2740 5.64 Bubble 85.4 85.4 85.4 85.4 85.4 455 45.5 45.5 45.5 45.5
2740 8.12 Bubble 85.3 85.3 85.3 853 85.3 45.5 45.5 45.5 45.5 45.5
2740 | 10.59 Bubble 85 85 85 85 85 45.7 45.7 45.7 45.7 45.7
2740 13.07 Bubble 84.8 84.8 84.8 84.8 84.8 45.8 45.8 45.8 45.8 45.8
2740 15.54 Bubble 84.5 84.6 84.6 84.6 84.6 46 459 46 459 46
2740 18.02 Bubble 84.5 84.5 84.5 84.5 84.5 46.2 46.3 46.3 46.3 46.3
2740 | 20.49 Bubble 84.1 84.2 84.2 84.2 84.1 46.7 46.7 46.6 46.6 46.6
2740 | 2295 Bubble 83.8 83.8 83.7 83.7 83.8 47.1 47.2 47.3 47.1 47.1
2740 28.08 Bubble 83.5 83.5 835 83.5 83.5 47.2 473 472 473 473
2740 33.21 Bubble 83.2 83.2 83.2 833 83.3 47.6 47.6 47.6 47.6 47.6
2740 | 38.33 Bubble-Slug 82.8 82.8 82.8 82.6 82.8 48 47.8 48 48 479
2740 | 43.46 Bubble-Slug 82.5 82.5 . 825 82.4 82.5 48.3 48.3 48.4 48.1 48.3
2740 | 48.59 Slug 82 82 "81.8 81.8 81.8 49 48.5 48.5 48.6 484
2740 | 58.85 Slug 81.3 81.3 814 81.3 81.2 49.2 49.8 49.5 49.2 49.2
2740 | 69.10 Slug 81 81.1 81.3 81.2 81.2 50 49.8 49.7 49.8 49.8
2740 | 79.36 Slug 80.8 80.8 80.7 80.7 80.7 50 50 50.2 50.1 50.1
2740 | 89.62 Slug 80.4 80.2 80.3 80.3 80.1 50.3 50.7 50.5 50.2 50.7
2740 | 99.87 Slug 80 80.1 80.1 80.1 79.8 50.6 50.6 50.6 51 51
2740 177 Slug 61.8 62 62 62 62 388 39.1 39.1 39 39
2740 296 Slug 63.5 62.8 62.5 62.8 61 45.8 46.5 47 46.5 46.8
2740 369 Slug-Churn 60 59 59.5 59 59 46.5 46.5 45.5 45 44
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Appearance water levels difference in manometer, (cm)

Rewaer | Reye | Flow regime Left hand side (highest) Right hand side (lowest)

6 7 8 9 10 6 7 8 9 10
2740 515 Slug-Chumn 53 53 53 52 53 42 42 41.5 42 43
2740 735 Slug-Churn 51.5 51 50 49.8 50 40 40.8 41 41 40
2740 1454 Slug-Churn 555 55.5 54 57 54 47.8 48 47 472 46.5
2740 2474 Churn 53.5 53 52 52 VS 45.2 44.5 45.5 44.5 43
2740 3495 Chum 48.2 48.5 49 49 49 42 40.5 40.8 40.8 40.8
2740 4516 Chumn 48.8 48.8 48.8 48.8 48.8 41 41 41 41 41
2740 5537 Churn 54.3 54 54 54 54 45 45.2 45.2 45.3 45.5
2740 14255 Churn 53.8 53.7 53.7 53.7 53.7 45.5 45.6 45.6 45.6 45.6
2740 | 21382 Churn 54.5 54.5 54.5 54.5 54.5 44.8 44.8 44.8 44,8 44.8
2740 | 28510 Annular 529 529 529 52.9 52.9 39.7 39.7 39.7 39.7 39.7
2740 | 35637 Annular 51.9 51.9 51.9 51.9 51,9 35 35 35 35 35
2740 | 42765 Annular 50.5 50.5 50.5 50.5 50.5 30.9 30.9 30.9 30.9 309
2740 | 49892 Annular 473 47.3 473 47.3 47.3 25.6 25.6 25.6 25.6 25.6
2740 | 57020 Mist 46.2 46.2 46.2 46.2 46.2 21.8 21.8 21.8 21.8 21.8
2740 | 64147 Mist 46.8 46.8 46.8 46.8 46.8 18.8 18.8 18.8 18.8 18.8
2740 | 71275 Mist 46.8 46.8 46.8 46.8 46.8 16.5 16.5 16.5 16.5 16.5
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@ ® ®
| R Measured pressure gradient (-dp/dz), kPa/m Aveltage SeesHie
gradient, (kPa/m)
1 2 3 4 5 6 7 8 9 10

0 3.17 Bubble 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 = 0.00
0 5.64 Bubble 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 = 0.00
0 8.12 Bubble 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 92729 | 9.2729 | 9.2729 | 9.2729 | 9.2729 | 94803 £ 022

0 10.59 | Bubble-Slug | 9.4193 | 9.4193 | 9.4193 | 9.4193 | 9.4193 | 9.1509 | 9.1509 | 9.1509 [ 9.1509 | 9.1509 | 9.2851 + 0.14
0 13.07 | Bubble-Slug | 9.2241 | 9.2485 | 9.2973 | 9.2973 | 9.2485 | 8.9069 | 9.0045 | 9.0289 | 9.0045 | 9.0289 | 9.1289 = 0.15
0 15.54 | Bubble-Slug | 9.2241 | 9.1997 | 9.1997 | 9.1997 | 9.2241 | 8.7361 | 8.7361 | 8.7361 | 8.7116 | 8.7116 | 8.9679 =+ 0.25
0 18.02 | Bubble-Slug | 8.9069 | 8.9069 | 8.9069 | 8.9069 | 8.9069 | 8.5896 | 8.6140 | 8.6140 | 8.6140 | 8.6140 | 8.7580 = 0.16
0 20.49 | Bubble-Slug | 8.7849 | 8.7605 | 8.8093 | 8.8093 | 8.8093 | 8,4432 | 8.4432 | 8.3944 | 8.4188 | 84188 | 8.6092 = 0.20
0 22.95 Slug 8.4676 | 8.4676 | 8.4432 | 8.4432 | 8.4676 | 8.0040 | 7.9552 | 7.9796 | 7.9552 | 7.9552 | 82138 + 026
0 28.08 Slug 8.5652 | 8.6384 | 8.5652 | 8.5652 | 8.5164 | 7.7112 | 7.8088 | 7.8088 | 7.8088 | 7.8088 | 8.1797 =+ 04l
0 33.21 Slug 8.2968 | 8.2968 | 8.2968 | 8.2968 | 8.2968 | 7.4427 | 7.4671 | 7.4671 | 7.4915 | 7.4915 | 7.8844 = 043
0 38.33 Slug 8.0528 | 8.0528 | 8.0040 | 8.0040 | 8.0528 | 7.3695 | 7.3939 | 7.3695 | 7.3939 | 7.3451 | 7.7038 = 0.35
0 43.46 Slug 7.8576 | 7.8820 | 7.8332 | 7.9552 | 7.9064 | 7.1499 | 7.0035 | 6.9547 | 6.8815 | 7.0035 | 7.4427 = 047
0 48.59 Slug 7.8820 | 7.8820 | 8.0040 | 8.0040 | 8.0528 | 6.9059 | 7.0279 | 7.0279 | 7.0279 | 6.9547 | 7.4769 + 0.52
0 58.85 Slug 7.7356 | 7.7356 | 7.7356 | 7.7356 | 7.7356 | 6.6618 | 6.4666 | 6.3446 | 6.3934 | 6.4422 | 7.0987 = 0.68
0 69.10 Slug 7.1255 | 7.1987 | 7.2475 | 7.3695 | 7.2475 | 6.2226 | 6.1738 | 6.1738 | 6.2226 | 6.1738 | 6.7155 = 0.55
0 79.36 Slug 7.1255 | 7.2475 | 7.4915 | 7.1255 | 7.2719 | 5.9786 | 5.6125 | 5.7346 | 5.8566 | 5.8566 | 6.5301 =+ 0.77
0 89.62 Slug 7.0035 | 7.0035 | 7.0035 | 7.0035 | 7.0035 | 5.8078 | 5.8566 | 5.8566 | 5.8078 | 5.8078 | 6.4154 =+ 0.62
0 99.87 Slug 6.8815 | 6.8327 | 6.9547 | 6.9059 | 6.7107 | 5.3685 | 5.0025 | 5.4905 | 5.4905 | 5.1245 [ 6.0762 + 0.84
0 177 Slug 5.6125 | 5.6125 | 5.6125 | 5.6125 | 5.6125 | 3.5383 | 3.5383 | 3.5383 | 3.5383 | 3.5383 [4.5754 + 1.09
1010 | 3.17 Bubble 9.6633 | 9.6877 | 9.6633 | 9.6877 | 9.6633 | 9.6877 | 9.6633 | 9.6877 | 9.6877 | 9.6877 | 9.6780 =+ 0.01
1010 | 5.64 Bubble 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6145 | 9.5657 | 9.5657 | 9.5657 | 9.5657 | 9.6072 + 0.04
1010 | 8.12 Bubble 9.5169 | 9.5413 | 9.5413 | 9.5413 | 9.5413 | 9.4437 | 9.4681 | 9.4437 | 9.4437 | 9.4437 | 94925 £ 0.05
1010 | 10.59 Bubble 9.4437 | 9.4437 | 9.4437 | 9.4437 | 9.4437 | 92241 | 9.1997 | 9.1997 | 9.2241 | 9.1997 [ 9.3266 =+ 0.12
1010 | 13.07 Bubble 93705 | 9.3705 | 9.3705 [.9.3705 | 9.3705 | 9.1997 | 9.1997 | 9.1997 | 9.1753 | 9.1753 | 9.2802 =+ 0.10
1010 | 15.54 | Bubble-Slug | 9.1753 | 9.1997 | 9.1753 | 9.1509 | 9.1997 | 9.0777 | 9.0289 9.0289 | 9.0533 | 9.0533 | 9.1143 = 0.07
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® ® ®
Measured pressure gradient (-dp/dz), kPa/m
Rewaer | Resy | Flow regime P gr (-dp/dz) ::]rii!gli Erke;.:jurg
1 2 3 4 5 6 7 8 9 10
1010 | 18.02 | Bubble-Slug | 8.8825 | 8.9313 | 8.9313 | 9.0045 | 9.0045 | 8.8337 | 8.8093 8.7849 | 8.8581 | 8.7849 | 8.8825 <+ 0.08
1010 | 20.49 | Bubble-Slug | 8.8093 | 8.7849 | 8.8581 | 8.7361 8.8337 | 8.6384 | 8.4920 | 8.5408 | 8.5164 | 8.5408 | 8.6750 =+ 0.14
1010 | 22.95 | Bubble-Slug | 8.6872 | 8.7361 | 8.6872 | 8.6384 | 8.7361 8.4432 | 8.4432 | 8.3944 | 8.3212 | 8.3700 | 8.5457 £ 0.17
1010 | 28.08 | Bubble-Slug | 8.6628 | 8.5652 | 8.5652 | 8.5896 | 8.5896 83212 | 8.1504 | 8.0528 | 8.1992 | 8.1504 | 8.3847 = 0.23
1010 | 33.21 Slug 84188 | 83944 | 84188 | 8.3456 | 8.3456 | 8.1016 | 8.0528 | 8.0528 | 7.7600 | 8.0528 | 8.1943 =+ 0.22
1010 | 38.33 Slug 82236 | 82236 | 8.1748 | 8.1504 | 82236 | 7.7844 | 7.8088 | 7.7112 | 7.7356 | 7.6623 | 7.9698 =+ 0.25
1010 | 43.46 Slug 8.0528 | 8.0284 | 7.9552 | 7.9308 | 7.9552 | 7.5647 | 7.6379 | 7.6135 | 7.5647 | 7.5891 | 7.7892 = 0.21
1010 | 48.59 Slug 79796 | 7.9308 | 7.8820 | 7.8820 | 7.8332 | 7.5647 | 7.6623 | 7.5403 | 7.5159 | 7.5403 | 7.7331 == 0.19
1010 | 58.85 Slug 76623 | 7.6135 | 7.5647 | 7.5891 | 7.4915 | 7.1743 | 7.1743 | 7.2231 | 7.0767 | 7.1987 | 7.3768 + 0.23
1010 | 69.10 Slug 74183 | 73207 | 72963 | 7.3207 | 7.4183 | 6.9059 | 6.9303 | 6.3446 | 7.0767 | 6.9547 | 7.0987 =+ 0.33
1010 | 79.36 Slug 72719 | 72719 | 7.3207 | 7.3939 | 7.2231 | 6.8815 | 6.9059 | 6.6374 | 6.8327 | 6.7351 | 7.0474 = 0.28
1010 | 89.62 Slug 71987 | 72231 | 7.3695 | 7.2719 | 7.0279 | 6.5398 | 6.3446 | 6.4666 | 6.3202 | 6.4178 | 6.8180 = 0.43
1010 | 99.87 Slug 6.4666 | 6.4910 | 6.5398 | 6.5398 | 6.5398 | 5.8566 | 5.9786 | 5.8566 | 5.8322 | 5.6125 | 6.1714 = 0.37
1010 177 Slug 5.8078 | 5.7834 | 5.6125 | 5.7346 | 5.6125 | 4.7341 | 4.8073 | 4.9537 | 4.7585 | 4.6853 | 5.2490 = 0.49
1010 296 Slug-Churn | 4.5632 | 5.0025 | 4.5632 | 5.1245 | 4.8805 3.0503 | 3.0503 | 3.0991 | 2.1230 | 2.7331 | 3.8190 == .11
1010 369 Slug-Churn | 4.6365 | 4.6365 | 4.6609 | 4.5144 45632 | 2.5622 | 2.7575 | 2.9283 | 2.6355 | 2.7087 | 3.6604 =+ 1.00
1010 515 Slug-Chumn 3.6604 | 3.4163 | 3.6116 | 3.6116 | 4.0996 1.8790 | 1.8302 | 2.1962 1.6350 1.4641 | 2.7404 = 1.02
1010 735 Slug-Churn 3.9044 | 3.4163 | 3.4651 | 3.1723 | 3.2211 | 0.976l 1.0981 | 0.8053 | 0.7809 | 0.7809 | 2.1621 = 1.36
1010 1454 Chumn 2.4402 | 2.4890 | 2.4402 | 2.4402 | 2.3914 | 0.8541 | 0.9761 1.2201 1.0981 1.7082 | 1.8058 = 0.70
1010 2474 Chumn 2.1718 | 2.0742 | 2.1962 | 2.1474 | 2.0010 1.5862 1.4641 1.3421 1.3909 1.5618 | 1.7936 =+ 0.35
1010 | 3495 Churn 1.7814 | 1.8790 | 1.8546 | 1.7082 | 1.7082 | 1.4641 1.5129 | 1.4641 1.3909 | 14153 | 1.6179 = 0.19
1010 4516 Churn 1.4641 1.4397 1.4153 1.4153 1.4397 1.2201 1.2201 1.2201 1.2201 1.2445 | 1.3299 =+ 0.11
1010 | 5537 Churn 1.4885 1.5373 1.5618 | 1.5373 1.6106 | 1.3177 | 1.3665 | 1.4153 1.4885 1.4885 | 1.4812 == 0.09
1010 | 14255 Churn 09273 | 09517 | 0.9517 | 0.9517 | 0.9517 | 0.7809 | 0.7321 | 0.7565 0.7565 | 0.7565 | 0.8516 + 0.10
1010 | 21382 Churn 1.0981 1.0981 1.0981 1.0981 1.0981 1.0005 1.0005 1.0005 | 1.0005 1.0005 | 1.0493 + 0.05
1010 | 28510 Annular 1.3909 1.3909 1.3909 1.3909 1.3909 1.3665 1.3665 1.3665 1.3665 1.3665 | 1.3787 = 0.01
1010 | 35637 Annular 1.7326 | 1.7326 | 1.7326 1.7326 | 1.7326 | 1.6838 | 1.6838 | 1.6838 | 1.6838 1.6838 | 1.7082 =+ 0.03
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@ @ @
Measure i -dp/
Reyuer | Resir | Flow regime d pressure gradient (-dp/dz), kPa/m :r\::i:iﬁi E{(?:}::;e)
| 2 3 4 5 6 7 8 9 10

1010 | 42765 Annular 2.5378 | 2.5378 | 2.5378 | 2.5378 | 2.5378 | 2.4890 | 2.4890 | 2.4890 | 2.4890 | 2.4890 | 25134 = 0.03
1010 | 49892 Annular 3.3187 | 3.3187 | 3.3187 | 3.3187 | 3.3187 | 3.2699 | 3.2699 | 3.2699 | 3.2699 | 3.2699 | 3.2943 = 0.03
1010 | 57020 Mist 3.6848 | 3.6848 | 3.6848 | 3.6848 | 3.6848 | 3.6116 | 3.6116 | 3.6116 | 3.6116 | 3.6116 | 3.6482 = 0.04
1010 | 64147 Mist 42460 | 4.2460 | 4.2460 | 4.2460 | 4.2460 | 4.2460 | 42460 | 4.2460 | 4.2460 | 4.2460 | 42460 = 0.00
1010 | 71275 Mist 44412 | 44412 | 44412 | 44412 | 44412 | 44412 | 44412 | 44412 | 44412 | 44412 [ 44412 = 0.00
2740 3.17 Bubble 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 = 0.00
2740 5.64 Bubble 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 [ 9.7365 = 0.00
2740 8.12 Bubble 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7243 = 0.01
2740 | 10.59 Bubble 9.7121 | 9.7121 | 9.7121 | 9.7121 | 97121 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.6511 = 0.06
2740 | 13.07 Bubble 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.5169 | 9.5169 | 9.5169 | 9.5169 | 9.5169 [ 9.5779 == 0.06
2740 | 15.54 Bubble 9.5657 | 9.5413 | 9.5169 | 9.5169 | 9.5169 | 9.3949 | 9.4437 | 9.4193 | 9.4437 | 9.4193 [ 94779 = 0.06
2740 | 18.02 Bubble 94437 | 9.4437 | 9.4437 | 9.4437 | 9.4437 | 9.3461 | 9.3217 | 9.3217 | 9.3217 | 9.3217 [ 9.3852 = 0.06
2740 | 20.49 Bubble 9.3949 | 9.2973 | 9.3705 | 9.3461 | 9.3705 | 9.1265 | 9.1509 | 9.1753 | 9.1753 | 9.1509 | 9.2558 =+ 0.1l
2740 | 22.95 Bubble 9.1997 | 9.2241 | 92729 | 9.2729 | 9.2241 | 8.9557 | 8.9313 | 8.8825 | 8.9313 | 8.9557 | 9.0850 == 0.16
2740 | 28.08 Bubble 9.0045 | 9.0777 | 9.0289 | 9.0045 | 9.0289 | 8.8581 | 8.8337 | 8.8581 | 8.8337 | 8.8337 | 89361 = 0.10
2740 | 33.21 Bubble 8.8093 | 8.9069 | 8.8337 | 8.8337 | 8.8337 | 8.6872 | 8.6872 | 8.6872 | 8.7116 | 8.7116 | 8.7702 = 0.08
2740 | 38.33 | Bubble-Slug | 8.8581 | 8.7849 | 8.7849 | 8.8093 | 8.7605 | 8.4920 | 8.5408 | 8.4920 | 8.4432 [ 8.5164 8.6482 = 0.16
2740 | 43.46 | Bubble-Slug | 8.6628 | 8.6384 | 8.6628 | 8.7116 | 8.7116 | 8.3456 | 8.3456 | 8.3212 | 8.3700 | 8.3456 8.5115 = 0.18
2740 | 48.59 Slug 8.4676 | 8.4188 | 8.4188 | 8.4676 | 8.4432 | 8.0528 | 8.1748 | 8.1260 | 8.1016 | 8.1504 | 8.2822 =+ 0.17
2740 | 58.85 Slug 8.3456 | 8.3456 | 8.3456 | 8.3700 | 8.2968 | 7.8332 | 7.6867 | 7.7844 | 7.8332 | 7.8088 | 8.0650 = 0.29
2740 | 69.10 Slug 8.1016 | 8.0528 | 82236 | 8.1016 | 8.1016 | 7.5647 | 7.6379 | 7.7112 | 7.6623 | 7.6623 | 7.8820 == 0.25
2740 | 79.36 Slug 7.9064 | 7.9308 | 7.9308 | 7.9064 | 7.9308 | 7.5159 | 7.5159 | 7.4427 | 7.4671 | 7.4671 | 7.7014 = 0.23
2740 | 89.62 Slug 7.8088 | 7.8820 | 7.9064 | 7.8088 | 7.8088 | 7.3451 | 7.1987 | 7.2719 | 7.3451 | 7.1743 | 7.5550 =+ 0.31
2740 | 99.87 Slug 7.7600 | 7.8332 | 7.8088 | 7.8576 | 7.8088 | 7.1743 | 7.1987 | 7.1987 | 7.1011 | 7.0279 | 7.4769 <+ 0.36
2740 177 Slug 6.5398 | 6.5398 | 6.4666 | 6.6374 | 6.5886 | 5.6125 | 5.5881 | 5.5881 | 5.6125 | 5.6125 | 6.0786 =+ 0.50
2740 296 Slug 5.7346 | 5.3685 | 5.3685 | 5.3685 | 5.6125 | 4.3192 | 3.9776 | 3.7824 | 3.9776 | 3.4651 | 4.6975 =+ 0.87
2740 369 Slug-Churn | 4.8805 | 5.0025 | 5.0025 | 5.0025 | 5.0025 | 3.2943 | 3.0503 | 3.4163 | 34163 | 3 6604 | 4.1728 + 0.86
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; Measured pressure gradient (-dp/dz), kPa/m Average pressure

Rewaer | Resie | Flow regime o dieﬁt, lEkP i)
1 2 3 4 5 6 7 8 9 10

2740 | 515 | Slug-Churn | 43924 | 43924 | 4.5144 | 45144 | 4.5144 | 2.6843 | 2.6843 | 2.8063 | 2.4402 | 2.4402 | 3.5383 + 0.98
2740 | 735 | Slug-Churn | 3.7824 | 3.6604 | 3.6116 | 3.7824 | 4.0264 | 2.8063 | 2.4890 | 2.1962 | 2.1474 | 2.4402 | 3.0942 = 0.74
2740 | 1454 | Slug-Chumn | 3.6604 | 2.8063 | 2.9283 | 2.8063 | 2.9771 | 1.8790 | 1.8302 | 1.7082 | 23914 | 1.8302 | 2.4817 = 0.66
2740 | 2474 Churn 2.6843 | 3.0503 | 2.5622 | 2.6843 | 2.7331 | 2.0254 | 2.0742 | 1.5862 | 1.8302 | 2.0742 | 2.3304 = 047
2740 | 3495 Churn 24402 | 24402 | 2.4402 | 2.4402 | 2.4402 | 1.5129 | 1.9522 | 2.0010 | 2.0010 | 2.0010 | 2.1669 =+ 0.32
2740 | 4516 Churn 22694 | 2.2694 | 22694 | 22694 | 2.2694 | 1.9034 | 1.9034 | 1.9034 | 1.9034 | 1.9034 | 2.0864 = 0.19
2740 | 5537 Churn 2.8795 | 2.8063 | 2.8063 | 2.8063 | 2.8063 | 2.2694 | 2.1474 | 2.1474 | 2.1230 | 2.0742 | 2.4866 = 0.36
2740 | 14255 Churn 22450 | 2.2450 | 2.2450 | 2.2450 | 22450 | 2.0254 | 1.9766 | 1.9766 | 1.9766 | 19766 | 2.1157 =+ 0.14
2740 | 21382 Churn 24646 | 2.4646 | 2.4646 | 2.4646 | 24646 | 23670 | 2.3670 | 2.3670 | 2.3670 | 2.3670 | 24158 =+ 0.05
2740 | 28510 Annular 3.2699 | 3.2699 | 3.2699 | 3.2699 | 3.2699 | 3.2211 | 32211 | 3.2211 | 3.2211 | 3.2211 | 3.2455 = 0.03
2740 | 35637 Annular 4,1484 | 4.1484 | 4.1484 | 4.1484 | 41484 | 4.1240 | 4.1240 | 4.1240 | 4.1240 | 4.1240 [ 4.1362 = 0.01
2740 | 42765 Annular 48317 | 4.8317 | 4.8317 | 4.8317 | 4.8317 | 4.7829 | 4.7829 | 4.7829 | 4.7829 | 4.7829 | 4.8073 = 0.03
2740 | 49892 Annular 53197 | 53197 | 5.3197 | 53197 | 5.3197 | 52953 | 5.2953 | 5.2953 | 52953 | 5.2953 | 5.3075 = 0.0l
2740 | 57020 Mist 5.9542 | 5.9542 | 59542 | 59542 | 59542 | 59542 | 5.9542 | 5.9542 | 5.9542 | 59542 | 59542 + 0.00
2740 | 64147 Mist 6.8327 | 6.8327 | 6.8327 | 6.8327 | 6.8327 | 6.8327 | 6.8327 | 6.8327 | 6.8327 | 6.8327 | 6.8327 + 0.00
2740 | 71275 Mist 7.3939 | 7.3939 | 7.3939 | 7.3939 | 7.3939 | 7.3939 | 7.3939 | 7.3939 | 7.3939 | 7.3939 | 7.3939 * 0.00
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Table A9 The critical Reynolds numbers (Regir)critical Of Various regimes by using pipe diameter of 19 mm

Re,;(critical) for each flow regime

Pipe
diameter Rewater
(mm) B';?ubgle' Slug fé'ﬁ" Churn | Annular | Mist
0 10.59 22.95 - - - -
19 1010 15.54 33.21 296 1454 28510 57020
2740 38.33 48.59 369 2474 28510 57020
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Appendix B Water-Air Flow for the Pipe Diameter of 53.15 mm

Table Bl Determination of bubble size for pure water from experiment
Physical properties of air and water used in experiment:
density of water, pwater = 995 kg/m3 ; viscosity of water, pwater = 8.51 % 10 Pas
density of air, pair = 1.18 kg/m?; viscosity of air, pair = 1.85 X 10”° Pa.s
temperature, T =31 °C (+ 1 °C ); inner pipe diameter = 0.053 m; cross-sectional area of pipe, A = 0.0022 m’
Procedure to determine the bubble size:
1. Make a movie of the bubble flow regime by video camera.
2. Capture the picture from movie by Snagit 8.0 software program.
3. Measure the bubble size by Scion Image software program.

Equivalent diameter (D) of the bubble is defined as the diameter of a sphere that has the same volume as the bubble.
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Figure B1 Flow around a spherical cap bubble (Wilkes, 1999).
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: : ; ; Average
e T8 Bubble height,R;, (mm) Average,R, Bubble width, W, (mm) bus;liﬁ\lvgifi r Equivalent diameter, D, (mm) ¢ quiv alint
) 5 3 (mm) : 5 3 i 1 5 3 diameter, De
(mm)

0 29 8.6 10.2 1.7 (102 = 15 14.0 15.4 14.4 146 = 0.7 124 14.1 150 |13.8 % 1.3
0 5.6 11.2 10.8 124 | 115 = 08| 186 17.4 16.6 175 & 1.0 162 15.4 16.4 160 = 05
0 8.2 12.4 14.0 122 | 129 £+ 10| 257 28.3 23.1 257 = 26| 200 222 188 [203 += 1.8
0 10.0 13.5 16.8 157 153 = 17| 256 333 326 | 305 += 43| 207 26.4 252 | 241 = 3.0
0 11.9 16.8 16.8 179 [172 + 06| 332 27.3 315 307 + 31| 264 24.1 266 257 = 14
0 13.7 18.3 16.7 227 (193 £ 3.1 | 289 33.0 28.1 300 = 26| 259 26.2 29.1 |27.1 = 1.8
0 15.5 19.7 21.7 202 (205 + 10| 289 319 310 | 306 = 15| 27.0 29.7 282 283 == 14
0 17.4 21.0 20.2 214 209 + 06| 305 30.2 316 | 308 + 07| 286 279 294 | 286 = 038
0 21.0 20.7 19.4 193 | 198 + 08| 289 38.3 293 | 322 + 53| 278 30.5 268 284 + 19
0 229 23.1 25.1 21.1 [23.1 = 20| 264 32.3 35.5 314 + 46| 288 32.7 307 307 = 1.9
0 284 28.2 20.2 279 (254 + 45| 359 31.3 29.7 |323 + 32| 365 283 340 |[33.0 £ 42
0 339 25.8 252 238 249 + 10| 28.1 33.0 357 | 323 + 39| 318 33.0 329 325 = 07
0 375 27.8 289 300 289 = 11| 348 34.9 336 | 344 = 07| 358 36.8 372 366 = 07
0 43.0 26.2 30.0 304 | 289 + 23| 354 31.6 323 | 331 = 20| 347 36.5 37.1 [ 361 = 12
0 48.5 31.1 31.5 285 1304 = 16| 346 37.4 357 | 359 =+ 14| 385 39.8 367 | 384 = 1.6
0 59.5 36.1 33.6 285 [328 + 39| 359 33:1 373 | 361 = 1.1| 432 40.8 373 | 404 £ 3.0
0 68.7 32.7 335 339 334 = 06| 370 44.1 450 | 420 + 44| 407 44.0 446 |43.1 = 2.1
0 79.7 33.2 26.4 337 | 311 + 41| 4Ll 45.1 439 | 434 = 2.1 | 426 38.6 440 |41.8 £ 28
0 88.9 354 34.8 354 352 = 03| 427 43.5 417 | 426 + 09| 450 44.8 446 |448 = 02
0 99.9 39.6 414 402 | 404 = 09| 470 44 4 418 |444 = 26| 50.1 50.6 487 (498 = 1.0
1028 29 7.8 6.9 8.0 7.5 £ 0.6 7.4 8.1 8.6 80 = 06 92 8.7 9.7 92 = 05
1028 5.6 8.9 9.0 10.8 95 + 1.1 2 6.4 9.2 76 =+ 14 10.1 9.9 12.4 108 = 14
1028 82 17.5 15.5 178 [ 169 = 1.3 15.5 20.1 19.3 183 + 25| 203 202 219 208 = 0.9
1028 10.0 16.0 19.4 188 | 180 = 18| 234 17.4 237 | 215 = 36| 219 225 243 229 = 13
1028 11.9 20.0 19.5 142 | 119 % 32| 233 26.7 167 | 222 £ 51| 251 26.0 179 |[23.0 = 44
1028 13.7 19.0 16.1 164 (172 + 16| 259 19.9 273 | 244 = 39| 252 20.7 237 .| 232 £ 23
1028 15.5 21.8 20.3 224 |21, = 11| 234 22.6 244 | 235 = 09| 267 25.1 27:6 .| 268 +£ 12
1028 17.4 17.8 20.8 19.7 | 195 * 15| 276 26.5 241 | 261 = 18| 250 27.0 252 |25 * 1.l
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. X : Y Average

Rea: | ey Bubble height,R; (mm) Average,R;, Bubble width, Wy, (mm) bug:;r:%zm Equivalent diameter, D, (mm) taquival%nt

: 5 3 (mm) " 5 3 (mm) : 3 = diameter, De
(mm)

1028 21.0 232 224 241 232 = 08| 304 28.1 227 | 271 = 40| 304 28.9 284 292 = 1.1
1028 229 21.0 232 237 (226 £ 14| 235 271 294 | 267 = 30| 26.0 29.2 305 | 286 = 23
1028 28.4 24.6 21.1 226 |228 = 17| 3Ll 29.9 288 (300 = L1| 318 28.6 293 299 = L7
1028 339 26.3 21.4 242 (239 + 25| 298 34.6 314 | 319 =+ 24| 327 30.5 316 (316 = 1.1
1028 375 219 232 256 236 = 18| 347 272 330 |316 = 39| 310 29.2 333 (312 £ 2.1
1028 43.0 23.9 25.8 236 [245 £ 12| 33.0 322 300 (317 = 16| 319 33.2 306 |319 = 13
1028 48.5 30.8 304 320 |[31.1 = 08| 375 34.6 3RO8S5:0 £ 22| 393 379 387 |386 = 0.7
1028 59.5 32.5 32.9 350 335 + 13| 362 36.2 364 |362 = 01| 402 40.6 424 |41.1 = 1.2
1028 68.7 37.5 39.5 370 [380 + 13| 39.1 40.3 36.1 | 385 = 22| 455 47.6 440 (457 = 1.8
1028 79.7 423 423 430 425 = 04| 333 36.7 412 | 371 = 39| 478 48.8 509 [492 = 1.6
1028 88.9 44.5 43.6 455 | 445 = 09| 3938 41.1 378 [396 =+ 17| 518 51.4 520 |517 = 03
1028 99.9 46.8 42.2 452 |447 + 23| 381 43.6 388 |402 = 30| 532 51.0 2.1 521 = 14
1028 132 43.7 442 458 | 446 + 1.1| 36.6 35.6 458 393 = 56| 500 50.2 549 |S51.7 = 28
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Bubble‘height / Pipe Bubble.Width / Pipe Equivalent_ diameter / Pipe Average

Rewser | Reuir diameter Average, Ry/D diameter Average, Wy/D diameter equivalent
1 2 3 1 2 3 1 2 3 diameter, De/D
0 2.90 0.16 0.19 022 [0.19 = 0.03| 026 0.29 0.27 027 =+ 0.01 0.23 0.27 0.28 026 += 0.03
0 5.56 0.21 0.20 023 (022 £+ 0.02| 035 0.33 0.31 033 =+ 0.02 0.31 0.29 0.31 030 = 0.01
0 8.20 0.23 0.26 023 (024 £+ 0.02| 048 0.53 0.43 048 + 0.05 0.38 042 0.35 038 = 0.03
0 10.04 | 0.25 0.32 030 1029 + 0.03| 048 0.63 0.61 057 =+ 0.08 0.39 0.50 0.47 045 £ 0.06
0 11.87 | 0.32 0.32 034 032 = 001]| 063 0.51 059 | 058 = 0.06 0.50 0.45 0.50 048 =+ 0.03
0 13.70 | 0.34 0.31 043 | 036 + 0.06| 0.54 0.62 0.53 0.56 = 0.05 0.49 0.49 0.55 0.51 = 0.03
0 15.54 | 0.37 041 038 |039 + 0.02| 054 0.60 0.58 058 + 0.03 0.51 0.56 0.53 053 = 0.03
0 17.37 | 0.39 0.38 040 |039 £ 0.01]| 057 0.57 0.59 | 0.58 = 0.01 0.54 0.52 0.55 054 = 0.01
0 21.04 | 0.39 0.37 036 | 037 + 0.01] 054 0.72 0.55 061 =+ 0.10 0.52 0.57 0.50 053 += 0.04
0 2287 | 043 0.47 040 |043 + 0.04| 050 0.61 0.67 059 £ 0.09 0.54 0.61 0.58 0.58 + 0.04
0 28.37 | 0.53 0.38 052 | 048 + 0.08| 0.67 0.59 056 | 0.61 = 0.06 0.69 0.53 0.64 062 + 0.08
0 33.87 0.49 0.47 045 047 + 002 053 0.62 0.67 0.61 = 0.07 0.60 0.62 0.62 0.61 + 0.01
0 37.54 | 0.52 0.54 056 | 054 = 0.02]| 065 0.66 0.63 065 = 001 0.67 0.69 0.70 069 = 0.01
0 43.04 | 049 0.56 057 |0.54 + 0.04)| 067 0.59 0.61 062 = 0.04 0.65 0.69 0.70 068 = 0.02
0 48.54 | 0.59 0.59 054 |057 £ 0.03]| 065 0.70 0.67 0.68 + 0.03 0.72 0.75 0.69 072 = 0.03
0 59.53 0.68 0.63 054 |062 = 007]| 068 0.66 0.70 | 0.68 = 0.02 0.81 0.77 0.70 076 + 0.06
0 68.70 | 0.62 0.63 064 | 063 = 0.01 0.70 0.83 0.85 079 = 0.08 0.77 0.83 0.84 0.81 =+ 0.04
0 79.70 | 0.63 0.50 063 | 059 + 0.08| 0.77 0.85 0.83 082 = 0.04 0.80 0.73 0.83 079 + 0.05
0 88.87 | 0.67 0.66 067 | 066 = 001 0.80 0.82 079 | 0.80 = 0.02 0.85 0.84 0.84 084 =+ 0.00
0 99.87 | 0.75 0.78 076 |0.76 + 0.02| 0.89 0.84 0.79 084 =+ 0.05 0.94 0.95 0.92 094 =+ 0.02
1028 2.9 0.15 0.13 0.15 0.14 = 0,01 0.14 0.15 0.16 0.15 =+ 0.01 0.17 0.16 0.18 0.17 = 0.01
1028 5.6 0.17 0.17 020 |0.18 = 002 0.14 0.12 0.17 | 0.14 = 0.03 0.19 0.19 0.23 020 == 0.03
1028 8.2 0.33 0.29 034 (032 £+ 0.02| 0.29 0.38 036 | 034 = 0.05 0.38 0.38 041 039 =+ 0.02
1028 10.0 0.30 0.36 035 |034 + 0.03| 044 0.33 0.45 040 =+ 0.07 041 0.42 0.46 043 += 0.02
1028 11.9 0.38 0.37 027 1034 £ 006| 044 0.50 0.31 042 =+ 0.10 0.47 0.49 0.34 043 + 0.08
1028 13.7 0.36 0.30 0.31 032 £ 003 049 0.37 0.51 046 == 0.07 0.47 0.39 0.45 044 = 0.04
1028 155 041 0.38 042 (040 + 0.02| 044 0.43 046 | 044 = 0.02 0.50 0.47 0.52 050 + 0.02
1028 17.4 0.34 0.39 037 1037 £ 003| 0.52 0.50 0.45 049 =+ 0.03 0.47 0.51 0.47 048 == 0.02
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@ &

Bubble height / Pipe Bubble Width / Pipe Equivalent diameter / Pipe Average
Rewaer | Réuir diameter Average, Ry/D diameter Average, Wy/D diameter equivalent

1 2 3 1 2 3 1 2 3 diameter, De/D
1028 | 210 | 044 | 042 | 045 |044 =+ 002| 057 | 053 | 043 |051 = 007| 0.57 0.54 053 [055 £ 002
1028 | 229 | 040 | 044 | 045 |045 = 003| 044 | 051 | 055 | 050 £ 0.06| 049 0.55 057 |054 = 0.04
1028 | 284 | 046 | 040 | 042 |043 + 003| 058 | 056 | 054 | 056 = 0.02| 0.60 0.54 055 |056 = 0.03
1028 | 339 | 049 | 040 | 046 |045 = 005| 056 | 065 | 059 |060 = 005| 0.62 0.57 059 [059 = 0.02
1028 | 37.5 | 0.41 044 | 048 |044 = 003| 065 | 051 | 062 | 059 + 007| 0.58 0.55 063 |059 + 0.04
1028 | 430 | 045 | 049 | 044 |046 = 002| 062 | 061 | 056 | 060 + 003 0.60 0.63 058 |060 = 0.02
1028 | 485 | 058 | 057 | 060 | 058 + 002| 070 | 065 | 062 | 066 == 004 074 0.71 073 |073 = 001
1028-| 59.5 | 0.61 062 | 066 | 063 + 003| 068 | 068 | 068 | 068 = 0.00| 0.76 0.76 080 |[077 = 0.02
1028 | 68.7 | 0.71 074 | 070 [071 + 002| 074 | 076 | 068 | 072 + 004| 086 0.90 083 |08 = 0.03
1028 | 797 | 08 | 079 | 081 |08 =+ 001| 063 | 069 | 078 [070 = 007 | 090 0.92 096 |093 + 0.03
1028 | 889 | 084 | 08 | 08 |08 =+ 002| 075 | 077 | 071 [074 =+ 003| 097 0.97 098 |097 £ 001
1028 | 999 | 088 | 079 | 085 |08 =+ 004| 072 | 082 | 073 | 076 + 006 1.00 0.96 098 |098 + 0.02
1028 | 132 | 082 | 083 | 08 |08 =+ 002| 069 | 067 | 08 |074 == 0.11| 094 0.94 1.03 [097 = 0.5
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Figure B3 Bubble width, bubble height and equivalent diameter vs. air Reynolds number of
pure water at Reyaer = 1028 by using pipe diameter 53.15 mm.
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Table B2 Determination of slug height for pure water from experiment
Physical properties of air and water used in experiment:
density of water, pywater = 995 kg/m?; viscosity of water, pwater = 8.51 X 10 Pa.s
density of air, p,i; = 1.18 kg/m3 ; viscosity of air, pir = 1.85 x 107 Pa.s
temperature, T = 31 °C (+ 1 °C ); inner pipe diameter = 0.053 m; cross-sectional area of pipe, A = 0.0022 m’
Procedure to determine the slug height:
1. Make a movie of the slug flow regime by video camera.
2. Capture the picture from movie by Snagit 8.0 software program.
3. Measure the slug height by Scion Image software program.
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Length of Taylor bubble (Ltg) Average length of Length of Ta.ylor bubble / Pipe Average Length

Rewser | Rei i Taylor bubble diameter of Taylor bubble
1 2 3 (Ltg) ,mm 1 2 3 / Pipe diameter
0 289 75.0 83.6 97.5 854 + 114 1.4 1.6 1.8 1.6 £ 021
0 367 120.0 114.6 1213 1206 * 64 23 2.2 24 23 & 02
0 445 148.1 127.5 108.8 128.1 &0 0190 2.8 2.4 2.0 24 £+ 037
0 520 163.6 173.1 168.8 1685 = 438 2l 33 3.2 32 = 0.09
0 629 161.1 178.3 190.9 176.8 + 149 3.0 34 3.6 33 + 028
0 739 230.0 213.9 258.3 234.1 £ 225 43 4.0 49 44 + 042
0 848 357.0 302.5 302.5 32047 / x// 315 6.7 5.7 5.7 60 %+ 059
0 958 382.5 377.5 342.5 367.5 + 218 T2 7.1 6.4 69 + 041
1028 445 1159 126.7 121.7 1214 £ 5.4 2.2 24 2.3 23 %= 0.10
1028 520 110.0 125.0 132.5 122.5/ /¥ @lde8 2l 24 25 23 + 022
1028 629 164.4 208.7 172:5 1819 + 236 3.1 39 32 34 £ 044
1028 739 190.0 205.0 2244 208.5/ " £ONE2 3.6 39 4.2 39 £ 032
1028 848 226.4 225.0 240.0 2305 £ 83 43 42 4.5 43 + 0.16
1028 958 225.0 290.0 2475 254.2 Setummddef) 42 55 4.7 48 = 062
1028 1067 220.0 242.5 295.0 2525747 98% 4.1 4.6 5.6 48 = 072
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by using pipe diameter 53.15 mm.
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Table B3 Determination of bubble and slug velocity for pure water from Nicklin’s theory and experiment
Physical properties of air and water used in experiment:

density of water, pwater = 995 kg/m3; viscosity of water, pwaer = 8.51 % 10 Pa.s

density of air, pair = 1.18 kg/m®; viscosity of air, pa = 1.85 x 10” Pa.s

temperature, T = 31 °C (+ 1 °C ); inner pipe diameter = 0.053 m; cross-sectional area of pipe, A = 0.0022 m’

o+
Bubble velocity from theory, u, =1 ,2(QL;4Q”L“’) +0.35,/gD (B2)

Determination of bubble velocity from experiment by timing the bubble at known distance (0.7m)

Time of bubble travel (sec)/0.7m Bubble and slug velocity (m/s) A“’;:ﬁes:’u“bble f’"bbl" ol

Average d slug slug velocity
Rewaer | Reair (sec/0.7 m) velocity from from

1 2 3 4 5 \ 1 2 3 4 5 experiment Nicklin's

(m/s) theory (m/s)
0 2.90 2.96 296 | 2.73 294 | 285 |28 + 0.10| 024 0.24 | 0.26 0.24 025 [ 024 + 0.009 0.24
0 5.56 274 | 275 276 | 289 | 267 |276 + 008 026 0.25 0.25 0.24 026 |025 + 0.007 0.25
0 8.20 2.43 2.51 264 | 2.53 267 [256 £ 0.10| 029 0.28 0.27 0.28 026 | 027 £ 0.0I1 0.27
0 10.04 2.46 2.96 2.49 241 281 |263 £ 024 028 0.24 0.28 0.29 025 | 027 + 0.024 0.27
0 11.87 | 233 252 | 259 | 275 | 261 |256 = 0.15( 030 0.28 0.27 0.25 027 | 027 = 0017 0.27
0 13.70 | 2.55 2.47 242 | 245 | 277 | 253 & 014 027 0.28 0.29 0.29 025 [ 028 + 0015 0.28
0 1554 | 240 | 244 238 | 2.53 242 | 243 = 006 0.29 0.29 0.29 0.28 029 [029 £ 0.007 0.29
0 17.37 | 240 249 | 240 | 237 | 237 |241 % 005 029 0.28 0.29 0.30 030 | 029 £ 0.006 0.29
0 21.04 | 2.19 229 | 238 | 236 | 247 [234 + 0.10| 032 0.31 0.29 0.30 028 [030 = 0.014 0.30
0 22.87 | 2.34 2.23 222 | 246 | 243 | 234 £ 0.11| 030 0.31 0.32 0.28 029 | 030 + 0.014 0.30
0 28.37 | 2.16 224 | 223 | 234 | 214 [222 + 008 | 032 0.31 0.31 0.30 033 |032 + 0.011 0.32
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L ® ®

Time of bubble travel (sec)/0.7m Bubble and slug velocity (m/s) A ohle | DR SR

Averags I slug slug velocity
Rewaer | Reair (a0, 7o) velocity from from

1 2 3 4 5 g 1 2 3 4 5 experiment Nicklin's

(m/s) theory (m/s)
0 33.87 2.19 2.20 2.13 2.38 2.17 (221 £ 0.10( 032 0.32 0.33 0.29 032 032 = 0.013 0.32
0 37.54 223 2.21 2.16 2.11 209 216 + 006 0.3l 032 0.32 0.33 033 | 032 £ 0.009 0.32
0 43.04 2.17 2.23 2.13 2.19 222 219 % 0.04| 032 0.31 0.33 0.32 032 |032 £ 0.006 0.32
0 48.54 2.07 2.08 225 2.25 227 (218 + 0.10| 034 0.34 0.31 0.31 031 032 %= 0015 0.32
0 59.53 2.12 2.13 2.27 2.05 192 (210 % 0.13| 033 0.33 0.31 0.34 036 | 033 = 0.021 0.33
0 68.70 2.06 1.92 1.97 1.95 1.82 | 194 % 0.09| 034 0.36 0.36 0.36 0.38 | 036 + 0.016 0.36
0 79.70 1.87 1.85 1.87 1.95 1.78 | 1.86 = 006 | 0.37 0.38 0.37 0.36 039 (038 %= 0.012 0.38
0 88.87 1.87 1.88 1.81 1.85 1.94 1.87 £ 0.05| 037 0.37 0.39 0.38 0.36 | 037 £ 0.009 0.37
0 99.87 1.60 1.70 1.72 1.63 1.79 | 1.69 = 008 | 0.44 0.41 041 0.43 039 (042 % 0.018 042
0 132 1.46 1.43 1.49 1.50 163 | 1.50 %+ 0.08| 048 0.49 0.47 0.47 043 | 047 + 0.023 0.47
0 184 1.40 1.47 1.53 1.41 1.53 147 £ 0.06| 0.50 0.48 0.46 0.50 046 | 048 £ 0.020 0.48
0 289 1.50 1.40 1.44 1.37 137 | 142 = 006 | 047 0.50 0.49 0.51 051 [ 049 £ 0019 0.49
0 367 1.22 1.28 1.40 1.50 144 | 137 = 0.12| 057 0.55 0.50 0.47 049 | 051 + 0.044 0.51
0 445 1.22 1.33 1.30 1.25 132 | 128 % 0.05| 057 0.53 0.54 0.56 0.53 | 055 + 0.020 0.55
0 520 1.29 1.16 1.06 1.22 122 | 1.19 = 0.09| 0.54 0.60 0.66 0.57 0.57 | 059 %= 0.044 0.59
0 629 0.97 0.89 0.92 1.09 1.07 [099 £ 0.09{ 072 0.79 0.76 0.64 065 | 071 % 0.064 0.71
0 739 0.87 0.89 0.79 0.79 1.03 | 087 + 0.10| 0.80 0.79 0.89 0.89 068 (081 x 0.085 0.81
0 848 0.73 0.87 0.78 0.71 0.8 | 079 = 0.07]| 096 0.80 0.90 0.99 0.81 | 089 + 0.082 0.89
0 958 0.67 0.68 0.70 0.68 067 | 068 + 0.01| 104 1.03 1.00 1.03 1.04 | 103 £ 0018 1.03
1028 2.90 2.47 2.64 2.43 2.53 267 | 255 = 0.10| 028 0.27 0.29 0.28 026 (028 % 0.011 0.28
1028 5.56 247 2.51 2.49 2.44 242 (247 + 004 | 028 0.28 0.28 0.29 029 | 028 + 0.004 0.28
1028 8.20 2.33 2.31 2.29 2.33 227 231 + 0.03] 030 0.30 0.31 0.30 031 |030 %= 0.003 0.30
1028 10.04 2.21 2.29 2.11 2.28 220 |222 % 007]| 032 0.31 0.33 0.31 032 032 = 0.010 0.32
1028 11.87 2.30 2.22 223 222 2.13 222 + 0.06| 030 0.32 0.31 0.32 0.33 | 032 = 0.009 0.32
1028 13.70 2.32 2.19 2.27 2.14 213 (221 £ 0.08| 030 0.32 0.31 0.33 033 |032 % 0.012 0.32
1028 15.54 2.30 229 223 2.33 221 |227 £ 0.05]| 030 0.31 0.31 0.30 032 | 031 = 0.007 0.31
1028 17.37 2.17 2.26 2.24 2.19 2.12 |220 + 0.06| 032 0.31 0.31 0.32 033 | 032 + 0.008 0.32

991




Time of bubble travel (sec)/0.7m i Bubble and slug velocity (m/s) d Sy Sﬁl"gbiﬁoﬁfy
Reyaer Regy (sec/0 .},gm) velocity from from
1 2 3 4 5 ) 1 2 3 4 5 experiment Nicklin's
(m/s) theory (m/s)
1028 | 21.04 2.14 2.18 227 2.33 206 {220 = 0.11] 033 0.32 0.31 0.30 034 | 032 = 0.015 0.32
1028 | 22.87 | 2.30 2.05 230 2.17 196 (216 £ 0.15| 030 0.34 0.30 0.32 036 | 033 %= 0.023 0.33
1028 | 28.37 2.13 2.17 1.91 1.94 213 [206 + 0.12| 0.33 0.32 0.37 0.36 033 | 034 = 0.021 0.34
1028 | 33.87 1.98 2.02 2.11 2.11 1.89 (202 £ 0.09| 035 0.35 0.33 0.33 037 1035 = 0.016 0.35
1028 | 37.54 1.90 2.09 2.13 1.87 207 | 201 = 0.12} 0.37 0.33 0.33 0.37 034 | 035 £ 0.021 0.35
1028 | 43.04 1.82 2.01 1.99 1.86 2,17 (197 £ 0.14] 038 0.35 0.35 0.38 032 | 036 £ 0.025 0.36
1028 | 48.54 1.93 1.99 1.99 2.07 209 |201 £ 0.07| 0.36 0.35 0.35 0.34 033 | 035 = 0.011 0.35
1028 | 59.53 1.85 2.01 1.75 1.94 192 | 189 + 0.10| 0.38 0.35 0.40 0.36 036 | 037 £ 0.020 0.37
1028 | 68.70 1.78 2.04 1.82 1.88 202 1191 = 0.12| 039 0.34 0.38 0.37 0.35 | 037 £ 0.022 0.37
1028 | 79.70 1.59 1.68 1.73 1.53 168 | 1.64 + 0.08| 044 0.42 0.40 0.46 042 | 043 £ 0.021 043
1028 | 88.87 1.78 1.80 1.89 1.93 1.63 | 1.81 % 0.12| 0.39 0.39 0.37 0.36 043 | 039 = 0.026 0.39
1028 | 99.87 1.67 1.89 1.64 1.91 195 | 1.81 £ 0.15| 042 0.37 0.43 0.37 0.36 | 039 £ 0.032 0.39
1028 132 1.51 1.47 1.41 1.47 141 | 145 + 0.04| 046 0.48 0.50 0.48 050 | 048 + 0014 0.48
1028 184 1.56 1.43 1.27 1.49 167 | 148 £ 0.15] 045 0.49 0.55 0.47 042 | 048 * 0.050 0.48
1028 289 1.43 1.21 1.30 1.33 125 | 1.30 £+ 0.08| 049 0.58 0.54 0.53 056 | 0.54 + 0.034 0.54
1028 367 1.03 1.11 1.19 1.03 1.02 | 1.08 + 0.07 | 0.68 0.63 0.59 0.68 069 | 0.65 £ 0.042 0.65
1028 445 1.13 1.01 1.03 0.99 I.11 | 1.05 = 0.06| 0.62 0.69 0.68 0.71 063 |0.67 £ 0.039 0.67
1028 520 0.91 1.03 1.06 0.93 096 | 098 + 0.06| 0.77 0.68 0.66 0.75 073 | 072 %= 0.047 0.72
1028 629 0.99 0.73 0.98 0.95 098 |093 + 0.11 | 071 0.96 0.71 0.74 071 | 077 £ 0.108 0.77
1028 739 0.90 0.80 0.64 0.96 1.13 | 089 + 0.18| 0.78 0.88 1.09 0.73 062 (082 = 0.179 0.82
1028 848 0.46 0.50 0.50 0.54 055 | 051 + 0.04( 1.09 1.00 1.00 0.93 091 | 098 £ 0.071 0.98
1028 958 0.44 0.49 0.33 0.44 049 |044 + 0.07( 1.14 1.02 1.52 1.14 1.02 | 1.17 £ 0.204 1.17
1028 1067 0.54 0.37 0.33 0.40 034 | 040 + 0.09| 093 1.35 1.52 1.25 147 | 1.30 %= 0.235 1.30
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Bubble and slug velocity, . Average bubb_le B:;?)Et;n g';:rlllg
(gD)” and slug velocity, | ;o jin's theo
Rewater Rew u ol
— u
1 2 3 4 5 ( gp)°-5 GI))T
0 2.90 0.33 0.33 0.36 0.33 0.34 034 = 0012 0.35
0 5.56 0.35 0.35 0.35 0.34 0.36 035 £ 0010 0.35
0 8.20 0.40 0.39 0.37 0.38 0.36 038 %= 0.0I5 0.35
0 10.04 0.39 0.33 0.39 0.40 0.34 037 = 0.033 0.35
0 11.87 0.42 0.38 0.37 0.35 0.37 038 + 0.023 0.36
0 13.70 0.38 0.39 0.40 0.40 0.35 038 % 0.020 0.36
0 15.54 0.40 0.40 0.41 038 0.40 040 £ 0.009 0.36
0 17.37 0.40 0.39 0.40 0.41 041 040 £ 0.008 0.36
0 21.04 0.44 0.42 0.41 0.41 0.39 042 %= 0.019 0.36
0 22.87 0.41 0.43 0.44 0.39 0.40 042 % 0.020 0.36
0 28.37 0.45 0.43 0.43 041 045 044 <+ 0015 0.36
0 33.87 0.44 0.44 0.46 041 0.45 044 + 0.018 0.37
0 37.54 0.43 0.44 0.45 0.46 0.46 045 = 0.013 0.37
0 43.04 0.45 0.43 0.46 0.44 0.44 044 + 0.008 0.37
0 48.54 0.47 0.47 0.43 0.43 0.43 044 £ 0.021 0.37
0 59.53 0.46 0.46 0.43 0.47 0.50 046 =+ 0.028 0.38
0 68.70 0.47 0.50 0.49 0.50 0.53 050 + 0.022 0.38
0 79.70 0.52 0.52 0.52 0.50 0.54 052 = 0017 0.39
0 88.87 0.52 0.52 0.54 0.52 0.50 052 % 0.013 0.39
0 99.87 0.61 0.57 0.56 0.59 0.54 058 = 0.026 0.40
0 132 0.66 0.68 0.65 0.65 0.59 065 + 0.032 0.41
0 184 0.69 0.66 0.63 0.69 0.63 066 + 0.028 0.44
0 289 0.65 0.69 0.67 0.71 0.71 069 =+ 0.026 0.49
0 367 0.79 0.76 0.69 0.65 0.67 071 = 0.061 0.53
0 445 0.79 0.73 0.75 0.78 0.73 076 %= 0.028 0.57
0 520 0.75 0.84 091 0.79 0.79 082 + 0.062 0.60
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Bubble and slug velocity, o Average bubb_le B::I'::it;n {(*'ir::rl:g

(gD)"” and slug velocity, | wievjin's theory

Rewater Re,ir u s X

1 2 3 4 5 (gD)* -(;D)T

0 629 1.00 1.09 1.05 0.89 091 099 £ 0.083 0.66
0 739 L.11 1.09 123 1.23 0.94 1.12 = 0.118 0.71
0 848 1.33 1.11 1.24 1.37 1.13 124 = 0.114 0.77
0 958 1.45 1.43 1.38 1.43 1.45 143 + 0.025 0.82
1028 2.90 0.39 0.37 0.40 0.38 0.36 038 = 0.016 0.38
1028 5.56 0.39 0.39 0.39 0.40 0.40 039 + 0.006 0.38
1028 8.20 0.42 0.42 0.42 0.42 0.43 042 £ 0.005 0.38
1028 10.04 0.44 0.42 0.46 0.43 0.44 044 = 0015 0.38
1028 11.87 0.42 0.44 043 0.44 0.46 044 = 0012 0.38
1028 13.70 0.42 0.44 0.43 0.45 0.46 044 £ 0.016 0.38
1028 15.54 0.42 0.42 0.43 0.42 0.44 043 £ 0.009 0.39
1028 17.37 0.45 0.43 0.43 0.44 0.46 044 = 0011 0.39
1028 21.04 0.45 0.44 0.43 0.42 0.47 044 =+ 0.021 0.39
1028 22.87 0.42 0.47 0.42 0.45 0.49 045 + 0.032 0.39
1028 28.37 0.46 0.45 0.51 0.50 0.46 047 + 0.028 0.39
1028 33.87 0.49 0.48 0.46 0.46 0.51 048 + 0.022 0.39
1028 37.54 0.51 0.46 0.46 0.52 0.47 048 + 0.029 0.40
1028 43.04 0.53 0.48 0.49 0.52 0.45 049 = 0034 0.40
1028 48.54 0.50 0.49 0.49 0.47 0.46 048 + 0.016 0.40
1028 59.53 0.52 0.48 0.55 0.50 0.50 0.51 = 0.027 041
1028 68.70 0.54 0.48 0.53 0.52 0.48 051 = 0.031 0.41
1028 79.70 0.61 0.58 0.56 0.63 0.58 059 £ 0.030 0.42
1028 88.87 0.54 0.54 0.51 0.50 0.59 054 + 0.036 0.42
1028 99.87 0.58 0.51 0.59 0.51 0.50 054 + 0.044 0.43
1028 132 0.64 0.66 0.69 0.66 0.69 067 = 0.020 0.44
1028 184 0.62 0.68 0.76 0.65 0.58 066 * 0.069 0.47
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Bubble and slu
Bubble and slug velocity, —ub'.'{ Average bubb.lc velocity f‘rclrng
gD) and slug velocity, Nicklin's theory,
Rewa!er Reair u u
0.5 _
1 2 3 4 5 (gD) (gD)o's
1028 289 0.68 0.80 0.75 0.73 0.78 075 £ 0.047 0.52
1028 367 0.94 0.87 0.81 0.94 0.95 090 + 0.059 0.56
1028 445 0.86 0.96 0.94 0.98 0.87 092 £ 0.054 0.60
1028 520 1.07 0.94 091 1.04 1.01 099 £ 0.065 0.63
1028 629 0.98 1.33 0.99 1.02 0.99 1.06 + 0.150 0.69
1028 739 1.08 1.21 1.51 1.01 0.86 1.13 + 0248 0.74
1028 848 1.51 1.38 1.38 1.28 1.26 1.36 = 0.098 0.79
1028 958 1.57 1.41 2.10 1.57 141 1.61 + 0.282 0.85
1028 1067 1.28 1.87 2.10 1.73 2.04 1.80 + 0.325 0.90
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Figure B7 Comparison bubble or slug velocity from experiment vs. air Reynolds number

of pure water at Reyaer = 0 comparing with theory by using pipe diameter 53.15 mm.
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Table B4 Determination of the pressure gradient for the bubble flow regime from Nicklin’s theory (Pure water)
Physical properties of air and water used in experiment:

density of water, pwaer = 995 kg/m’; viscosity of water, pwater = 8.51 X 10 Pas

density of air, pair = 1.18 kg/m’; viscosity of air, pair = 1.85 x 10”° Pa.s

temperature, T = 31 °C (= 1 °C ); inner pipe diameter, D = 0.053 m; cross-sectional area of pipe, A = 0.0022 m?

Superficial liquid velocity, j,,, = Q;:‘;“" (B3)
Superficial air velocity, j,, =% (B4)
D
Reynolds number of liquid, Re,,,, = £l ™ (BS)
#ﬁqm’d
Reynolds number of air, Re,, = PlarD (B6)
Jumir
Bubble velocity rising in stagnant liquid, u, =1.00,/g R, (B7)
where Ry, is equivalent radius of the bubble which defined as the radius of a sphere that has the same volume as the bubble
Void fraction, & = ——Zar (BS)
er + Q."iqm’d' + L A
Pressure gradient for bubble flow regime, g-‘:— =-p,gll-¢) (B9)
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&
o Sup. water g " Sup. ;}ir Flow Void (-dp/dz)y
(n?l:‘n: in) j:il,o(criz) (n%fszc) Rewater (L?min) :l;)rcn}ts); Quir (m/sec) Reair regime Us (m/s) fraction ﬁ?ll(npgfn(;ry
0 0 0 0 0.1139 0.0009 1.898E-06 2.90 bubble 0.2603 0.0033 9.7290
0 0 0 0 0.2180 0.0016 3.634E-06 5.56 bubble 0.2802 0.0058 9.7042
0 0 0 0 0.3220 0.0024 5.367E-06 8.20 bubble 0.3158 0.0076 9.6867
0 0 0 0 0.3939 0.0030 6.566E-06 10.04 bubble 0.3441 0.0085 9.6777
0 0 0 0 0.4659 0.0035 7.765E-06 11.87 bubble 0.3550 0.0098 9.6656
0 0 0 0 0.5378 0.0040 8.96E-06 13.70 bubble 0.3645 0.0110 9.6539
0 0 0 0 0.6098 0.0046 1.016E-05 15.54 bubble 0.3726 0.0121 9.6424
0 0 0 0 0.6817 0.0051 1.136E-05 17.37 bubble 0.3748 0.0135 9.6293
0 0 0 0 0.8256 0.0062 1.376E-05 21.04 bubble 0.3729 0.0164 9.6012
0 0 0 0 0.8976 0.0067 1.496E-05 22.87 bubble 0.3882 0.0171 9.5942
0 0 0 0 1.1134 0.0084 1.856E-05 28.37 bubble 0.4021 0.0204 9.5619
0 0 0 0 1.3293 0.0100 2.215E-05 33.87 bubble 0.3996 0.0244 9.5228
0 0 0 0 1.4732 0.0111 2.455E-05 37.54 bubble 0.4237 0.0255 9.5124
0 0 0 0 1.6890 0.0127 2.815E-05 43.04 bubble 0.4208 0.0293 9.4751
0 0 0 0 1.9049 0.0143 3.175E-05 48.54 bubble 0.4338 0.0320 9.4491
0 0 0 0 2.3366 0.0176 3.894E-05 59.53 bubble 0.4454 0.0379 9.3907
0 0 0 0 2.6963 0.0203 4.494E-05 68.70 bubble 0.4598 0.0422 9.3489
0 0 0 0 3.1280 0.0235 5.213E-05 79.70 bubble 0.4526 0.0494 9.2790
0 0 0 0 3.4878 0.0262 5.813E-05 88.87 bubble 0.4688 0.0529 9.2441
0 0 0 0 3.9195 0.0295 6.532E-05 99.87 bubble 0.4944 0.0562 9.2120
2193 0.0165 3.655E-05 1028 0.1139 0.0009 1.898E-06 2.90 bubble 0.2491 0.0032 9.7296
2193 0.0165 3.655E-05 1028 0.2180 0.0016 3.634E-06 5.56 bubble 0.2491 0.0061 9.7011
2193 0.0165 3.655E-05 1028 0.3220 0.0024 5.367E-06 8.20 bubble 0.3193 0.0072 9.6911
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o Sup. water 3 e Sup. /:\ir Flow Void (-dp/dz)y,
(n?l/r:?n) J:’::"’(‘;‘S;) (rgs;s':c) Reyater (L;Qmin) ;ﬂﬁ% Q. (m/sec) | Regi regime Uy (m/s) facilon froarcr;: ;ﬁ;ry
2193 0.0165 3.655E-05 1028 0.3939 0.0030 6.566E-06 10.04 bubble 0.3351 0.0083 9.6794
2193 0.0165 3.655E-05 1028 0.4659 0.0035 7.765E-06 11.87 bubble 0.3359 0.0098 9.6649
2193 0.0165 3.655E-05 1028 0.5378 0.0040 8.964E-06 13.70 bubble 0.3375 0.0113 9.6507
2193 0.0165 3.655E-05 1028 0.6098 0.0046 1.016E-05 15.54 bubble 0.3603 0.0120 9.6436
2193 0.0165 3.655E-05 1028 0.6817 0.0051 1.136E-05 17.37 bubble 0.3552 0.0136 9.6282
2193 0.0165 3.655E-05 1028 0.8256 0.0062 1,376E-05 21.04 bubble 0.3787 0.0155 9.6100
2193 0.0165 3.655E-05 1028 0.8976 0.0067 1.496E-05 22.87 bubble 0.3743 0.0170 9.5953
2193 0.0165 3.655E-05 1028 1.1134 0.0084 1.856E-05 28.37 bubble 0.3828 0.0205 9.5606
2193 0.0165 3.655E-05 1028 1.3293 0.0100 2.215E-05 33.87 bubble 0.3938 0.0238 9.5289
2193 0.0165 3.655E-05 1028 1.4732 0.0111 2.455E-05 37.54 bubble 0.3910 0.0265 9.5028
2193 0.0165 3.655E-05 1028 1.6890 0.0127 2.815E-05 43.04 bubble 0.3957 0.0299 9.4693
2193 0.0165 3.655E-05 1028 1.9049 0.0143 3.175E-05 48.54 bubble 0.4352 0.0307 9.4611
2193 0.0165 3.655E-05 1028 2.3366 0.0176 3.894E-05 59.53 bubble 0.4488 0.0364 9.4060
2193 0.0165 3.655E-05 1028 2.6963 0.0203 4.494E-05 68.70 bubble 0.4734 0.0397 9.3732
2193 0.0165 3.655E-05 1028 3.1280 0.0235 5.213E-05 79.70 bubble 0.4911 0.0443 9.3288
2193 0.0165 3.655E-05 1028 3.4878 0.0262 5.813E-05 88.87 bubble 0.5037 0.0480 9.2927
2193 0.0165 3.655E-05 1028 3.9195 0.0295 6.532E-05 99.87 bubble 0.5056 0.0534 9.2396
2193 0.0165 3.655E-05 1028 5.1787 0.0389 8.631E-05 131.95 bubble 0.5035 0.0696 9.0812
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Table BS Determination of the pressure gradient for the slug flow regime from Nicklin’s theory (Pure water)
Physical properties of air and water used in experiment:

density of water, pwater = 995 kg/m’; viscosity of water, pwater = 8.51 x 10 Pa.s

density of air, pair = 1.18 kg/m?; viscosity of air, pair = 1.85 x 10” Pa.s

temperature, T = 31 °C (+ 1 °C ); inner pipe diameter = 0.053 m; cross-sectional area of pipe, A = 0.0022 m’

+ 0
Mean liquid velocity, u, = _Q‘"’ AQ-'fqmd
-
Reynolds number of the liquid slug, Re,, = Piguats =
luhqufd

16

Fanning friction factor, f = : for laminar flow (Regug < 2000)

slug

fr =0.079Re, " for turbulent flow (Resiyg > 4000)

slug
2 ——7
Single-phase frictional pressure gradient for liquid only, (.‘.;%} ” /i Fpgm !
ip
i i — Qa.‘r
Void fraction, & =
1'2(Qa:'r * Q.i'iqw‘d )+ O-BSA-JgD

Pressure gradient for slug flow regime, % =(1- 5{— Piqia& + [‘—;-ze] :I
sp

(B10)

(B11)

(B12)

(B13)

(B14)

(B15)

(B16)
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L
Mean (-dp/dz)y,
(n%‘;:;:) Revater (m%slz:c) Reair rtl: ;i)r\nve vtflol::lic:y Resiug fr (-dp/dz)sy fr:((:,tli?)n tl?:on:y
U(m/s) (kPa/m)
0 0 0.00019 | 288.69 slug 0.0852 5311 0.0093 2.5127 0.2399 7.4209
0 0 0.00024 | 367.06 slug 0.1083 6752 0.0087 3.8253 0.2830 7.0018
0 0 0.00029 | 44544 slug 0.1314 8194 0.0083 5.3672 0.3202 6.6396
0 0 0.00034 519.64 slug 0.1533 9559 0.0080 7.0283 0.3510 6.3392
0 0 0.00041 629.11 slug 0.1856 11573 0.0076 | . 9.8208 0.3903 5.9569
0 0 0.00048 738.59 slug 0.2179 13587 0.0073 13.0039 0.4237 5.6325
0 0 0.00055 848.06 slug 0.2502 15601 0.0071 16.5622 0.4524 5.3539
0 0 0.00063 957.53 slug 0.2824 17615 0.0069 20.4829 0.4774 5.1120
0 0 0.00070 1067.01 slug 0.3147 19628 0.0067 24,7551 0.4993 4.9001
0 0 0.00077 | 1176.48 slug 0.3470 | 21642 0.0065 29.3694 0.5186 4.7130
0 0 0.00087 | 132245 slug 0.3901 24327 0.0063 36.0399 0.5412 4.4952
0 0 0.00095 | 1450.17 slug 0.4278 | 26677 0.0062 42.3499 0.5584 4.3291
3.655E-05 1028 0.00029 | 445.44 slug 0.1479 9222 0.0081 6.6001 0.3054 6.7842
3.655E-05 1028 0.00034 519.64 slug 0.1698 10587 0.0078 8.4035 0.3358 6.4886
3.655E-05 1028 0.00041 629.11 slug 0.2021 12601 0.0075 11.3975 0.3747 6.1102
3.655E-05 1028 0.00048 | 738.59 slug 0.2343 14615 0.0072 14.7738 0.4080 5.7869
3.655E-05 1028 0.00055 848.06 slug 0.2666 16628 0.0070 18.5186 0.4368 5.5077
3.655E-05 1028 0.00063 957.53 slug 0.2989 18642 0.0068 22.6199 0.4619 5.2642
3.655E-05 1028 0.00070 | 1067.01 slug 03312 | 20656 0.0066 27.0678 0.4841 5.0499
3.655E-05 1028 0.00077 | 1176.48 slug 03635 | 22670 0.0064 31.8535 0.5037 4.8600
3.655E-05 1028 0.00087 | 132245 slug 0.4066 | 25355 0.0063 38.7465 0.5267 4.6381
3.655E-05 1028 0.00095 | 1450.17 slug 0.4442 | 27705 0.0061 45.2463 0.5444 4.4682
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Mean (-dp/dz),
Quiater Quir y Flow llql.lld Void from
(m’/sec) Rewater (m*/sec) Rea regime | velocity Resug fr (-dp/d2)ep | graction theory
Uy(m/s) (kPa/m)
3.655E-05 1028 0.00167 | 2547.92 | slug-churn | 0.7681 47899 0.0053 117.9456 0.6400 3.5567
3.655E-05 1028 0.00333 5095.84 | slug-churn 1.5196 94770 0.0045 389.3015 0.7240 2.8019
3.655E-05 1028 0.00500 | 7643.77 | slug-churn | 22712 141640 0.0041 786.4903 0.7571 2.5622
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Table B6 Determination of the pressure gradient for the slug flow regime from Sylvester’s theory (Pure water)
Physical properties of air and water used in experiment: |
density of water, pwater = 995 kg/rn3 ; viscosity of water, pPyater = 8.51 % 10 Pas
density of air, pair = 1.18 kg/m®; viscosity of air, pair = 1.85 x 10” Pa.s
temperature, T = 31 °C (x 1 °C ); inner pipe diameter = 0.053 m; cross-sectional area of pipe, A = 0.0022 m’

B = Lrs/Lsu

where: L is length of the Taylor bubble

Lsu is length of the slug unit
1

[— 2.0 log{(l 'fi’gz )Hz

Friction factor associated with the Taylor bubble, f;; =

Reynolds number of the liquid slug, Re,s = AYusP

Hy
where: velocity of the liquid in the liquid slug, U5 =Ug +Ug

1
2
Cyoloal £/ [ 5:02 ) [ €D 13
V%137 | Rey %37 " Reg

Acceleration pressure drop, (AP)a = pr(Urts + Urs)(1-at8)(Urts + Uts + ULLs)

Friction factor associated with the liquid slug, f,s =

where: ¢ is the pipe roughness

where: velocity of the liquid film around the Taylor bubble, U, ; = 9.916[gD(1 - ):r:z

(B17)

(B18)

(B19)
(B20)

(B21)

(B22)

(B23)
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velocity of the Taylor bubble, U, =1.2(Uy; +Ug, ) + O.BS[M]
P

Average allarea at Taylor bubble region

area average void fraction of the Taylor bubble, a;; = Svorsss orce. in Taylor Biliie
. ag

Hydrostatic pressure drop, (AP)y = pr(1-as)gLis

Usq
0.425+2.65(Ug: +Ug,)

where: void fraction of the liquid slug, a ;¢ =

length of the liquid slug, Ls

Frictional pressure drop of slug unit, (AP), =

L \: P B rsUJ%.e
(1

2D mj"'Uf.z.sPL(l_aLs)fw(l_ﬂ)]

-l -(-az
Total pressure drop in the slug unit, (AP)r = (AP)a+ (AP)u + (AP)r

(B24)

(B25)

(B26)

(B27)

(B28)

(B29)
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| _ . /3 Total L
Acceleration | Hydrostatic | Frictional pressure pressure Pressure
o | R || | | e | | | S | R | i | | T
Pa Pa Pa ig'f,)“'f‘,g (AP), | kPa/m
’ kPa

0 288.69 slug 0.2233 | 0.0640 | 5311 0.0368 859 2520 0.5087 33794 3.3794 8.8376
0 367.06 slug 0.2756 | 0.0640 | 6752 | 0.0344 888 2623 0.7490 35123 3.5123 8.0267
0 445.44 slug 0.2500 | 0.0601 | 8194 | 0.0327 708 3114 1.2793 3824.0 3.8240 7.4613
0 519.64 slug 0.3696 | 0.0641 | 9559 | 0.0314 948 2288 1.0448 3236.8 3.2368 7.0992
0 629.11 slug 0.3212 | 0.0602 | 11573 | 0.0299 771 2908 1.9758 3680.9 3.6809 6.6887
0 738.59 slug 0.4149 | 0.0617 | 13587 | 0.0287 890 2521 1.9711 3413.0 3.4130 6.0505
0 848.06 slug 0.4883 | 0.0639 | 15601 | 0.0277 1064 2526 2.2238 3592.2 3.5922 5.4703
0 957.53 slug 0.5069 | 0.0639 | 17615 | 0.0269 1110 2650 2.7864 3762.7 3.7627 5.1900
1028 | 445.44 slug 0.2864 | 0.0639 | 9222 | 0.0317 931 2478 1.1918 3410.0 3.4100 8.0445
1028 | 519.64 slug 0.3088 | 0.0621 | 10587 | 0.0306 853 2207 1.3075 3062.0 3.0620 7.7192
1028 | 629.11 slug 0.3463 | 0.0640 | 12601 | 0.0292 1007 2704 2.0570 37124 3.7124 7.0688
1028 | 738.59 slug 0.3348 | 0.0639 | 14615 | 0.0282 1046 3170 3.1725 4218.8 4.2188 6.8414
1028 | 848.06 slug 0.4131 | 0.0640 | 16628 | 0.0273 1090 2489 2.7739 3582.1 3.5821 6.4215
1028 | 957.53 slug 0.4122 | 0.0638 | 18642 | 0.0265 1124 2717 3.7022 3845.1 3.8451 6.2352
1028 | 1067.01 | slug 0.4903 | 0.0640 | 20656 | 0.0259 1179 1943 2.7772 3124.7 3.1247 6.0673
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Table B7 Determination of the pressure gradient from experiment for pure water
Physical properties of air and water used in experiment:

density of water, pwaier = 995 kg/m’; viscosity of water, pyater = 8.51 % 10 Pas
density of air, pair = 1.18 kg/m?; viscosity of air, pair = 1.85 X 107 Pa.s
temperature, T = 31 °C (£ 1 °C ); inner pipe diameter, D = 0.053 m;
cross-sectional area of pipe, A = 0.0022 m?; pressure taps difference = 0.4 m
Procedure to determine of pressure gradient from experiment:

1. Read the highest and lowest difference level from manometer.

‘2(100 — level ~ (100 — level
2. Put the value of difference level in _9 _»r.8 ( eyel de 2l ( evel e v)

dz 100x0.4x1000

(B30)
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Figure B10 Appearance scale and water level in manometer.
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Appearance water levels difference in manometer, (cm)

Rewater Reg r:é?xe Left hand side (lowest) Right hand side (highest)

1 2 3 4 5 1 2 3 4 5
0 2.90 Bubble 79.1 79.1 79.1 79.1 79.1 39.2 39.2 39.2 39.2 39.2
0 5.56 Bubble 79 79 79 79 79 39.1 39.1 39.1 39.1 39.1
0 8.20 Bubble 79 79 79 79 79 39.1 39.1 39.1 39.1 39.1
0 10.04 Bubble 79 79 79 79 79 39.1 39.1 39.1 39.1 39.1
0 11.87 Bubble 79 79 79 79 79 39.1 39.1 39.1 39.1 39.1
0 13.70 Bubble 79 79 79 79 79 39.1 39.1 39.1 39.1 39.1
0 15.54 Bubble 79.1 79.1 79.1 79.1 79.1 39.2 39.2 39.2 39.2 39.2
0 17.37 Bubble 79.1 79.1 79.1 79.1 79.1 39.2 39.2 39.2 392 39.2
0 21.04 Bubble 79.1 79.1 79.1 79.1 79.1 39.2 39.2 392 39.2 39.2
0 22.87 Bubble 79.1 79.1 79.1 79.1 79.1 39.2 39.2 39.2 39.2 39.2
0 28.37 Bubble 79.2 79.2 79.2 79.2 79.2 39.3 39.3 39.3 393 39.3
0 33.87 Bubble 79.2 79.2 79.2 79.2 79.2 39.3 393 39.3 393 39.3
0 37.54 Bubble 79.2 79.2 79.2 79.2 79.2 393 393 393 393 393
0 43.04 Bubble 79.1 79.1 79.1 79.1 79.1 393 393 393 39.3 39.3
0 48.54 Bubble 79.1 79.1 79.1 79.1 79.1 394 394 394 39.4 394
0 59.53 Bubble 79 79 79 79 79 39.5 395 395 39.5 39.5
0 68.70 Bubble 78.8 78.8 78.8 78.8 78.8 39.6 39.7 39.6 39.6 39.6
0 79.70 Bubble 79 79 79 79 79 39.6 39.6 39.6 39.6 39.6
0 88.87 Bubble 78.6 78.6 78.6 78.6 78.6 399 39.9 399 39.9 39.9
0 100 Bubble 78.5 78.5 78.5 78.5 78.5 40 40 40 40 40
0 132 Bubble-Slug 93 93 93 93 93 58 58 58 58 58
0 184 Bubble-Slug 77 77.2 77 77 77 4] 412 41.1 41.3 41.2
0 289 Slug 75.8 75.8 75.8 75.7 75.7 427 428 42.9 43 428
0 367 Slug 75 75 75 75 75 43.2 43.5 434 43.6 43.5
0 445 Slug 91 91.2 91.2 91 91 59.9 59.6 60 60.2 59.9
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Appearance water levels difference in manometer, (cm)
Réwater Re,ir reFé?r: . Left hand side (lowest) Right hand side (highest)
1 2 3 4 5 1 2 3 4 5

0 520 Slug 73 72.8 72.5 72.5 72.6 428 43.8 44 439 442

0 629 Slug 93.5 93.5 93.5 93.4 93.4 66 66.2 66.3 66.2 66.3

0 739 Slug 70 70 71 70.5 70.5 47 46.5 45.8 46 45.5

0 848 Slug 90.8 91 90.9 90.8 90.6 69 69 69 68.9 69

0 958 Slug 89.4 89.4 89.4 894 89.5 70.4 70.5 70.5 70.5 70.3

0 1067 Slug 88.6 88.6 88.6 88.5 88.5 71.4 71.3 71.3 71.4 71.3

0 1176 Slug 87.8 87.8 87.8 87.5 87.5 72 72 72 72.2 72.1

0 1322 Slug 88 87.6 87.6 87.7 88 71.8 722 72 72 71.8

0 1450 Slug 67.8 67.8 66 67 66.8 48.8 48.8 50.5 49 49.5
1028 2.90 Bubble 90 90 90 90 90 50.2 50.2 50.2 50.2 50.2
1028 5.56 Bubble 90 90 90 90 90 50.2 50.2 50.2 50.2 50.2
1028 8.20 Bubble 90 90 90 90 90 50.2 50.2 50.2 50.2 50.2
1028 10.04 Bubble 89.9 89.9 89.9 89.9 89.9 50.2 50.2 50.2 50.2 50.2
1028 11.87 Bubble 89.9 89.9 899 89.9 89.9 50.3 50.3 50.3 503 50.3
1028 13.70 Bubble 89.9 89.9 89.9 89.9 89.9 50.3 50.3 50.3 503 50.3
1028 15.54 Bubble 89.8 89.8 89.8 89.8 89.8 50.3 503 50.3 50.3 50.3
1028 17.37 Bubble 89.8 89.8 89.8 89.8 89.8 503 50.3 50.3 50.3 503
1028 21.04 Bubble 89.7 89.7 89.7 89.7 89.7 50.4 50.4 50.4 50.4 50.4
1028 22.87 Bubble 89.7 89.7 89.7 89.7 89.7 504 50.4 50.4 50.4 50.4
1028 28.37 Bubble 89.6 89.6 89.6 89.6 89.6 50.5 50.5 50.5 50.5 50.5
1028 33.87 Bubble 89.4 89.4 894 89.4 89.4 50.6 50.6 50.6 50.6 50.6
1028 37.54 Bubble 89.4 89.4 89.4 89.4 89.4 50.7 50.7 50.7 50.7 50.7
1028 43.04 Bubble 89.3 89.3 89.3 89.3 89.3 50.8 50.8 50.8 50.8 50.8
1028 48.54 Bubble 89.2 89.2 89.2 89.2 89.2 50.9 50.9 50.9 50.9 50.9
1028 59.53 Bubble 89 89 89 89 89 51 51 51 51 51
1028 68.70 Bubble 88.9 88.9 88.9 88.9 88.9 512 fl €74 51.2 51.2 51.2
1028 79.70 Bubble 88.9 88.9 88.9 88.9 88.9 51.3 51.3 51.3 513 51.3
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Appearance water levels difference in manometer, (cm)

Rowa || Rew r:;?:e Left hand side (lowest) Right hand side (highest)
| 2 3 4 5 | 2 3 4 5
008 | 8587 | Butble | 886 | 886 | 886 | 886 | 886 | 515 | 515 | sus | 515 | SIS
1028 100 Bubble | 885 | 885 | 885 | sss | 85 | si6 | sie | su6 | 516 | 516
1028 132 Bubble 88 88 88 88 88 s22 | s22 | s22 | s22 | s22
1028 184 | BubbleSiug | 87.5 | 874 | 874 | 874 | 8714 | 525 | s26 | 526 | 526 | 526
1028 | 289 | Bubblesg | 865 | 865 | 865 | 865 | 866 | 536 | 536 | 37 | 534 | 535
1028 | 367 | BubbleSlg | 86 86 85.9 86 86 542 | 541 s4.1 54 s4.1
1028 | 445 Slug 857 | ss6 | ss6 | 856 | 856 | sa6 | se6 | sa6 | sa7 | 547
1028 520 Slug 81.9 82 82 82 82 s19 | s19 | si9 | sie | s19
1028 | 629 Slug s12 | 812 | 8Ll 81.1 81.1 s26 | s26 | s27 | s26 | s26
1028 | 739 Slug 0.5 | 804 | 805 | 805 80.5 | 3.1 s32 | s32 | s32 | 33
1028 | 848 Slug 796 | 196 | 7196 | 7197 | 796 54 54 54.1 5.1 54.1
1028 | 958 Slug 92 | 793 | 792 | 792 | 793 | 546 | s42 | s43 | 543 | 545
1028 | 1067 Slug 85 | 7185 | 786 | 786 | 786 55 55.1 55.1 55.1 55
1028 | 1176 Slug 779 | 19 | 719 78 78 56 56 56 ss8 | 558
1028 | 1322 Slug 73 | 174 | M5 | 15 | 715 56 56.1 56.1 56.1 56.2
1028 | 1450 Slug 67 | 167 | 768 | 768 | 768 57 56.8 57 57 57
1028 | 2548 | SlgChum | 859 | 858 | 857 | 88 | 88 | 616 | 675 | 615 | 676 | 675
1028 | 5096 |Slg-Chum| 836 | 838 | 835 | 836 | 86 | 66 | 702 | 69 | 698 | 6938
1028 | 7644 |SgChum| 826 | 825 | 826 | 88 | 88 | 705 | 7L 708 | 709 | 706
1028 | 10192 | Chum 96 | 825 82 82.5 82 708 | 711 7ns | 74 | m3
1028 | 12740 | Chum 82 82 gi6 | 818 | 819 | 715 | 716 7 718 | 719
1028 | 15288 | Chum 815 | 812 81 81 81 72.1 7 7 7 722
1028 | 17835 | Chum 05 | 806 | s06 | 806 | so8 | 725 | 726 | T26 | 22 | 722
1028 | 20383 | Chum 05 | so6 | 805 | sos | ss | 76 | 725 | 725 | 7125 | 728
1028 | 22931 | Chum s0s | 85 | sos | 806 | s.s5 | 728 | 728 | 728 7 73

L81



o L
Appearance water levels difference in manometer, (cm)
Reyaer Reyr Flow regime Left hand side (highest) Right hand side (lowest)
6 7 8 9 10 6 7 8 9 10

0 290 Bubble 79.2 79.2 79.2 79.2 79.2 393 393 39.3 393 39.3
0 5.56 Bubble 79.1 79.1 79.1 79.1 79.1 39.2 39.2 39.2 392 39.2
0 8.20 Bubble 79.1 79.1 79.1 79.1 79.1 39.2 39.2 39.2 39.2 39.2
0 10.04 Bubble 79.1 79.1 79.1 79.1 79.1 39.2 39.2 39.2 39.2 39.2
0 11.87 Bubble 79.1 79.1 79.1 79.1 79.1 39.2 39.2 39.2 39.2 39.2
0 13.70 Bubble 79.1 79.1 79.1 79.1 79.1 39.2 39.2 39.2 39.2 39.2
0 15.54 Bubble 79.2 79.2 79.2 79.2 79.2 39.3 39.3 39.3 393 393
0 17.37 Bubble 79.2 79.2 79.2 79.2 79.2 39.3 39.3 39.3 393 39.3
0 21.04 Bubble 79.2 79.2 79.2 79.2 79.2 39.3 393 393 393 393
0 22.87 Bubble 79.2 79.2 79.2 79.2 79.2 393 39.3 393 393 393
0 28.37 Bubble 79.1 79.1 79.1 79.1 79.1 393 39.3 39.3 393 39.3
0 33.87 Bubble 79.1 79.1 79.1 79.1 9.1 39.3 393 39.3 393 39.3
0 37.54 Bubble 79.1 79.1 79.1 79.1 79.1 393 39.3 393 393 393
0 43.04 Bubble 79.1 79.1 79.1 79.1 79.1 393 39.3 39.3 393 39.3
0 48.54 Bubble 79 79 79 50 79 39.5 39.5 39.5 39.5 39.5
0 59.53 Bubble 78.8 78.8 78.8 78.8 78.8 39.7 39.7 39.7 39.7 39.7
0 68.70 Bubble 78.7 78.7 78.7 78.7 78.7 39.7 39.7 39.7 39.7 39.7
0 79.70 Bubble 78.7 78.6 78.6 78.6 78.6 39.8 39.8 39.8 39.8 39.8
0 88.87 Bubble 78.1 78.1 78.1 78.1 78.1 40.5 40.5 40.5 40.5 40.5
0 100 Bubble 78 78 78 78 78 40.6 40.6 40.6 40.6 40.6
0 132 Bubble-Slug 92.7 92.7 92.7 92.7 92.7 58.3 583 58.3 58.3 58.3
0 184 Bubble-Slug 754 75.3 75.5 75.4 785 42.7 43 42.8 43 43

0 289 Slug 74 73.9 74 74 74 439 445 44.6 445 44.5
0 367 Slug 73 72.8 73 73.2 73 45.5 45.6 45.5 454 454
0 445 Slug 89 88.9 89 89 89 61.6 61.6 61.5 62 61.8
0 520 Slug 71 71 712 71 71.3 44.5 45 44.4 44.7 44.9
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Appearance water levels difference in manometer, (cm)
Reyater Regi Flow regime Left hand side (highest) Right hand side (lowest)

6 7 8 9 10 6 7 8 9 10
0 629 Slug 92.6 92.5 92.5 92.6 92.5 674 67.5 67.4 67.3 67.5
0 739 Slug 70.5 70 69.5 70.5 69.5 46.8 48 47.5 46.5 47
0 848 Slug 89.8 89.5 89.7 89.5 89.4 70 70 70 70 70.1
0 958 Slug 88.5 88.5 88.5 88.5 88.4 71 71 71.3 712 71.3
0 1067 Slug 87.4 87.3 87.2 87.3 87.3 72.4 723 72.4 723 72.4

0 1176 Slug 86.5 86.6 86.4 86.5 86.5 73 729 73 73 73
0 1322 Slug 86.7 86.4 86.4 86.3 86.2 73.3 734 73.4 73.4 73.4

0 1450 Slug 64 64.5 64.3 64 63 52.5 52.5 52.2 51.8 53
1028 2.90 Bubble 90 90 90 90 90 50.2 50.2 50.2 50.2 50.2
1028 5.56 Bubble 90 90 90 90 90 50.2 50.2 50.2 50.2 50.2
1028 8.20 Bubble 90 90 90 90 90 50.2 50.2 50.2 50.2 50.2
1028 10.04 Bubble 89.9 89.9 89.9 89.9 89.9 50.2 50.2 50.2 50.2 50.2
1028 11.87 Bubble 89.9 89.9 89.9 89.9 89.9 50.3 50.3 50.3 50.3 50.3
1028 13.70 Bubble 89.9 89.9 89.9 89.9 89.9 50.3 50.3 50.3 50.3 50.3
1028 15.54 Bubble 89.8 89.8 89.8 89.8 89.8 50.3 50.3 50.3 50.3 50.3
1028 17.37 Bubble 89.8 89.8 89.8 89.8 89.8 50.3 50.3 50.3 50.3 50.3
1028 21.04 Bubble 89.7 89.7 89.7 89.7 89.7 50.4 50.4 50.4 50.4 504
1028 22.87 Bubble 89.7 89.7 89.7 89.7 89.7 50.4 50.4 50.4 50.4 50.4
1028 28.37 Bubble 89.6 89.6 89.6 89.6 89.6 50.5 50.5 50.5 50.5 50.5
1028 33.87 Bubble 894 89.4 894 894 89.4 50.6 50.6 50.6 50.6 50.6
1028 37.54 Bubble 89.4 894 89.4 89.4 89.4 50.7 50.7 50.7 50.7 50.7
1028 43.04 Bubble 89.3 89.3 89.3 89.3 89.3 50.8 50.8 50.8 50.8 50.8
1028 48.54 Bubble 89.2 89.2 89.2 89.2 89.2 50.9 50.9 50.9 50.9 50.9

1028 59.53 Bubble 89 89 89 89 89 51 51 51 51 51
1028 68.70 Bubble 88.8 88.8 88.8 88.8 88.8 51.3 51.3 51.3 51.3 51.3
1028 79.70 Bubble 88.7 88.7 88.7 88.7 88.7 51.4 514 51.4 51.4 51.4
1028 88.87 Bubble 88.5 88.5 88.5 88.5 88.5 51.6 51.6 51.6 51.6 51.6
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Appearance water levels difference in manometer, (cm)
Réuater Re,i Flow regime Left hand side (highest) Right hand side (lowest)

6 7 8 9 10 6 7 8 9 10
1028 100 Bubble 88.3 88.3 88.3 88.3 88.3 51.7 51.7 51.7 51.7 51.7
1028 132 Bubble 87.6 87.6 87.5 87.5 87.5 52.5 52.5 52.5 52.5 52.6
1028 184 Bubble-Slug 87 87 87 87 87 53 53.1 53.1 53.1 53.1
1028 289 Bubble-Slug 86 86 86 86 86 53.9 54 54 54 54
1028 367 Bubble-Slug 85.6 85.5 85.5 85.6 85.5 54.6 54.5 54.6 54.5 54.5
1028 445 Slug 849 849 85 84.9 85 55.3 55.5 554 55.4 554
1028 520 Slug 81.5 81.5 814 81.4 81.5 523 52.2 52.2 52.3 522
1028 629 Slug 80.8 80.6 80.6 80.6 80.6 529 53 53.1 53.1 53
1028 739 Slug 79.8 79.8 79.9 79.8 79.8 54 53.9 53.8 53.9 54
1028 848 Slug 79.2 79.3 79.1 79.2 79.2 54.6 54.5 54.7 54.4 54.6
1028 958 Slug 78.6 78.5 78.5 78.6 78.6 55 55 55 55 55.1
1028 1067 Slug 77.6 77.6 77.5 77.6 77.6 56 55.9 56 55.9 55.9
1028 1176 Slug 77.5 77.5 77.5 77.4 77.4 56.5 56 56.3 56.3 56.4
1028 1322 Slug 76.6 76.6 76.7 76.7 76.7 57.3 57.4 57.3 57.2 57.2
1028 1450 Slug 76.2 76.1 76.2 76.2 76.1 57.7 57.8 57.6 57.6 57.8
1028 2548 Slug-Churn 85.1 85.1 85.1 85.1 85 68.5 68.6 68.5 68.5 68.5
1028 5096 Slug-Churn 83 83 83 83 83.1 71.4 71 71.3 70.8 70.2
1028 7644 Slug-Chumn 81.8 81.8 81.6 82 81.6 71.6 71.8 71.5 71.6 71.3
1028 10192 Churn 80.5 81 81.5 81 79 72.5 72 72.5 72 74
1028 12740 Chumn 79 79.5 79 79 79.8 74 73 73.8 73.6 73
1028 15288 Churn 79 79 79 79 79 74 74.5 73.8 73.8 74
1028 17835 Churn 78 79 79.2 78 79 74.4 74 74 75 73.8
1028 20383 Churn 78.5 78 78.5 78.5 78.5 74 74.8 75.2 74.5 74.6
1028 22931 Churn 78 78.5 78 78 78 75 74.3 74.8 75.1 75.2
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Measured pressure gradient (-dp/dz), kPa/m
Rewaer | Reair Flow regime ;:?izﬁi ?LEPS:J’I::;
1 2 3 4 5 6 7 8 9 10
0 2.90 Bubble 97365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 9.7365 + 0.00
0 5.56 Bubble 97365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 = 0.00
0 8.20 Bubble 97365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 9.7365 = 0.00
0 10.04 Bubble 97365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 97365 = 0.00
0 11.87 Bubble 97365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 9.7365 = 0.00
0 13.70 Bubble 97365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 9.7365 = 0.00
0 15.54 Bubble 97365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 9.7365 | 9.7365 = 0.00
0 17.37 Bubble 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 9.7365 | 9.7365 + 0.00
0 21.04 Bubble 97365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 9.7365 | 9.7365 £ 0.00
0 22.87 Bubble 07365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 9.7365 = 0.00
0 28.37 Bubble 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7121 | 9.7121 | 9.7121 9.7121 | 9.7121 | 9.7243 += 0.0l
0 33.87 Bubble 97365 | 97365 | 9.7365 | 9.7365 | 9.7365 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 9.7243 + 0.01
0 37.54 Bubble 97365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7121 | 9.7121 | 9.7121 | 9.7121 9.7121 | 9.7243 £ 0.01
0 43.04 Bubble 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.712] 97121 | 9.7121 | 9.7121 [ 9.7121 + 0.00
0 48.54 Bubble 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6389 | 9.6389 9.6389 | 9.6389 | 9.6389 | 9.6633 + 0.03
0 59.53 Bubble 96389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.5413 | 9.5413 | 9.5413 | 9.5413 9.5413 | 9.5901 == 0.05
0 68.70 Bubble 95657 | 9.5413 | 9.5657 | 9.5657 | 9.5657 | 9.5169 | 9.5169 | 9.5169 | 9.5169 9.5169 | 9.5389 + 0.02
0 79.70 Bubble 96145 | 9.6145 | 9.6145 | 9.6145 | 9.6145 | 9.4925 | 9.4681 | 9.4681 | 9.4681 9.4681 | 9.5438 = 0.07
0 88.87 Bubble 0.4437 | 9.4437 | 9.4437 | 9.4437 | 9.4437 | 9.1753 | 9.1753 9.1753 | 9.1753 | 9.1753 | 93095 = 0.14
0 100 Bubble 93949 | 9.3949 | 9.3949 | 9.3949 | 9.3949 | 9.1265 | 9.1265 | 9.1265 | 9.1265 9.1265 | 9.2607 = 0.14
0 132 Bubble-Slug | 8.5408 | 8.5408 | 8.5408 | 8.5408 | 8.5408 83944 | 8.3944 | 83944 | 8.3944 | 8.3944 | 84676 =+ 0.08
0 184 Bubble-Slug | 8.7849 | 8.7849 | 8.7605 | 8.7116 | 8.7361 7.9796 | 7.8820 | 7.9796 | 7.9064 | 7.9308 | 8.3456 == 0.43
0 289 Slug 80772 | 8.0528 | 8.0284 | 7.9796 | 8.0284 | 7.3451 | 7.1743 | 7.1743 | 7.1987 7.1987 | 7.6257 + 043
0 367 Slug 77600 | 7.6867 | 7.7112 | 7.6623 | 7.6867 | 6.7107 | 6.6374 | 6.7107 6.7839 | 6.7351 | 7.2085 = 0.52
0 445 Slug 75801 | 7.7112 | 7.6135 | 7.5159 | 7.5891 | 6.6863 | 6.6618 6.7107 | 6.5886 | 6.6374 | 7.1304 + 0.50
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‘ Measured pressure gradient (-dp/dz), kPa/m S R—
Rewaer | Rear | Flow regime gradient, (kPa/m)

1 2 3 4 5 6 7 8 9 10
0 520 Slug 7.3695 | 7.0767 | 6.9547 | 6.9791 | 6.9303 | 6.4666 | 6.3446 | 6.5398 | 6.4178 | 6.4422 | 6.7521 + 035
0 629 Slug 6.7107 | 6.6618 | 6.6374 | 6.6374 | 6.6130 | 6.1494 | 6.1006 | 6.1250 | 6.1738 | 6.1006 | 6.3910 + 0.28
0 739 Slug 5.6125 | 5.7346 | 6.1494 | 59786 | 6.1006 | 5.7834 | 5.3685 | 5.3685 | 5.8566 | 5.4905 | 5.7443 + 0.28
0 848 Slug 53197 | 5.3685 | 5.3441 | 5.3441 | 5.2709 | 4.8317 | 4.7585 | 4.8073 | 4.7585 | 4.7097 | 5.0513 + 0.30
0 958 Slug 4.6365 | 4.6120 | 4.6120 | 4.6120 | 4.6853 | 4.2704 | 4.2704 | 4.1972 | 42216 | 4.1728 | 44290 + 022
0 1067 Slug 4.1972 | 42216 | 4.2216 | 4.1728 | 4.1972 | 3.6604 | 3.6604 | 3.6116 | 3.6604 | 3.6360 |3.9239 = 0.29
0 1176 Slug 3.8556 | 3.8556 | 3.8556 | 3.7336 | 3.7580 | 3.2943 | 3.3431 | 3.2699 | 3.2943 | 3.2943 | 3.5554 + 027
0 1322 Slug 3.9532 | 3.7580 | 3.8068 | 3.8312 | 3.9532 | 3.2699 | 3.1723 | 3.1723 | 3.1479 | 3.1235 | 3.5188 + 037
0 1450 Slug 4.6365 | 4.6365 | 3.7824 | 4.3924 | 4.2216 | 2.8063 | 2.9283 | 2.9527 | 2.9771 | 2.4402 | 3.5774 + 0.84
1028 | 2.90 Bubble 9.7121 | 9.7121 | 9.7121 | 9.7121 | 97121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 [9.7121 % 0.00
1028 | 5.56 Bubble 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 [ 9.7121 =+ 0.00
1028 | 8.20 Bubble 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 | 9.7121 [9.7121 * 0.00
1028 | 10.04 Bubble 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 <+ 0.00
1028 | 11.87 Bubble 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 [ 9.6633 =+ 0.00
1028 | 13.70 Bubble 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 | 9.6633 [ 9.6633 = 0.00
1028 | 15.54 Bubble 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 [9.6389 = 0.00
1028 | 17.37 Bubble 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 == 0.00
1028 | 21.04 Bubble 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 =+ 0.00
1028 | 22.87 Bubble 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 | 9.5901 + 0.00
1028 | 28.37 Bubble 9.5413 | 9.5413 | 9.5413 | 9.5413 | 9.5413 | 9.5413 | 9.5413 | 9.5413 | 9.5413 | 9.5413 | 9.5413 + 0.00
1028 | 33.87 Bubble 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 =+ 0.00
1028 | 37.54 Bubble 9.4437 | 9.4437 | 9.4437 | 9.4437 | 9.4437 | 9.4437 | 9.4437 | 9.4437 | 9.4437 | 9.4437 | 9.4437 = 0.00
1028 | 43.04 Bubble 9.3949 | 9.3949 | 9.3949 | 9.3949 | 9.3949 | 9.3949 | 9.3949 | 9.3949 | 9.3949 | 9.3949 | 9.3949 <+ 0.00
1028 | 48.54 Bubble 9.3461 | 9.3461 | 9.3461 | 9.3461 | 9.3461 | 9.3461 | 9.3461 | 9.3461 | 9.3461 | 9.3461 | 9.3461 =+ 0.00
1028 | 59.53 Bubble 92729 | 9.2729 | 9.2729 | 9.2729 | 9.2729 | 92729 | 9.2729 | 9.2729 | 9.2729 | 92729 [ 92729 + 0.00
1028 | 68.70 Bubble 9.1997 | 9.1997 | 9.1997 | 9.1997 | 9.1997 | 9.1509 | 9.1509 | 9.1509 | 9.1509 | 9.1509 |9.1753 + 0.03
1028 | 79.70 Bubble 9.1753 | 9.1753 | 9.1753 | 9.1753 | 9.1753 | 9.1021 | 9.1021 | 9.1021 | 9.1021 | 9.1021 |9.1387 + 0.04
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Measured pressure gradient (-dp/dz), kPa/m
Rewaer | Reuir Flow regime Aveljage prossyee
gradient, (kPa/m)
1 2 3 4 5 6 T 8 9 10

1028 | 88.87 Bubble 9.0533 | 9.0533 | 9.0533 | 9.0533 | 9.0533 | 9.0045 | 9.0045 | 9.0045 | 9.0045 | 9.0045 | 9.0289 =+ 0.03
1028 100 Bubble 9.0045 | 9.0045 | 9.0045 | 9.0045 | 9.0045 | 8.9313 | 8.9313 | 8.9313 | 89313 | 8.9313 | 8.9679 = 0.04
1028 132 Bubble 8.7361 | 8.7361 | 8.7361 | 8.7361 | 8.7361 | 8.5652 | 8.5652 | 8.5408 | 8.5408 | 8.5164 | 8.6409 = 0.10
1028 184 Bubble-Slug | 8.5408 | 8.4920 | 8.4920 | 8.4920 | 8.4920 | 82968 | 8.2724 | 8.2724 | 8.2724 8.2724 | 8.3895 + 0.12
1028 | 289 Bubble-Slug | 8.0284 | 8.0284 | 8.0040 | 8.0772 | 8.0772 | 7.8332 | 7.8088 | 7.8088 | 7.8088 7.8088 | 7.9283 =+ 0.12
1028 | 367 Bubble-Slug | 7.7600 | 7.7844 | 7.7600 | 7.8088 | 7.7844 | 7.5647 | 7.5647 | 7.5403 | 7.5891 | 7.5647 76721 = 0.11
1028 | 445 Slug 75891 | 7.5647 | 7.5647 | 7.5403 | 7.5403 | 7.2231 | 7.1743 | 7.2231 | 7.1987 | 7.2231 [ 7.3842 = 0.19
1028 | 520 Slug 73207 | 7.3451 | 7.3451 | 7.3451 | 7.3451 | 7.1255 | 7.1499 | 7.1255 | 7.1011 | 7.1499 | 72353 + 0.11
1028 | 629 Slug 69791 | 6.9791 | 6.9303 | 6.9547 | 6.9547 | 6.8083 | 6.7351 | 6.7107 | 6.7107 | 6.7351 | 6.8497 = 0.12
1028 | 739 Slug 6.6863 | 6.6374 | 6.6618 | 6.6618 | 6.6374 | 6.2958 | 6.3202 | 6.3690 | 6.3202 | 6.2958 | 6.4886 == 0.18
1028 | 848 Slug 6.2470 | 6.2470 | 6.2226 | 62470 | 6.2226 | 6.0030 | 6.0518 | 5.9542 | 6.0518 | 6.0030 | 6.1250 = 0.12
1028 | 958 Slug 6.0030 | 6.1250 | 6.0762 | 6.0762 | 6.0518 | 5.7590 | 5.7346 | 5.7346 | 5.7590 | 5.7346 | 59054 = 0.17
1028 | 1067 Slug 57346 | 5.7102 | 5.7346 | 57346 | 5.7590 | 52709 | 52953 | 5.2465 | 5.2953 | 52953 | 55076 =+ 0.24
1028 | 1176 Slug 53441 | 5.3441 | 5.3441 | 54173 | 54173 | 5.1245 | 52465 | 5.1733 | 5.1489 | 5.1245 | 52685 =+ 0.12
1028 | 1322 Slug 5.1977 | 5.1977 | 52221 | 52221 | 5.1977 | 4.7097 | 4.6853 | 4.7341 | 4.7585 | 4.7585 | 4.9683 = 0.25
1028 | 1450 Slug 48073 | 4.8561 | 4.8317 | 4.8317 | 4.8317 | 4.5144 | 44656 | 4.5388 | 4.5388 | 4.4656 |4.6682 = 0.17
1028 | 2548 Slug-Churn 4.4656 | 4.4656 | 4.4412 | 4.4412 | 4.4656 | 4.0508 | 4.0264 | 4.0508 | 4.0508 | 4.0264 | 42485 = 022
1028 | 5096 Slug-Churn 34163 | 33187 | 33187 | 3.3675 | 3.3675 | 2.8307 | 2.9283 | 2.8551 | 29771 | 3.1479 | 3.1528 =+ 0.23
1028 | 7644 Slug-Churn 29527 | 27819 | 2.8795 | 2.9039 | 2.9771 | 2.4890 | 2.4402 | 2.4646 | 2.5378 | 2.5134 | 2.6940 + 022
1028 | 10192 Churn 28795 | 2.7819 | 2.5622 | 2.7087 | 2.6111 | 1.9522 | 2.1962 | 2.1962 | 2.1962 | 1.2201 |2.3304 =+ 0.50
1028 | 12740 Churn 25622 | 2.5378 | 2.3426 | 2.4402 | 2.4402 | 12201 | 1.5862 | 1.2689 | 1.3177 1.6594 | 1.9375 £ 0.57
1028 | 15288 Churn 22938 | 2.2450 | 2.1962 | 2.1962 | 2.1474 | 1.2201 1.0981 1.2689 | 1.2689 | 1.2201 | 1.7155 =+ 0.53
1028 | 17835 Churn 19522 | 1.9522 | 1.9522 | 2.0498 | 2.0986 | 0.8785 | 1.2201 | 1.2689 | 0.7321 | 1.2689 | 1.5373 * 0.52
1028 | 20383 Churn 19278 | 1.9766 | 19522 | 1.9522 | 1.8790 | 1.0981 | 0.7809 | 0.8053 | 0.9761 | 0.9517 | 1.4300 = 0.54
1028 | 22931 Chumn 1.8790 | 1.8790 | 1.8790 | 1.8546 | 1.8302 | 0.7321 | 1.0249 | 0.7809 | 0.7077 | 0.6833 | 1.3250 + 0.58
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Figure B11 Comparison between Nicklin's theory, Sylvester's theory and experimental pressure gradient
vs. air Reynolds number of pure water at Reyaer = 0 by using pipe diameter 53.15 mm.
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Figure B12 Comparison between Nicklin's theory, Sylvester's theory and experimental pressure gradient
vs. air Reynolds number of pure water at Reyaer = 1028 by using pipe diameter 53.15 mm.
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Table B8 The critical Reynolds numbers (Reair)critical Of Various regimes by using pipe diameter of 53.15 mm

Pipe Re,;(critical) for each flow regime
diameter Rewass - -
(mm) : B:il::?gle Slug Stlll:fn Churn | Annular Mist
0 132 289 - - - -
53.15
1028 184 445 2548 10192 - -
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Appendix C Water-Air Flow for the Pipe diameter of 10.75 mm

Table C1 Determination of bubble size for pure water from experiment
Physical properties of air and water used in experiment:
density of water, pwater = 995 kg/m?; viscosity of water, pwater = 8.51 X 10 Pas
density of air, pair = 1.18 kg/m3 : viscosity of air, pajr = 1.85 X 107 Pas
temperature, T =31 °C (x 1 °C); inner pipe diameter = 0.011 m: cross-sectional area of pipe, A = 0.00009 m?
Procedure to determine the bubble size:
1. Make a movie of the bubble flow regime by video camera.
2. Capture the picture from movie by Snagit 8.0 software program.
3. Measure the bubble size by Scion Image software program.

Equivalent diameter (De) of the bubble is defined as the diameter of a sphere that has the same volume as the bubble.
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Figure C1 Flow around a spherical cap bubble (Wilkes, 1999).
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o ® ®

Bubble height,R; (mm) Bubble width, Wy (mm) Average | Equivalent dismeter. Dy (in) | Voreee

Rewser | Reur ' A"erage)’R* e bubble s d‘?q“"’a'e’g
1 2 3 s 1 2 30 | width mm) |1 2 Wl oy

0 i3 | 113 | 112 | 114 |113 = 01| &% 8.4 91 |88 = 03| 127 | 125 | 129 |127 = 02
0 34 | s | no | e |117 = 02| a8 9.6 95 |93 = os| 129 | 135 | 132 |132 = 03
1079 | 12 | 127 | 120 | 122 |123 = 04| 90 9.1 94 |92 = 02| 141 | 134 | 137 |137 = 03
1079 | 34 | 127 | 130 | 131 [129 = 02| 96 9.4 94 |94 + 01| 142 | 144 | 145 |144 = 01
1079 | s6 | 129 | 128 | 127 |128 + o1| 94 .| 93 96 |94 + 01| 144 | 142 | 142 [143 = o0l
1079 | 100 | 130 | 129 | 131 [130 £ 01| 92 9.4 96 |94 + 02| 144 | 143 | 146 |144 = 01
2727 | 12 71 78 73 | 74 = 04| 70 7.9 73 |74 = 04| 85 94 87 | 89 = 05
2727 | 3.4 7.3 8.4 81 |79 = 06| 77 75 80 |77 = 03| 89 9.8 97 |94 = 05
2127 | 56 8.5 8.8 92 |88 = 03| 85 8.7 84 |85 + 01| 102 | 105 | 107 |105 = 03
2727 | 100 | 92 8.8 91 |90 = 02| 94 8.4 80 |86 + 07| 1L 104 | 105 |107 = 03
2727 | 143 | 129 | 120 | 127 [125 £ 05| 79 8.1 90 |83 = 06| 139 | 131 | 141 [137 = 05
2727 | 187 | 122 | 127 | 127 |125 = 03| 93 9.1 87 |90 = 03| 137 | 141 | 140 |139 £ 02
2727 | 231 | 142 | 124 | 135 |133 = 09| 88 9.1 94 |91 + 03| 154 | 138 | 149 |147 % 08

002
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Bubble‘heighUPipe Bubble_Width / Pipe Equivalent diameter / Pipe Average

Rewser | Rear diameter Average, Ry/D diameter Average, Wy/D diameter equivalent
1 2 3 1 2 3 1 2 3 diameter, De/D
0 1.2 1.05 1.04 1.06 1.05 £ 0.01| 0.82 0.78 085 |082 =+ 0.03 1.18 1.17 1.20 1.18 = 0.02
0 34 1.07 1.11 1.08 1.08 + 0.02)| 0.82 0.90 088 (086 = 0.04 1.20 1.26 1.23 123 + 0.03
1079 1.2 1.18 1.11 1.14 1.14 + 0.04| 0.84 0.84 088 |085 %= 0.02 1.31 1.25 1.28 1.28 = 0.03
1079 | 3.4 1.18 1.21 1.22 120 = 0.02| 0.89 0.87 088 | 088 = 0.01 1.33 1.34 1.35 1.34 = 0.01
1079 | 5.6 1.20 1.19 1.18 | 1.19 £ 0.01 | 0.88 0.87 0.890 |0.88 = 0.01 1.34 1.32 1.32 1.33 = 0.01
1079 | 10.0 | 1.21 1.20 1.22 121 + 0.01| 0.86 0.87 089 |[087 =+ 0.02 1.34 1.33 1.36 1.34 + 0.01
2727 | 1.2 0.66 0.73 068 | 069 = 0.03]| 0.66 0.74 068 | 069 + 0.04 0.79 0.88 0.81 0.83 =+ 0.04
2727 | 34 0.68 0.79 076 | 0.74 = 0.06| 0.72 0.69 074 | 072 = 0.02 0.83 091 0.90 088 = 0.05
27127 | 56 0.79 0.82 085 |08 =+ 003| 079 0.80 0.78 | 079 = 0.01 0.95 0.97 1.00 097 = 0.02
2727 | 10.0 | 0.85 0.82 085 | 084 =+ 002 0.88 0.79 074 |0.80 = 0.07 1.03 0.97 0.98 099 =+ 0.03
2727 | 143 1.20 1.11 1.18 | 1.16 = 0.05| 0.74 0.75 083 [077 £ 0.05 1.29 1.22 1.31 1.27 + 0.05
2727 | 18.7 | 1.13 1.18 1.18 1.17 £ 0.03]| 086 0.85 081 084 <+ 0.03 1.27 1.31 1.30 1.29 + 0.02
2727 | 23.1 1.32 1.15 1.25 124 + 0.09| 0.82 0.85 0.88 [0.85 + 0.03 1.43 1.28 1.38 1.36 + 0.08
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Figure C2 Bubble width, bubble height and equivalent diameter vs. air Reynolds number of
pure water at Reyaer = 0 by using pipe diameter 10.75 mm.
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Figure C3 Bubble width, bubble height and equivalent diameter vs. air Reynolds number of
pure water at Reyaer = 1079 by using pipe diameter 10.75 mm.
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Figure C4 Bubble width, bubble height and equivalent diameter vs. air Reynolds number of
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Figure C6 Bubble height from experiment vs. air Reynolds number of pure water
by using pipe diameter 10.75 mm.
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Table C2 Determination of slug height for pure water from experiment
Physical properties of air and water used in experiment:
density of water, pwater = 995 kg/m’; viscosity of water, pwaer = 8.51 % 10 Pa.s
density of air, pair = 1.18 kg/m?; viscosity of air, pair = 1.85 X 10° Pa.s
temperature, T =31 °C (x 1 °C); inner pipe diameter = 0.011 m; cross-sectional area of pipe, A = 0.00009 m’
Procedure to determine the slug height:
1. Make a movie of the slug flow regime by video camera.
2. Capture the picture from movie by Snagit 8.0 software program.

3. Measure the slug height by Scion Image software program.
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Length of Taylor bubble (L+g)

Length of Taylor bubble / Pipe

,mm Average length of diameter Average Length

Reuater Regir Taylor bubble of Taylor bubble
1 2 3 (LTB) ,mm 1 2 3 / Plpe diameter

0 14.35 14.3 19.3 16.3 167 =+ 25 1.3 1.8 1.5 1.6 £ 023
0 18.72 18.4 26.0 20.8 2. Cr A N\ - K- 1.7 2.4 1.9 20 = 036
0 23.09 24.6 235 239 240 +.-06 23 22 22 22 + 0.05
0 27.47 25.4 244 24.1 246 =+ 0.7 24 2.3 22 23 = 007
0 31.84 30.0 28.2 29.7 293 + 09 2.8 2.6 2.8 27 £ 0.09
0 36.22 50.3 70.9 51.4 S5¥S 7 &/ I1.& 47 6.6 438 53 = 1.08
0 40.56 68.0 81.5 76.7 754 = 6.9 6.3 7.6 7.1 7.0 = 0.64
0 49.63 90.0 77.8 84.7 842 + 6.1 84 712 7.9 78 + 0.57
0 58.69 88.5 95.2 94.1 926 + 36 | 82 8.9 8.8 86 == 033
0 67.75 103.7 90.4 102.4 989 = 73 9.6 8.4 9.5 92 = 068
0 76.82 104.0 111.0 112.0 109.0 = 44 9.7 10.3 10.4 10,1 = 041
0 85.88 115.5 111.0 131.5 1193 = 1038 10.7 10.3 12.2 1.1 = 1,00
0 94.95 127.6 131.7 126.9 1287 £ 26 11.9 12.3 11.8 120 = 0.24
1079 23.09 16.6 17.4 15.5 165 = 1.0 1.5 1.6 1.4 1.5 = 0.09
1079 27.47 21.3 18.1 19.5 196 + 1.6 2.0 1.7 1.8 1.8 £ 0.15
1079 31.84 21.1 19.3 20.7 204 = 1.0 2.0 1.8 1.9 1.9 + 0.09
1079 36.22 23.1 224 21.7 22— 07 e8! 2.1 2.0 2.1 += 0.06
1079 40.56 228 25.9 25.0 246 + 16| 2l 24 2.3 23 = 015
1079 49.63 27.7 25.8 26.1 26811 HU D 26 24 2.4 25 %= 0.10
1079 58.69 29.3 31.0 29.7 300 = 09 27 2.9 2.8 28 == 0.08
1079 67.75 349 35.2 333 g4:5NGRUILD 32 33 3.1 32 = 0.10
1079 76.82 31.2 34.6 36.5 341 = 27 29 3.2 34 32 = 025
1079 85.88 40.3 41.1 40.7 407 == 04 3.7 3.8 38 38 = 0.04
1079 94.95 77.1 77.9 83.3 794 £ 34 7.2 7.2 7.8 74 + 032
1079 104 78.8 83.2 87.2 83.1 =+ 42 73 7.7 8.1 779 £ Q39
1079 122 89.4 96.4 85.4 904 * 55 8.3 9.0 7.9 84 = 0.52
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Length of Tag:(::r:‘ bubble (Ltg) Averags tengtilof Length of '[‘;zgll;;tgt:bble / Pipe Average Lonuth

Rewalct Reallr Taylor bubble of Taylor bubble
1 5 3 (Lg) ,mm ] 5 3 / Pipe diameter

2727 36.22 16.8 17.0 17.8 172 += 06 1.6 1.6 1.7 1.6 £ 0.05
2727 40.56 18.6 18.6 17.8 183 3%\ 05 1.7 1.7 1.7 1.7 = 0.04
2727 49.63 22.5 234 21.0 223 1.2 2.1 22 2.0 2.1 = 0.11
2727 58.69 22.8 234 22.8 230 =+ 04 21 22 2.1 2.1 <+ 0.03
2727 67.75 20.0 25.6 26.4 240 £ 3.5 1.9 24 2.5 22 + 032
2727 76.82 25.7 28.3 26.9 21 /A& 1.3 24 2.6 2.5 25 + 0.12
2727 85.88 26.6 243 28.7 26.5 / & 22 2.5 23 2.7 25 £ 020
2727 94.95 31.1 29.6 32.1 AY /213 2.9 2.8 3.0 29 £ 0.12
2727 104 353 325 30.3 327/ /£ (728 33 3.0 2.8 30 £ 023
2727 122 45.5 51.6 53.6 502 + 42 4.2 4.8 5.0 47 =+ 039
2727 140 499 41.5 55.7 490 = 72 4.6 3.9 52 46 =+ 0.67
2727 158 61.5 61.5 57.5 602 £ 23 §i7 5.7 53 56 =+ 022
2727 177 63.6 739 88.5 754 & =4=125 59 6.9 8.2 70 £ Ll16
2727 231 112.2 96.6 105.6 1048 + 78 10.4 9.0 9.8 97 =+ 0.73
2727 294 105.0 106.5 1253 (\Pdds— 113 9.8 9.9 11.7 104 = 1.05
2727 367 138.7 140.7 132.0 137.1 £ 45 12.9 13.1 12.3 128 = 042
2727 523 265.3 241.3 216.0 2409 = 24.7 24.7 224 20.1 224 = 229
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—O— Slug height from experiment by using Rewater = 0
—0— Slug height from experiment by using Rewater = 1079
—A— Slug height from experiment by using Rewater = 2727

Figure C7 Slug height from experiment vs. air Reynolds number of pure water

by using pipe diameter 10.75 mm.
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Table C3 Determination of bubble and slug velocity for pure water from Nicklin’s theory and experiment
Physical properties of air and water used in experiment:

density of water, pwater = 995 l(g/m3 ; viscosity of water, pyaier = 8.51 % 10 Pa.s

density of air, pair = 1.18 kg/m?; viscosity of air, i, = 1.85 x 10° Pa.s

temperature, T =31 °C (= 1 °C ); inner pipe diameter = 0.011 m; cross-sectional area of pipe, A = 0.00009 m’
i Qqu' + Q:'rqwd
Bubble velocity from theory, u, = I.Z(T) +0.354/gD (C2)

Determination of bubble velocity from experiment by timing the bubble at known distance (0.7m)

Time of bubble travel (sec)/0.7m Bubble and slug velocity (m/s) Average bubble | Bubble and

Kiverage anq slug slug velocity
Reyawr | Reyir g velocity from from

" (sec/0.7 m) : c Ll
1 2 3 4 5 1 2 3 4 5 experiment Nicklin's

(m/s) theory (m/s)
0 1.22 7.75 7.62 7.66 7.75 769 |769 = 006 0.09 0.09 0.09 0.09 0.09 | 009 = 0.001 0.12
0 341 7.19 7.18 7.16 7.28 732 (723 = 007 0.10 0.10 0.10 0.10 0.10 | 0.10 %= 0,001 0.12
0 5.60 7.13 6.79 6.87 7.32 706 [7.03 + 021 0.10 0.10 0.10 0.10 0.10 | 0.10 = 0.003 0.12
0 9.97 6.60 6.65 6.75 6.72 669 [668 + 0.06| 0.11 0.11 0.10 0.10 0.10 [0.10 % 0.001 0.13
0 14.35 6.59 6.72 6.50 6.56 660 | 659 + 008 0.11 0.10 0.11 0.11 0.11 |0.11 %= 0.001 0.14
0 18.72 6.12 6.10 5.90 6.06 6.10 | 6066 + 009 0.11 0.11 0.12 0.12 0.11 |[0.12 % 0.002 0.15
0 23.09 5.71 5.69 5.72 5.72 572 | 571 £ 0.01] 0.12 0.12 0.12 0.12 0.12 | 0.12 = 0.000 0.15
0 27.47 5.34 5.34 547 547 540 | 540 + 0.07| 0.13 0.13 0.13 0.13 0.13 |0.13 £ 0.002 0.16
0 31.84 25 5.28 525 5.25 528 (526 £+ 0.02| 0.13 0.13 0.13 0.13 0.13 | 0.13 £ 0.000 0.17
0 36.22 4.78 4.69 4.63 4.78 475 (473 £ 0.07( 0.15 0.15 0.15 0.15 0.15 [0.15 £ 0.002 0.18
0 40.56 4.41 437 432 4.44 440 (439 + 0.05| 0.16 0.16 0.16 0.16 0.16 [0.16 % 0.002 0.18
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Time of bubble travel (sec)/0.7m Bubble and slug velocity (m/s) Average bubble | Bubble arfd
Average anq slug slug velocity
Reyater Renir (sec/0.7 m) VGIOClty from from
1 2 3 4 5 | 5 3 4 5 experiment Nicklin's
(m/s) theory (m/s)

0 49.63 | 3.97 3.91 3.91 3.97 397 |395 + 0.03] 0.18 0.18 0.18 0.18 0.18 | 0.18 = 0.001 0.20
0 58.69 | 3.65 3.56 3.76 3.62 368 |3.65 £ 007 0.19 0.20 0.19 0.19 0.19 | 0.19 £ 0.004 022
0 67.75 | 3.53 3.59 3.50 | 3.53 359 | 355 = 004 020 0.19 0.20 0.20 0.19 | 020 =+ 0.002 0.23
0 76.82 | 3.35 3.34 | 331 3.28 335 | 333 £ 0.03] 021 0.21 0.21 0.21 021 | 021 £ 0.002 0.25
0 85.88 | 3.03 3.06 | 3.03 3.13 3.00 [3.05 + 005]| 023 0.23 0.23 0.22 023 023 = 0.004 0.26
0 9495 | 2.90 2.87 291 2.90 3.03 [ 292 + 0.06]| 024 0.24 0.24 0.24 023 | 024 £ 0.005 0.28
1079 1.22 3.62 359 | 3.75 3.72 362 |3.66 + 0.07]| 0.19 0.19 0.19 0.19 0.19 | 0.19 £ 0.004 0.22
1079 | 3.4l 3.59 3.6l 3.69 3.52 3.60 [3.60 + 0.06]| 0.19 0.19 0.19 0.20 0.19 | 0.19 £ 0.003 0.22
1079 | 5.60 3.59 3.60 3.57 3.53 3.54 |3.57 + 0.03] 0.19 0.19 | 020 0.20 020 | 020 =+ 0.002 0.23
1079 10 3.53 3.56 3.47 3.47 344 | 349 % 0.05]| 020 0.20 0.20 0.20 020 |[020 = 0.003 0.23
1079 14 3.53 3.50 | 3.47 3.50 346 [349 % 0.03| 0.20 0.20 0.20 0.20 020 | 020 £ 0.002 0.24
1079 19 3.43 3.41 3.44 3.43 344 | 343 £ 0.01] 020 0.21 0.20 0.20 020 | 020 %= 0.001 0.25
1079 23 3.38 3.38 3.34 3.28 334 (334 = 004 021 0.21 0.21 0.21 021 |021 % 0.003 0.26
1079 27 3.15 319 | 3.19 | 3.19 306 |3.16 = 006 022 0.22 0.22 0.22 023 | 022 £ 0.004 0.26
1079 32 3.04 3.09 3.03 3.06 307 |3.06 £ 002| 023 0.23 0.23 0.23 023 | 023 £ 0.002 0.27
1079 36 2.94 291 2.97 3.00 288 [294 £ 0.05| 0.24 0.24 0.24 0.23 024 | 024 %= 0.004 0.28
1079 4] 2.72 2.78 272 | 2.84 275 |276 + 005 0.26 0.25 0.26 0.25 025 025 £ 0.005 0.29
1079 50 2.65 266 | 269 | 2.62 269 |266 £ 0.03| 0.26 0.26 0.26 0.27 026 |026 = 0.003 0.30
1079 59 247 2.50 2.47 243 247 | 247 %+ 0.02| 0.28 0.28 0.28 0.29 028 | 028 £ 0.003 0.32
1079 | 67.75 | 2.34 2.35 232 | 238 | 240 (236 + 003 030 0.30 0.30 0.29 029 | 030 % 0.004 0.33
1079 | 76.82 | 2.34 2:31 2.40 2.34 237 | 235 = 003] 030 0.30 0.29 0.30 030 |030 £ 0.004 0.35
1079 | 85.88 | 222 228 | 219 | 2.18 228 |223 = 005| 032 0.31 0.32 0.32 031 | 031 = 0.007 0.37
1079 | 9495 | 2.12 2.10 | 2.13 2.06 210 [2.10 £ 0.03] 033 0.33 0.33 0.34 033 | 033 = 0.004 0.38
1079 104 2.00 2.03 2.00 2.00 204 [201 £ 0.02] 035 0.34 0.35 0.35 034 | 035 £ 0.003 0.40
1079 122 1.87 1.81 1.84 1.90 190 | 1.86 = 0.04 | 0.37 0.39 0.38 0.37 037 | 038 = 0.008 0.43
2727 1.22 225 2.22 2.16 2.16 225 | 221 % 005 031 0.32 0.32 0.32 031 | 032 = 0.007 0.38
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Time of bubble travel (sec)/0.7m Bubble and slug velocity (m/s) BRERE I | e
Average e N8 Siug vesocity
Rewaer | Reégir /0.7 m) velocity from from
1 2 3 4 5 (poch) 1 ) 3 4 5 experiment Nicklin's
(m/s) theory (m/s)
2727 3.41 2.13 2.09 2.09 2.13 206 210 + 003 033 0.33 0.33 0.33 034 |033 £ 0.005 0.38
2727 5.60 2.09 2.00 1.97 2.06 209 | 204 + 005| 033 0.35 0.36 0.34 033 034 = 0.009 0.38
2727 9.97 2.00 2.00 1.96 1.94 197 | 197 £ 0.03| 035 0.35 0.36 0.36 036 |035 £ 0.005 0.39
2727 | 14.35 1.97 2.03 2.00 1.95 197 [ 198 + 0.03| 036 0.34 0.35 0.36 036 |035 £ 0.006 0.40
2727 19 2.00 1.96 1.98 1.94 194 | 196 + 0.03] 0.35 0.36 0.35 0.36 0.36 [0.36 = 0.005 0.41
2727 23 1.94 1.97 2.00 1.97 2,00 | 198 + 003 036 0.36 0.35 0.36 035 | 035 + 0.005 0.41
2727 27 1.97 1.90 2.00 2.00 194 | 196 £ 004 0.36 0.37 0.35 0.35 036 | 036 £ 0.008 0.42
2727 32 1.87 1.87 1.88 1.88 1.84 | 1.87 £ 0.02| 0.37 0.37 0.37 0.37 038 |037 £ 0.003 0.43
2727 | 36.22 1.81 1.81 1.84 1.85 1.81 |1.82 + 0.02] 0.39 0.39 0.38 0.38 039 |038 = 0.004 0.44
2727 | 40.56 1.69 1.69 1.75 1.78 1.72 | .73 £ 0.04 | 04l 0.41 0.40 0.39 041 |041 % 0.009 0.44
2727 | 49.63 1.68 1.75 1.75 1.69 1.72 [ 1.72 % 0.03 | 042 0.40 0.40 0.41 041 | 041 = 0.008 0.46
2727 | 58.69 1.72 1.72 1.78 1.72 1.68 | 1.72 £ 0.04 | 041 0.41 0.39 0.41 042 | 041 £ 0.008 0.48
2727 | 67.75 1.63 1.69 1.63 1.69 1.65 [ 1.66 £ 0.03| 043 0.41 0.43 0.41 042 | 042 £ 0.008 0.49
2727 77 1.56 1.59 1.53 1.56 1.63 | 1.57 = 0.04| 045 0.44 0.46 0.45 043 | 044 £ 0011 0.51
2727 86 1.53 1.53 1.59 1.56 1.56 | 1.55 + 003 | 046 0.46 0.44 0.45 045 | 045 £ 0.007 0.52
2727 95 1.47 1.47 1.54 1.46 147 | 148 % 0.03| 048 0.48 0.45 0.48 0.48 | 047 £ 0.010 0.54
2727 104 1.44 1.50 1.44 1.47 144 (146 % 0.03| 049 0.47 0.49 0.48 049 | 048 + 0.009 0.56
27217 122 1.41 1.41 1.40 1.41 140 (141 £ 0.01| 050 0.50 0.50 0.50 0.50 | 0.50 = 0.002 0.59
2727 140 1.38 137 | 140 | 1.36 137 (138 + 0.02| 0.51] 0.51 0.50 | 0.51 0.51 | 051 £ 0.006 0.62
2727 158 1.25 1.25 1.23 1.28 125 [ 125 + 0.02| 0.56 0.56 0.57 0.55 0.56 | 0.56 % 0.008 0.65
27217 177 1.15 1.12 1.13 1.16 1.14 | 1.14 = 0.02| 0.6l 0.63 0.62 0.60 0.61 |0.61 %= 0.009 0.68
2727 231 1.00 1.06 1.03 1.00 091 |1.00 + 0.06]| 0.70 0.66 0.68 0.70 0.77 | 0.70 £ 0.041 0.78
2727 294 0.94 0.94 091 0.90 089 |092 £ 0.02| 0.74 0.74 0.77 0.78 0.79 | 076 = 0.019 0.89
2727 367 0.78 0.72 0.69 0.68 075 | 072 £+ 0.04| 090 0.97 1.01 1.03 093 | 097 = 0.055 1.02
2727 523 0.53 0.56 0.52 0.52 053 |053 = 002 1.32 1.25 1.35 1.35 1.32 [ 1.32 = 0.039 1.29
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Bubble and slug velocity, ———~ Average bubb_le B:;t;l;;n 205:::8

(gD) and Sug velocRs, Nicklin's theory

Rewncr Reai: u u i

1 2 3 4 5 ( gp)o-s W

0 1.22 0.28 0.28 0.28 0.28 0.28 028 + 0.002 0.36
0 3.41 0.30 0.30 0.30 0.30 0.29 030 + 0.003 0.37
0 5.60 0.30 0.32 0.31 0.29 0.31 031 + 0.009 0.38
0 9.97 0.33 0.32 0.32 0.32 0.32 032 £ 0.003 0.40
0 14.35 0.33 0.32 0.33 0.33 0.33 033 £ 0.004 0.43
0 18.72 0.35 0.35 0.37 0.36 0.35 036 + 0.005 0.45
0 23.09 0.38 0.38 0.38 0.38 0.38 038 = 0.001 0.47
0 27.47 0.40 0.40 0.39 0.39 0.40 040 =+ 0.005 0.50
0 31.84 0.41 0.41 0.41 0.41 0.41 041 + 0.001 0.52
0 36.22 0.45 0.46 0.47 0.45 0.45 046 + 0.006 0.55
0 40.56 0.49 0.49 0.50 0.49 0.49 049 = 0.005 0.57
0 49.63 0.54 0.55 0.55 0.54 0.54 055 = 0.005 0.62
0 58.69 0.59 0.61 0.57 0.60 0.59 059 % 0.012 0.67
0 67.75 0.61 0.60 0.62 0.61 0.60 061 =+ 0.007 0.72
0 76.82 0.64 0.65 0.65 0.66 0.64 065 = 0.006 0.76
0 85.88 0.71 0.70 0.71 0.69 0.72 071 % 0.011 0.81
0 94.95 0.74 0.75 0.74 0.74 0.71 074 + 0.015 0.86
1079 1.22 0.60 0.60 0.57 0.58 0.60 059 = 0011 0.67
1079 341 0.60 0.60 0.58 0.61 0.60 060 = 0.010 0.68
1079 5.60 0.60 0.60 0.60 0.61 0.61 0.60 £ 0.005 0.70
1079 10 0.61 0.61 0.62 0.62 0.63 062 + 0.009 0.72
1079 14 0.61 0.62 0.62 0.62 0.62 062 + °0.005 0.74
1079 19 0.63 0.63 0.63 0.63 0.63 063 * 0.002 0.77
1079 23 0.64 064 | 0.65 0.66 0.65 064 + 0.008 0.79
1079 27 0.68 068 |+ 0.68 0.68 0.70 068 = 0.012 0.81
1079 32 0.71 0.70 0.71 0.70 0.70 0.70 * 0.005 0.84
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Bubble and slug velocity, ~—!2.? Avernge bUbb.le B\l::lzti;n gs::g

(gD)" and slug velocity, | nitgin's theory

Rewatcr Real.ir u ’

R u
1 2 3 4 5 (gD)ﬂ's (g—DF

1079 36 0.73 0.74 0.73 0.72 0.75 073 £ 0.012 0.86
1079 41 0.79 0.78 0.79 0.76 0.78 0.78 + 0.014 0.88
1079 50 0.81 0.81 0.80 0.82 0.80 0.81 + 0.009 0.93
1079 59 0.87 0.86 0.87 0.89 0.87 087 £ 0.009 0.98
1079 67.75 0.92 0.92 0.93 0.91 0.90 091 =+ 0.012 1.03
1079 76.82 0.92 0.93 0.90 0.92 091 092 £ 0013 1.08
1079 85.88 0.97 0.95 0.98 0.99 0.95 097 £ 0.021 1.13
1079 94.95 1.02 1.03 1.01 1.05 1.03 1.03 + 0.013 1.18
1079 104 1.08 1.06 1.08 1.08 1.06 1.07 %= 0.010 1.23
1079 122 1.15 1.19 1.17 1.13 113 1.16 + 0.024 1.32
2727 1.22 0.96 0.97 1.00 1.00 0.96 098 =+ 0.020 1.16
2727 341 1.01 1.03 1.03 1.01 1.05 1.03 £ 0.0I5 1.17
2727 5.60 1.03 1.08 1.09 1.05 1.03 1.06 + 0.028 1.18
2727 9.97 1.08 1.08 1.10 kil 1.09 1.09 + 0014 1.20
2727 14.35 1.09 1.06 1.08 1.11 1.09 1.09 %= 0.017 1.23
2927 19 1.08 1.10 1.09 I.11 1.11 1.10 £ 0.015 1.25
2727 23 1.11 1.09 1.08 1.09 1.08 1.09 + 0014 1.27
2727 27 1.09 1.13 1.08 1.08 1.11 1.10 = 0.024 1.30
2727 32 1.15 1.15 1.15 1.15 1.17 1.15 = 0.010 1.32
2727 36.22 1.19 1.19 1.17 1.17 1.19 1.18 + 0.013 1.34
2727 40.56 1.28 1.28 1.23 1.21 1.25 1.25 %= 0.028 1.37
2727 49.63 1.28 1.23 1.23 1.28 1:25 1.26 %= 0.024 1.42
2727 58.69 1.25 1.25 1.21 1.25 1.28 1.25 = 0.026 1.47
2727 67.75 1.32 1.28 1.32 1.28 1.31 1.30 + 0.024 1.51
2727 77 1.38 1.36 1.41 1.38 1.32 137 + 0.033 1.56
2727 86 1.41 1.41 . 1.36 1.38 1.38 139 £ 0022 1.61
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Bubble and slug velocity, L Average bUbb.le B:;l::it;n g'::::g
gD )0'5 and slug Veloginy: Nicklin's theory
Rewal.'er Rellr u u *
05 —hisioan
1 2 3 4 5 (gD) (gD)M
2727 95 1.47 1.47 1.40 1.48 1.47 146 £ 0.031 1.66
2727 104 1.50 1.44 1.50 1.47 1.50 1.48 + 0.027 1.71
2727 122 1.53 1.53 1.54 1.53 1.54 1.53 %= 0.006 1.81
2727 140 1.56 1.57 1.54 1.58 1.57 1.57 %+ 0.017 1.90
2727 158 1372 1.72 1.75 1.68 92 1.72 + 0.024 2.00
2727 177 1.87 1.92 1.91 1.86 1.89 1.89 + 0.026 2.10
2727 231 2.16 2.03 2.09 2.16 2.37 2.16 £ 0.127 2.39
2727 294 2.29 2.29 2:37 2.40 2.42 235 = 0.059 2.74
2727 367 2.76 2.99 3.12 3.17 2.87 299 = 0.170 3.13
2727 523 4.07 3.85 4.15 4.15 4.07 405 + 0.121 397
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Figure C8 Comparison bubble and slug velocity from experiment vs. air Reynolds number of pure water

comparing with Nicklin's theory by using pipe diameter 10.75 mm.
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Table C4 Determination of the pressure gradient for the bubble flow regime from Nicklin’s theory (Pure water)
Physical properties of air and water used in experiment:

density of water, pwater = 995 kg/m3; viscosity of water, pyater = 8.51 % 10 Pas

derisity of air, pair=1.18 kg/m?; viscosity of air, pa = 1.85 x 10” Pa.s

temperature, T = 31 °C (+ 1 °C ); inner pipe diameter, D = 0.011 m; cross-sectional area of pipe, A = 0.00009 m’

Qﬁqm’d’

Superficial liquid velocity, j, .. = 4

_ Qafr

Superficial air velocity, j,, = 4

D
Reynolds number of liquid, Re;,,; = P Juquid

Fiiquid

Reynolds number of air, Re,, = PlarD

#0}?
Bubble velocity rising in stagnant liquid, u, =1.00 Jg Rb
where Ry, is equivalent radius of the bubble which defined as the radius of a sphere that has the same volume as the bubble
Qe

Void fraction, ¢ =
Qﬂi’r + thmd i ubA

Pressure gradient for bubble flow regime, %p =—p,gll-¢)

(€3)

(C4)

(C5)

(C6)

(C7)

(C8)

(C9)
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® @
Sup. water Sup. Air . (-dp/dz)y,
Qw.lm . Qwa(cr Qm B 3 Flow VOId
(mU/min) j:::,o(cr:l?s) (m’/sec) Rewater (L/min) j\:!?:l}g Quir (m'/sec) | Reai regime Us (m/s) fraction &?Epg‘;:;ry

0 0 0 0 0.0097 0.0018 1.61883E-07 1.22 bubble 0.2498 0.0071 9.6917

0 0 0 0 0.0271 0.0050 4.51225E-07 341 bubble 0.2545 0.0192 9.5738
466 0.0856 7.762E-06 | 1079 0.0097 0.0018 1.61883E-07 1.22 bubble 0.2596 0.0051 9.7108
466 0.0856 7.762E-06 | 1079 0.0271 0.0050 4.51225E-07 3.41 bubble 0.2658 0.0140 9.6247
466 0.0856 7.762E-06 1079 0.0444 0.0082 7.40567E-07 5.60 bubble 0.2645 0.0228 9.5385
466 0.0856 7.762E-06 | 1079 0.0792 0.0145 1.32E-06 9.97 bubble 0.2662 0.0397 9.3734
1177 0.2162 1.961E-05 | 2727 0.0097 0.0018 1.61883E-07 1.22 bubble 0.2491 0.0038 9.7237
1177 0.2162 1.961E-05 | 2727 0.0271 0.0050 4.51225E-07 341 bubble 0.2491 0.0106 9.6577
1177 0.2162 1.961E-05 | 2727 0.0444 0.0082 7.40567E-07 5.60 bubble 0.2491 0.0172 9.5927
1177 0.2162 1.961E-05 | 2727 0.0792 0.0145 1.31925E-06 9.97 bubble 0.2491 0.0303 9.4651
1177 0.2162 1.961E-05 | 2727 0.1139 0.0209 1.89793E-06 14.35 bubble 0.2592 0.0422 9.3495
1177 0.2162 1.961E-05 | 2727 0.1486 0.0273 2.47662E-06 18.72 bubble 0.2613 0.0541 9.2331
1177 0.2162 1.961E-05 | 2727 0.1833 0.0337 3.0553E-06 23.09 bubble 0.2682 0.0650 9.1265
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Table C5 Determination of the pressure gradient for the slug flow regime from Nicklin’s theory (Pure water)
Physical properties of air and water used in experiment:

density of water, pwater = 995 kg/mJ; viscosity of water, pyater = 8.51 X 10 Pas

density of air, pair = 1.18 kg/m?; viscosity of air, pir = 1.85 x 10” Pa.s

temperature, T = 31 °C (+ 1 °C ); inner pipe diameter = 0.011 m; cross-sectional area of pipe, A = 0.00009 m’

+0,
Mean liquid velocity, u, = Q"”TQ“““" (C10)
. s puqm“.fD
Reynolds number of the liquid slug, Re, = —— (C11)
liquid
Fanning friction factor, f, = for laminar flow (Regyg < 2000) (C12)
slug
fr =0.079Re,." for turbulent flow (Resiug > 4000) (C13)
2 il
Single-phase frictional pressure gradient for liquid only, [%) = fp—pgfi—f- (C14)
sp
Void fraction, € = Qo (C15)
1‘2(Qm'r + thwd )+ 0‘35‘4 gD
: ‘ dp dp
Pressure gradient for slug flow regime, 5 (1-¢) - Pligua 8 + v (Cle)
sp
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& & PY
Mean (-dp/dz)y,
6 s Qair Flow liquid Void from
(m’/sec) Rewaier (m’/sec) Reai regime veﬂlcity Reug fr (dp/dz)sp | gaction theory
Uy(m/s) (kPa/m)

0 0 1.898E-06 14.35 slug 0.0209 264 0.0606 49127 0.1508 8.2935
0 0 2.477E-06 18.72 slug 0.0273 344 0.0465 6.4106 0.1865 7.9462
0 0 3.055E-06 | 23.09 slug 0.0337 425 0.0377 7.9085 0.2186 7.6335
0 0 3.634E-06 | 27.47 slug 0.0401 505 0.0317 9.4064 0.2477 7.3504
0 0 4213E-06 | 31.84 slug 0.0464 586 0.0273 10.9043 0.2742 7.0929
0 0 4.791E-06 | 36.22 slug 0.0528 666 0.0240 12.4022 0.2983 6.8576
0 0 5.367E-06 | 40.56 slug 0.0592 746 0.0214 13.8910 0.3204 6.6432
0 0 6.566E-06 | 49.63 slug 0.0724 913 0.0175 16.9950 0.3610 6.2485
0 0 7.765E-06 | 58.69 slug 0.0856 1080 0.0148 20.0990 0.3956 59118
0 0 8.964E-06 | 67.75 slug 0.0988 1246 0.0128 23.2030 0.4255 5.6211
0 0 1.016E-05 | 76.82 slug 0.1120 1413 0.0113 26.3070 04516 5.3677
0 0 1.136E-05 | 85.88 slug 0.1253 1580 0.0101 29.4110 0.4745 5.1448
0 0 1.256E-05 | 94.95 slug 0.1385 1747 0.0092 32.5150 0.4948 49472
7.762E-06 1079 3.055E-06 | 23.09 slug 0.1192 1504 0.0106 28.0014 0.1312 8.5049
7.762E-06 1079 3.634E-06 | 2747 slug 0.1256 1585 0.0101 29.4993 0.1515 8.3072
7.762E-06 1079 4213E-06 | 31.84 slug 0.1320 1665 0.0096 30.9972 0.1707 8.1206
7.762E-06 1079 4.791E-06 | 36.22 slug 0.1384 1746 0.0092 32.4951 0.1888 7.9443
7.762E-06 1079 5.367E-06 | 40.56 slug 0.1447 1825 0.0088 33.9838 0.2059 7.7783
7.762E-06 1079 6.566E-06 | 49.63 slug 0.1579 1992 0.0080 37.0878 0.2387 7.4591
7.762E-06 1079 7.765E-06 | 58.69 slug 0.1712 2159 0.0074 40.1918 0.2683 7.1717
7.762E-06 1079 8.964E-06 | 67.75 slug 0.1844 2326 0.0069 43.2958 0.2950 6.9116
7.762E-06 1079 1.016E-05 | 76.82 slug 0.1976 2492 0.0064 46.3998 0.3194 6.6751
7.762E-06 1079 1.136E-05 | 85.88 slug 0.2108 2659 0.0060 49.5038 0.3416 6.4590
7.762E-06 1079 1.256E-05 | 94.95 slug 0.2240 2826 0.0057 52.6078 0.3620 6.2610
7.762E-06 1079 1.376E-05 104 slug 0.2373 2993 0.0053 55.7118 0.3808 6.0787
7.762E-06 1079 1.6 16E-05 122 slug 0.2637 3326 0.0104 133.9027 0.4142 5.7968
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® @ PY
Mean (-dp/dz)g
Quwater i Flow liquid Void from
(me?ec) Revater (m?!sec) Reai regime veﬁ)city Resug fe (-dp/dz)s, fraction theory
Uy(m/s) (kPa/m)
7.762E-06 1079 1.856E-05 140 slug-churn 0.2901 3660 0.0102 158.2724 0.4430 5.5255
7.762E-06 1079 2.096E-05 158 slug-churn 0.3166 3993 0.0099 184.3674 0.4680 5.2904
7.762E-06 1079 2.335E-05 177 slug-churn 0.3430 4327 0.0097 212.1504 0.4901 5.0852
7.762E-06 1079 3.055E-05 | 231 slug-churn | 0.4223 5327 0.0092 | 305.3067 0.5428 4,6027
7.762E-06 1079 3.894E-05 294 slug-churn 0.5149 6494 0.0088 431.8244 0.5869 42110
7.762E-06 1079 4.854E-05 367 slug-churn 0.6206 7828 0.0084 598.8069 0.6233 3.9025
1.961E-05 2727 4,791E-06 | 36.22 slug 0.2690 3393 0.0104 138.6849 0.1210 8.7018
1.961E-05 2727 5.367E-06 | 40.56 slug 0.2754 3473 0.0103 144.4548 0.1332 8.5860
1.961E-05 2727 6.566E-06 | 49.63 slug 0.2886 3640 0.0102 156.8073 0.1573 8.3572
1.961E-05 2727 7.765E-06 | 58.69 slug 0.3018 3807 0.0101 169.5917 0.1799 8.1442
1.961E-05 2727 8.964E-06 | 67.75 slug 0.3150 3974 0.0100 182.8030 0.2010 7.9454
1.961E-05 2727 1.016E-05 | 76.82 slug 0.3283 4140 0.0098 196.4368 0.2207 7.7595
1.961E-05 2727 1.136E-05 | 85.88 slug 0.3415 4307 0.0098 210.4888 0.2393 7.5854
1.961E-05 2727 1.256E-05 | 94.95 slug 0.3547 4474 0.0097 | 224.9547 0.2568 7.4219
1.961E-05 2727 1.376E-05 104 slug 0.3679 4641 0.0096 239.8308 0.2732 7.2682
1.961E-05 2727 1.616E-05 122 slug 0.3943 4974 0.0094 270.7985 0.3035 6.9869
1.961E-05 2727 1.856E-05 140 slug 0.4208 5308 0.0093 303.3639 0.3307 6.7362
1.961E-05 2727 2.096E-05 158 slug 0.4472 5641 0.0091 337.5012 0.3552 6.5114
1.961E-05 2727 2.335E-05 177 slug 0.4737 5974 0.0090 373.1867 0.3774 6.3090
1.961E-05 2727 3.055E-05 231 slug-churn 0.5530 6975 0.0086 489.3186 0.4333 5.8091
1.961E-05 2727 3.894E-05 294 slug-churn 0.6455 8142 0.0083 641.4818 0.4833 5.3751
1.961E-05 2727 4.854E-05 367 slug-churn 0.7513 9476 0.0080 836.5443 0.5270 5.0122
1.961E-05 2727 6.922E-05 523 slug-churn 0.9793 12352 0.0075 1330.3278 0.5921 4.5244
1.961E-05 2727 0.0001034 782 slug-churn 1.3560 17104 0.0069 2351.4487 0.6547 4.1821
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Table C6 Determination of the pressure gradient for the slug flow regime from Sylvester’s theory (Pure water)
Physical properties of air and water used in experiment:
density of water, pwater = 995 kg/m3; viscosity of water, pyaer = 8.51 x 10 Pa.s
density of air, pair = 1.18 kg/m>; viscosity of air, pair = 1.85 x 10™ Pa.s
temperature, T = 31 °C (% 1 °C ); inner pipe diameter = 0.011 m; cross-sectional area of pipe, A = 0.00009 m*

B = Lrs/Lsu

where: Ltg is length of the Taylor bubble

Lsuy is length of the slug unit

Friction factor associated with the Taylor bubble, £, =

Reynolds number of the liquid slug, Re = PilusD

L
where: velocity of the liquid in the liquid slug, U ;s =Ug; + Uy,

1
2
20logl 2D _(502), (&0, 13
37 (Re 3.7 Rey

Acceleration pressure drop, (AP)a = pr(Upts + Urg)(1-arg)(Urtg + Uts + ULLs)

Friction factor associated with the liquid slug, f,; =

where: ¢ is the pipe roughness

/2
where: velocity of the liquid film around the Taylor bubble, U, ,, = 9.916[gD(1 e 2 7 )T

(C17)

(C18)

(C19)
(C20)

(C21)

(C22)

(C23)
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12
velocity of the Taylor bubble, U, =12(Ug; +Usg, )+ 0.35[§-D(ﬂlﬁ)]

PL

Average allarea at Taylor bubble region

area average void fraction of the Taylor bubble, a;; = Avirage aica In Taylar ubkls
vera rea in or bu

Hydrostatic pressure drop, (AP)y = pu(1-aLs)gLlis

_ Use
Ois =
0.425+2.65(Ug; +Ug,)

where: void fraction of the liquid slug,

length of the liquid slug, Lis

2D| (1- Bl - -agy
Total pressure drop in the slug unit, (AP)r = (AP)a+ (AP)x + (AP)e

g : L Pe U 2
Frictional pressure drop of slug unit, (AP), == +U L sP, (1-a)fis (1-5)

(C24)

(C25)

(C26)

(C27)

(C28)

(C29)
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o
Total
i Hydrostatic | Frictional Total ressure | Pressure
Flow Af::ril:sr::lon gressure pressure e I:irop in | gradient
Rewser | Reair regime p frs Revs fus drop (AP), | drop (AP), | drop (AP), drop in slug unit | (dp/dz),
Pa Pa Pa slug unit | =0p) | kpa/m
(AP), Pa ;
kPa
0 14.35 slug 0.2608 | 0.0567 264 0.0971 98 441 0.0668 539.1 0.5391 8.4380
0 18.72 slug 0.3019 | 0.0577 344 0.0883 108 464 0.1025 572.1 0.5721 7.9461
0 23.09 slug 0.3617 | 0.0575 425 0.0819 110 386 0.1104 495.5 0.4955 7.4765
0 27.47 slug 0.3433 | 0.0505 505 0.0770 63 425 0.1655 488.7 0.4887 6.8111
0 31.84 slug 0.5021 | 0.0565 586 0.0732 106 260 0.0995 365.3 0.3653 6.2601
0 36.22 slug 0.5324 | 0.0619 666 0.0700 159 447 0.2000 605.7 0.6057 5.6081
0 40.56 slug 0.5143 | 0.0619 746 0.0673 162 624 0.3480 786.6 0.7866 5.3674
0 49.63 slug 0.6463 | 0.0636 913 0.0629 188 397 0.2322 585.2 0.5852 4.4924
0 58.69 slug 0.6488 | 0.0615 1080 | 0.0595 171 425 0.3244 596.7 0.5967 4.1809
0 67.75 slug 0.6751 | 0.0619 1246 | 0.0568 183 398 0.3592 581.0 0.5810 3.9677
0 76.82 slug 0.6619 | 0.0614 1413 | 0.0546 183 459 0.5281 643.0 0.6430 3.9050
0 85.88 slug 0.6832 | 0.0624 1580 | 0.0527 203 451 0.5900 654.1 0.6541 3.7450
0 94.95 slug 0.7053 | 0.0619 | 1747 | 0.0510 204 433 0.6291 637.6 0.6376 3.4932
1079 | 23.09 slug 0.2579 | 0.0544 | 1504 | 0.0535 115 442 1.1859 557.9 0.5579 8.7301
1079 | 2747 slug 0.3529 | 0.0540 1585 | 0.0526 114 333 0.8526 447.4 0.4474 8.0384
1079 | 31.84 slug 0.4125 | 0.0538 1665 | 0.0518 115 266 0.6740 381.5 0.3815 7.7244
1079 | 36.22 slug 0.4099 | 0.0543 1746 | 0.0510 121 293 0.8078 415.5 0.4155 7.6128
1079 | 40.56 slug 0.4199 | 0.0537 | 1825 | 0.0503 118 307 0.8969 426.5 0.4265 7.2860
1079 | 49.63 slug 0.4150 | 0.0536 1992 | 0.0490 122 334 1.1384 456.9 0.4569 7.1482
1079 | 58.69 slug 0.4591 | 0.0531 | 2159 | 0.0478 122 311 1.1274 4349 0.4349 6.6552
1079 | 67.75 slug 0.5355 | 0.0536 | 2326 | 0.0467 132 260 0.9224 393.3 0.3933 6.1112
1079 | 76.82 slug 0.4926 | 0.0539 | 2492 | 0.0458 140 302 1.3127 443.5 0.4435 6.4057
1079 | 85.88 slug 0.5608 | 0.0518 | 2659 | 0.0449 124 271 1.1429 396.3 0.3963 5.4656
1079 | 94.95 slug 0.6651 | 0.0640 | 2826 | 0.0441 288 337 1.2291 626.7 0.6267 5.2467
1079 | 104.01 slug 0.5785 | 0.0620 | 2993 | 0.0433 265 506 2.5140 773.4 0.7734 5.3856
1079 | 122.14 slug 0.6080 | 0.0617 | 3326 | 0.0420 278 479 2.6589 759.1 0.7591 5.1064
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. ; —_—— Total Toul
k| s | i | (o | o | P
Revaer | Resr | rogime | P fro | Res | fis | gropcap), drop (AP), | drop (AP), drop i | slug unit | (dpldz),
Pa Pa Pa slugunit | Apy | kPa/m

(AP), Pa KPa
5727 | 3622 | slug | 02890 | 0.0530 | 3393 | 0.0418 159 394 4.0261 5576 | 05576 | 93632
2727 | 4056 | slg | 03189 | 0.0541 | 3473 | 0.0415 175 363 3.6955 5410 | 0.5410 | 9.4099
2727 | 4963 | slg | 02937 | 0.0541 | 3640 | 0.0409 180 491 5.6187 6769 | 06769 | 8.9264
2727 | 5869 | slg | 0.4418 | 0.0537 | 3807 | 0.0404 181 264 2.5825 4473 | 04473 | 86011
2727 | 6775 | slg | 0.4065 | 0.0526 | 3974 | 0.0399 173 315 3.5268 4916 | 04916 | 83337
2727 | 7682 | slg | 0.4730 | 00535 | 4140 | 0.0394 191 268 2.8659 4620 | 04620 | 8.1029
2727 | 8588 | slug | 0.4565 | 0.0523 | 4307 | 0.0390 181 279 32928 4635 | 04635 | 7.9786
2727 | 9495 | slg | 0.4915 | 0.0533 | 4474 | 0.0386 200 281 3.3147 4345 | 04845 | 7.6938
2727 | 104 | sig | 04721 | 0.0535 | 4641 | 0.0382 209 318 4.1474 5310 | 05310 | 7.6653
2727 | 122 | slug | 04697 | 0.0536 | 4974 | 0.0374 224 487 7.1774 n7s | oms | 67077
2727 | 120 | slg | 05429 | 00539 | 5308 | 0.0368 241 349 4.9888 5956 | 05956 | 6.5960
2727 | 158 | slg | 0.5754 | 0.0543 | se41 | 0.0362 | 262 371 5.4841 6388 | 06388 | 6.1085
2727 | 177 | slg | 0.5617 | 00537 | 5974 | 0.0356 266 486 8.1713 7602 | 07602 | 5.6674
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Table C7 Determination of the pressure gradient for the annular and mist flow regime from Wallis’s theory (Pure water)
Physical properties of air and water used in experiment:

density of water, pwater = 995 kg/m?>; viscosity of water, pwater = 8.51 X 10* PA.s

density of air, pair = 1.18 kg/mS; viscosity of air, pair = 1.85 x 107 Pa.s

temperature, T = 31 °C (+ 1 °C ); inner pipe diameter = 0.011 m; cross-sectional area of pipe, A = 0.00009 m*
Fanning friction factor, f, = :{—6 for laminar flow (Re <2000)
e

fr =0.079Re™* for turbulent flow (Re > 4000)

dp

. ; 2 -
Pressure gradient for air, [—) = .._f F PairJ air

D

_ sz p.f.-'qurd ja‘r’qmd
D

Pressure gradient for liquid, [5‘?-]
liquid

Martinelli parameter, X

al d 2/361 36! 1
from (1+x2¢') 6‘(_1’] P 8= (H_X_) (@] i l a 757 Piiguial8
air liguid

=
dz Xz dz (1+0.0904Xu.54s)1sz pafr (l+0.0904xo,548)
. = 1
Void fraction, ¢ = 282
(1+0.0904 x5

Gas tWO'phaSe flow multiplier’ ¢g =(1 +X2f3,6] )]-6132

(C30)
(C31)

(C32)

(C33)

(C34)

(C35)

(C36)

LTT



@ @ &
Pressure gradient for two-phase flow {-dﬁ} = ¢{d—p] - P (C37)
? dz g dz I air
Q‘““.’ Rewater Q‘E’ Re,;; Fk.’w fr of air ol (-dp/dz)y;. | (-dp/dZ)wmer g[a?:::::etz:l: fr::.)tlign ¢,2 Pres(s-l:ir:fé'z-? il
(ml/min) (L/min) regime water | (Pa/m) (Pa/m) ) (€ (KPa/m)

466 1079 36 4554 Annular | 0.0096 0.0148 93 20.0928 2.5776 0.6712 35.5834 3.3252
466 1079 44 5546 Annular | 0.0092 0.0148 131 20.0928 1.6967 0.7250 | 21.5320 2.8427
466 1079 100 12597 Annular | 0.0075 0.0148 553 20.0928 0.2663 0.8862 4.1219 2.2892
466 1079 200 25195 mist 0.0063 0.0148 1859 20.0928 0.1128 0.9268 2.5672 4.7830
466 1079 300 37792 mist 0.0057 0.0148 3779 20.0928 0.0756 0.9406 2.1691 8.2081
1177 2727 100 12597 Annular | 0.0075 0.0059 553 50.7718 0.4076 0.8592 5.5578 3.0827
1177 2727 200 25195 Mist 0.0063 0.0059 1859 50.7718 0.1793 0.9069 3.2483 6.0488

8¢C




Table C8 Determination of the pressure gradient from experiment for pure water
Physical properties of air and water used in experiment:

density of water, pwater = 993 kg/m’; viscosity of water, pyaer = 8.51 * 10 Pa.s
density of air, pair = 1.18 kg/m’; viscosity of air, pajr = 1.85 x 10° Pas
temperature, T =31 °C (£ 1 °C ); inner pipe diameter, D = 0.011 m;
cross-sectional area of pipe, A = 0.00009 m?; pressure taps difference = 0.4 m
Procedure to determine of pressure gradient from experiment:

1. Read the highest and lowest difference level from manometer.

dp p,8( 00 —level ., ;) — (100 - level ,,, z)

2. Put the value of difference level in —— =
dz 100x0.4x1000

(C38)
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Figure C9 Appearance scale and water level in manometer.
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Appearance water levels difference in manometer, (cm)

Reyater Resir Flow regime Left hand side (lowest) Right hand side (highest)

1 2 3 4 5 1 2 3 4 5
0 341 Bubble 78.4 78.4 78.4 78.4 78.4 409 40.9 40.9 40.9 409
0 5.60 Bubble-Slug 98.7 98.7 98.7 98.7 98.7 61.5 61.5 61.5 61.5 61.5
0 9.97 Bubble-Slug 98 98 98 98 98 63.3 633 63.3 63.3 63.3
0 14.35 Slug 97.2 97.2 97.2 97.2 97.2 64.5 64.5 64.5 64.5 64.5
0 18.72 Slug 96.3 96.3 96.3 96.3 96.3 65.5 65.5 65.5 65.5 65.5
0 23.09 Slug 95.5 95.5 95.5 95.5 95.5 66.4 66.4 66.4 66.4 66.4
0 27.47 Slug 94.4 94 .4 94.4 94.4 94 .4 67.5 67.5 67.5 67.5 67.5
0 31.84 Slug 93.6 93.6 93.6 93.6 93.6 68.1 68.1 68.1 68.1 68.1
0 36.22 Slug 92.6 92.6 92.6 92.6 92.6 69.1 69.1 69.1 69.1 69.1
0 40.56 Slug 91.7 91.6 91.5 91.6 91.6 70 70.1 70.1 70 70.1
0 49.63 Slug 91.1 91 91 91 91 70.7 70.8 70.8 70.8 70.8
0 58.69 Slug 90.5 90.5 90.5 90.5 90.5 71.5 71.5 71.5 71.5 71.5
0 67.75 Slug 89.7 89.6 89.6 89.6 89.6 72.1 72 72.1 72.1 72.2
0 76.82 Slug 89.3 89.2 89.2 89.2 89.2 72.6 72.6 72.6 72.6 72.6
0 85.88 Slug 88.7 88.7 88.7 88.7 88.7 73.2 73.2 73.2 73.2 73.2
0 94,95 Slug 884 88.3 88.3 88.4 88.3 73.6 73.4 73.5 73.6 73.6
1079 | 341 Bubble 79.8 79.8 79.8 79.8 79.8 40.1 40.1 40.1 40.1 40.1
1079 | 5.60 Bubble 80.4 80.4 80.4 80.4 80.4 40.9 40.9 40.9 409 409
1079 | 9.97 Bubble 80.1 80.1 80.1 80.1 80.1 413 41.3 413 41.3 413
1079 | 1435 | Bubble-Slug | 79.1 79.1 79.1 79.1 79.1 422 422 422 422 422

1079 | 1872 | Bubble-Slug | 783 78.3 783 78.3 783 43 43 43 43 43
1079 | 23.09 Slug 77.8 77.8 77.8 77.8 77.8 43.5 43.5 435 435 43.5

1079 27.47 Slug 77.3 77.3 77.3 7 77.3 44 44 44 44 44
1079 31.84 Slug 76.5 76.5 76.5 76.5 76.5 44.8 448 44.8 44.8 44.8
1079 36.22 Slug 75.7 757 T5.7 75.7 75.1 45.6 45.6 45.6 456 45.6
1079 40.56 Slug 75.1 75.1 7541 75.1 75.1 46.2 46.2 46.2 46.2 46.2
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Appearance water levels difference in manometer, (cm)

Rewser | Rear | Flowregime Left hand side (lowest) Right hand side (highest)

1 2 3 4 5 1 2 3 4 5
1079 | 49.63 Slug 743 74.3 743 743 74.3 47 47 47 47 47
1079 | 58.69 Slug 73.9 73.9 73.9 739 739 41.5 415 47.5 47.5 475
1079 | 67.75 Slug 735 73.5 73.5 73.5 73.5 47.9 479 479 47.9 479
1079 | 76.82 Slug 72.8 728 72.8 72.8 72.8 48.5 48.5 48.5 48.5 48.5
1079 | 85.88 Slug 723 72.3 72.3 723 72.3 49.1 49.1 49.1 49.1 49.1
1079 | 94.95 Slug 72.1 72.1 72.1 721 72.1 493 49.3 49.3 49.3 49.3
1079 104 Slug 71.6 71.6 71.6 71.6 71.6 49.6 49.6 49.6 49.6 49.6
1079 122 Slug 70.7 70.7 70.7 70.7 70.7 50.6 50.5 50.6 50.6 50.6
1079 140 | Slug-Chumn 70.2 70.2 70.3 70.3 70.3 51.2 51.3 51.2 51.2 512
1079 158 | Slug-Churn 69.7 69.7 69.8 69.8 69.7 51.8 51.8 51.7 51.6 51.7
1079 177 | Slug-Chum 69.3 69.4 69.4 69.4 69.4 52.1 52.1 52.1 52.1 52.2
1079 | 231 Slug-Churn 68 68 68 68 68 53.4 53.4 53.4 53.4 53.4
1079 | 294 | Slug-Chum 67.4 67.5 67.4 67.5 67.5 54.1 54.2 54.2 54 54
1079 | 367 | Slug-Chumn 66.8 66.8 66.7 66.7 66.7 54.9 55 54.8 54.9 54.7
1079 523 Churn 65.7 65.5 65.5 65.5 65.5 56.3 56 56 56 56
1079 782 Chum 65.4 65.3 652 65.2 65 56.2 56.3 56 56.2 56.2
1079 | 1427 Churn 66 66 66 66 66 55.6 55.7 55.6 55.7 55.6
1079 | 2461 Churn 66 66 65.9 66 66 55.5 55.6 55.6 55.6 55.6
1079 3471 Churn 65.7 65.7 65.7 65.7 65.7 55.9 55.8 55.8 56 559
1079 | 4554 Annular 65.7 65.7 65.7 65.7 65.7 56 56 56 56 56
1079 | 5546 Annular 65.6 65.6 65.6 65.6 65.6 56 56 56 56 56
1079 | 12597 Annular 64 64 64 64 64 51.4 51.4 51.4 51.4 514
1079 | 25195 Mist 76.1 76.1 76.1 76.1 76.1 39.1 39.1 39.1 39.1 39.1
2727 | 341 Bubble 79.9 79.9 79.9 79.9 799 40 40 40 40 40
2727 | 5.60 Bubble 80.3 80.3 80.3 80.3 80.3 40.4 40.4 40.4 40.4 40.4
2727 | 997 Bubble 80.4 80.4 80.4 80.4 80.4 40.6 40.6 40.6 40.6 40.6
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Appearance water levels difference in manometer, (cm)

Revaer | Rew | Flowrcgime Left hand side (lowest) Right hand side (highest)

1 2 3 4 5 1 2 3 4 5
2727 | 1435 |  Bubble 804 | 804 | 804 04 | 804 | 407 | 407 | 407 | 407 | 407
2727 | 1872 |  Bubble 798 | 798 | 798 | 798 | 798 | 415 | a1s | 415 | 415 | 415
2727 | 23.09 |  Bubble 793 | 793 79.3 79.3 79.3 n9 | 419 | 419 | 419 | 419
2727 | 2747 | Bubblesug | 788 | 788 | 788 | 788 | 788 | 423 | 423 | 423 | 423 | 423
2727 | 3184 | BubbleSg | 782 | 782 | 782 | 782 | 782 | 429 | 429 | 429 | 429 | 429
2127 | 3622 Slug 779 | 79 | 779 | 79 | 719 | 433 | 433 | 433 | 433 433
2727 | 40.56 Slug 773 | 713 773 773 773 a4 44 a4 44 44
2727 | 49.63 Slug 67 | 7167 | 767 | 767 | 767 | 445 | a5 | 445 | 445 | 445
2727 | 58.69 Slug 763 | 763 | 763 763 | 1763 45 45 45 45 45
2727 67.75 Slug 75.8 75.8 75.8 75.8 75.8 454 45.4 454 454 454
2727 | 76.82 Slug 755 | 155 | 755 75.5 755 | 459 | 459 | as9 | 459 | 459
2727 | 85.88 Slug 75 75 75 75 75 462 | 462 | 462 | 462 | 462
2727 | 94.95 Slug 746 | 746 | 746 | 746 | 746 | 466 | 466 | 466 | 466 | 466
2127 | 104 Slug 744 | 744 | 744 | 744 | 744 47 47 47 47 a7
2127 | 122 Slug 137 | B1 | w1 | 11| B1 | 415 | 415 | 415 | 415 47.5
2127 | 140 Slug 733 | B3 | 733 733 | 733 48 48 48 48 48
2127 | 158 Slug ms | 75 | 15 | 725 | 725 | 487 | 487 | 487 | 487 | 487
27127 | 177 Slug 72.1 72.1 72.1 72.1 72.1 49 49 49 49 49
2727 | 231 | Slg-Chum | 7LI 711 711 711 71.1 50.3 503 | 503 50.3 50.3
2727 294 Slug-Churn 70.3 70.3 70.3 70.3 70.3 51.3 51.3 51.3 51.3 51.3
2727 | 367 | SlgChum | 693 | 693 | 693 | 693 69.3 52 52.1 52 52.1 52
2727 | 523 | swg-Chum | 683 | 684 | 683 | 683 | 683 | S35 | S35 | S35 53.5 53.5
2727 | 782 | Slg-Chum | 673 | 675 | 6715 | 615 | 675 54 54 54 54 54
2127 | 1427 Churn 68 678 | 678 68 618 | s36 | 537 | S35 535 | 3.7
2727 | 2461 Churn 69.3 69 69 69.2 69 52 sy | spz i 528 52.4
27127 | 3471 Churn 68.8 69 688 | 688 | 689 | s25 271 | 928 52.5 52.6
2127 | 4554 Churn 69 69 69 69 69 s22 | 323 522 | 522 | %23
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Rewl!tl’

Reair

Flow regime

Appearance water levels difference in manometer, (cm)

Left hand side (lowest) Right hand side (highest)
1 2 3 4 ] 1 2 3 4 5
2727 5546 Churn 70.4 70.3 70.4 70.4 70.5 51 51 51 51 51
2727 12597 Annular 59.6 59.6 59.6 59.6 59.6 34.7 34.7 34.7 34.7 34.7
2727 | 25195 Mist 70.2 70.2 70.2 70.2 702 32 32 32 32 32
Appearance water levels difference in manometer, (cm)
Reater Rey. | Flow regime Left hand side (highest) Right hand side (lowest)
6 7 8 9 10 6 7 8 9 10
0 3.41 Bubble 78.4 78.4 78.4 78.4 78.4 40.9 40.9 40.9 409 40.9
0 5.60 Bubble-Slug 98.7 98.7 98.7 98.7 98.7 61.5 61.5 61.5 61.5 61.5
0 9.97 Bubble-Slug 98 98 98 98 98 63.3 63.3 63.3 63.3 63.3
0 14.35 Slug 97.2 97.2 97.2 97.2 97.2 64.5 64.5 64.5 64.5 64.5
0 18.72 Slug 96.2 96.2 96.2 96.2 96.2 65.6 65.6 65.6 65.6 65.6
0 23.09 Slug 95.4 95.4 95.4 95.4 95.4 66.5 66.5 66.5 66.5 66.5
0 27.47 Slug 94.2 94.2 942 94.2 94.2 67.6 67.6 67.6 67.6 67.6
0 31.84 Slug 93.4 93.4 93.4 93.4 93.4 68.3 68.3 68.3 68.3 68.3
0 36.22 Slug 92.5 92.5 92.5 925 92.5 69.3 69.3 69.3 69.3 69.3
0 40.56 Slug 91.5 91.5 91.5 91.5 91.5 70.4 70.4 70.4 70.4 70.4
0 49.63 Slug 90.6 90.7 90.7 90.7 90.6 70.9 71 711 71.2 71
0 58.69 Slug 90 90 90 90 90 71.8 71.7 71.7 71.7 71.7
0 67.75 Slug 89.4 894 89.5 89.5 89.5 72.3 724 72.4 724 724
0 76.82 Slug 89 89 89 89 89 73 72.8 72.8 72.8 72.8
0 85.88 Slug 88.4 88.4 88.5 88.5 88.4 73.5 73.5 73.6 73.5 73.6
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Appearance water levels difference in manometer, (cm)

Rewuer | Resr | Flow regime Left hand side (highest) Right hand side (lowest)
6 7 8 9 10 6 7 8 9 10
0| 94.95 Slug 88 88 88 88 88 737 | 37 | 138 | 738 | 738
1079 | 341 Bubble 798 | 798 | 798 | 798 | 798 | 4ol 201 | 401 20,1 20.1
1079 | 560 Bubble 04 | 804 | 804 | 804 | 804 | 409 | 409 | 409 | 409 | 409
1079 9.97 Bubble 80.1 80.1 80.1 80.1 80.1 41.3 41.3 41.3 41.3 41.3
1079 | 1435 | Bubble-Slug | 79.1 79.1 79.1 79.1 79.1 22 | @2 | 422 | @2 | 4«22
1079 | 1872 | Bubble-Sug | 783 | 783 783 | 183 783 43 43 4 43 43
1079 | 23.09 Slug 71 | 71 | mr | a7 | 46 | 436 | 436 | 436 | 436
1079 27.47 Slug T1.2 77.2 77.2 77.2 T 44.1 44.1 44.1 44.1 44.1
1079 | 31.84 Slug 765 | 76.5 76.5 765 | 765 | 448 | 448 | 448 | 448 | 4438
1079 | 3622 Slug 2s6 | 156 | 156 | 756 | 756 | 457 | 457 | 457 | 457 | 457
1079 40.56 Slug 75 75 75 75 75 46.3 46.3 46.3 46.3 46.3
1079 49.63 Slug 74.3 74.3 74.3 74.3 74.3 47 47 47 47 47
1079 | 58.69 Slug 18 | 8 | m8 | B8 | M8 | 415 | 415 | 415 | 415 | 415
1079 | 67.75 Slug 734 | 134 | 134 | A | M4 a8 48 48 48 48
1079 76.82 Slug 72.7 T2.7 72.7 72.7 T2T 48.7 48.7 48.7 48.7 48.7
1079 | 85.88 Slug 22 | m2 | m2zl 722 | m2 | 492 | 492 | 492 | 492 | 492
1079 | 94.95 Slug 7 72 72 7 72 494 | 494 | 494 | 494 | 494
1079 | 104 Slug N4 | N4 | m4a | ma | 714 50 50 50 50 50
1079 | 122 Slug 704 | 704 | 704 | 705 | 705 50.9 51 509 | 509 51
1079 | 140 | SlugChum | 698 | 697 | 698 | 698 | 698 | si6 | su7 | sL6 | 517 | 517
1079 | 158 | SlgChum | 692 | 692 | 69.1 69.1 69.1 523 | 523 | s25 | s24 | s25
1079 | 177 | SlgChum | 685 | 685 | 686 | 686 | 686 | s28 | s28 | s27 | 527 | 527
1079 | 231 | SlgChum | 675 | 615 | 675 | 675 | 675 54 54 54 54 54
1079 | 294 | Slg-Chum | 666 | 666 | 665 | 664 | 665 55 54.9 55 55.1 55
1079 | 367 | SlugChum | 653 655 | 654 | 655 | 653 56 56 56 56.2 56
1079 523 Churn 64.5 64.5 64.6 64.3 64.5 57 57 57 57.2 57.2
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Rewaier

Reair

Flow regime

Appearance water levels difference in manometer, (cm)

Left hand side (highest) Right hand side (lowest)

6 7 8 9 10 6 7 8 9 10
1079 782 Churn 63.5 63.2 63.2 63 63 57.8 58 58 58.2 58
1079 1427 Churn 63.5 63.7 63.7 63.7 63.7 57.8 57.8 57.7 579 57.6
1079 2461 Churn 65 65 65 65 65 56.5 56.4 56.5 56.4 56.4
1079 3471 Churn 65.2 65 65.1 65.1 65.1 56.1 56.3 56.3 56.3 56.3
1079 4554 Annular 65.3 65.3 65.3 653 65.3 56.5 56.4 56.4 56.5 56.5
1079 5546 Annular 65.5 65.5 65.5 65.5 65.5 56.1 56.1 56.1 56.1 56.1
1079 12597 Annular 64 64 64 64 64 514 514 51.4 51.4 51.4
1079 25195 Mist 75.9 75.9 75.9 759 75.9 393 39.3 39.3 393 39.3
2727 3.41 Bubble 79.9 79.9 79.9 79.9 79.9 40 40 40 40 40
2727 5.60 Bubble 80.3 80.3 80.3 80.3 80.3 40.4 404 404 404 40.4
2727 9.97 Bubble 80.4 80.4 80.4 80.4 80.4 40.7 40.7 40.7 40.7 40.7
2727 14.35 Bubble 80.3 80.3 80.3 80.3 80.3 40.8 40.8 40.8 40.8 40.8
2727 18.72 Bubble 79.6 79.6 79.6 79.6 79.6 41.6 41.6 41.6 41.6 41.6
2727 23.09 Bubble 79.2 79.2 79.2 79.2 79.2 42 42 42 42 42
2727 27.47 | Bubble-Slug 78.8 78.7 78.7 78.6 78.6 42.4 425 42.5 42,6 42.6
2727 31.84 | Bubble-Slug 78.1 78.1 78.1 78.1 78.1 43 43 43 43 43
2727 36.22 Slug 77.8 71.8 77.8 77.8 77.8 434 434 434 434 434
2727 40.56 Slug 77.2 77.2 772 772 71.2 44.1 44.1 44.1 44.1 44.1
2727 49.63 Slug- 76.7 76.7 76.7 76.7 76.7 44.5 44.5 44.5 445 445
2727 58.69 Slug 76.2 76.2 76.2 76.2 76.2 45.1 45.1 45.1 45.1 45.1
2727 67.75 Slug 75.7 757 75.7 7.7 75.7 45.5 45.5 45.5 45.5 45.5
2727 76.82 Slug 75.4 75.4 75.4 75.4 75.4 46 46 46 46 46
2727 85.88 Slug 74.9 74.9 74.9 74.9 74.9 46.3 46.3 46.3 46.3 46.3
2727 94.95 Slug 74.5 74.5 74.5 74.5 74.5 46.7 46.7 46.7 46.7 46.7
2727 104 Slug 74.4 74.4 74.4 74.4 74.4 47 47 47 47 47
2727 122 Slug 73.6 73.6 73.6 73.6 73.6 47.6 47.6 47.6 47.6 47.6
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Reater

Renir

Flow regime

Appearance water levels difference in manometer, (cm)

Left hand side (highest) Right hand side (lowest)

6 7 8 9 10 6 7 8 9 10
2727 140 Slug 73.2 73.2 73.2 73.2 73.2 48.1 48.1 48.1 48.1 48.1
2727 158 Slug 72.5 72.5 72.5 72.5 72.5 48.8 48.8 48.8 48.8 48.8
2727 177 Slug 72 72 72 72 72 49.2 49.2 49.2 49.1 49.1
2727 231 Slug-Churn 70.8 70.8 70.8 70.8 70.8 50.5 50.5 50.5 50.5 50.5
2727 294 Slug-Churn 70.1 70.1 70.1 70.1 70.1 51.4 51.4 51.4 514 51.4
2727 367 Slug-Churn 68.9 68.9 68.9 68.9 68.9 52.5 52.6 52.5 52.5 52.5
2727 523 Slug-Chumn 67.5 67.6 67.5 67.5 67.5 54 54 53.9 54 54
2727 782 Slug-Churn 66.3 66.3 66.3 66.2 66.3 555 55.5 55.4 554 55.5
2727 1427 Churn 65.5 65.5 65.5 65.6 65.6 55.8 55.7 55.6 55.7 55.8
2727 2461 Chumn 67.2 67.3 67.2 67.2 67.2 54 54.1 54.1 54.2 54
2727 3471 Churn 67.8 67.5 67.6 67.6 67.5 53.5 53.6 53.6 53.6 53.6
2727 4554 Churn 68.5 68.6 68.6 68.5 68.5 53 53 529 53 53
2727 5546 Churn 70 70.1 70.1 70.1 70 51.4 51.4 51.5 514 51.5
2727 12597 Annular 59.6 59.6 59.6 59.6 59.6 34.7 34.7 34.7 34.7 34.7
2727 25195 Mist 70 70 70 70 70 32 32 32 32 32
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e | 1 A Measured pressure gradient (-dp/dz), kPa/m Average pressure
gradient, (kPa/m)

1 2 3 4 5 6 7 8 9 10
0 3.41 Bubble 9.1509 | 9.1509 | 9.1509 | 9.1509 | 9.1509 | 9.1509 | 9.1509 | 9.1509 | 9.1509 | 9.1509 | 9.1509 =+ 0.00
0 5.60 Bubble-Slug | 9.0777 | 9.0777 | 9.0777 | 9.0777 | 9.0777 | 9.0777 | 9.0777 | 9.0777 | 9.0777 | 9.0777 [ 9.0777 * 0.00
0 9.97 Bubble-Slug | 8.4676 | 8.4676 | 8.4676 | 8.4676 | 8.4676 | 8.4676 | 8.4676 | 8.4676 | 8.4676 | 8.4676 | 8.4676 = 0.00
0 14.35 Slug 7.9796 | 7.9796 | 7.9796 | 7.9796 | 7.9796 | 7.9796 | 7.9796 | 7.9796 | 7.9796 | 7.9796 | 7.9796 + 0.00
0 18.72 Slug 7.5159 | 7.5159 | 7.5159 | 7.5159 | 7.5159 | 7.4671 | 7.4671 | 7.4671 | 7.4671 | 7.4671 | 7.4915 =+ 0.03
0 23.09 Slug 7.1011 | 7.1011 | 7.1011 | 7.1011 | 7.1011 | 7.0523 | 7.0523 | 7.0523 | 7.0523 | 7.0523 | 7.0767 =+ 0.03
0 27.47 Slug 6.5642 | 6.5642 | 6.5642 | 6.5642 | 6.5642 | 6.4910 | 6.4910 | 6.4910 | 6.4910 | 6.4910 | 6.5276 = 0.04
0 31.84 Slug 6.2226 | 6.2226 | 6.2226 | 6.2226 | 6.2226 | 6.1250 | 6.1250 | 6.1250 | 6.1250 | 6.1250 | 6.1738 == 0.05
0 36.22 Slug 5.7346 | 5.7346 | 5.7346 | 5.7346 | 5.7346 | 5.6614 | 5.6614 | 5.6614 | 56614 | 5.6614 | 5.6980 + 0.04
0 40.56 Slug 52953 | 5.2465 | 5.2221 | 52709 | 5.2465 | 5.1489 | 5.1489 | 5.1489 | 5.1489 | 5.1489 | 52026 + 0.06
0 49.63 Slug 49781 | 4.9293 | 4.9293 | 4.9293 | 4.9293 | 4.8073 | 4.8073 | 4.7829 | 4.7585 | 4.7829 | 4.8634 == 0.08
0 58.69 Slug 4.6365 | 4.6365 | 4.6365 | 4.6365 | 4.6365 | 4.4412 | 4.4656 | 4.4656 | 4.4656 | 4.4656 | 4.5486 =+ 0.09
0 67.75 Slug 42948 | 4.2948 | 4.2704 | 42704 | 4.2460 | 4.1728 | 4.1484 | 4.1728 | 4.1728 | 4.1728 | 42216 =+ 0.06
0 76.82 Slug 4.0752 | 4.0508 | 4.0508 | 4.0508 | 4.0508 | 3.9044 | 3.9532 | 3.9532 | 3.9532 | 3.9532 | 3.9995 + 0.06
0 85.88 Slug 3.7824 | 3.7824 | 3.7824 | 3.7824 | 3.7824 | 3.6360 | 3.6360 | 3.6360 | 3.6604 | 3.6116 | 3.7092 * 0.08
0 94.95 Slug 3.6116 | 3.6360 | 3.6116 | 3.6116 | 3.5871 | 3.4895 | 3.4895 | 3.4651 | 3.4651 | 3.4651 | 3.5432 =+ 0.07
1079 | 3.41 Bubble 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 =+ 0.00
1079 | 5.60 Bubble 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 | 9.6389 =+ 0.00
1079 | 9.97 Bubble 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 | 9.4681 =+ 0.00
1079 | 1435 | Bubble-Slug | 9.0045 | 9.0045 | 9.0045 | 9.0045 | 9.0045 | 9.0045 | 9.0045 | 9.0045 | 9.0045 | 9.0045 | 9.0045 = 0.00
1079 | 18.72 | Bubble-Slug | 8.6140 | 8.6140 | 8.6140 | 8.6140 | 8.6140 | 8.6140 | 8.6140 | 8.6140 | 8.6140 | 8.6140 | 8.6140 = 0.00
1079 | 23.09 Slug 8.3700 | 8.3700 | 8.3700 | 8.3700 | 8.3700 | 8.3212 | 8.3212 | 8.3212 | 8.3212 | 8.3212 | 8.3456 = 0.03
1079 | 27.47 Slug 8.1260 | 8.1260 | 8.1260 | 8.1260 | 8.1260 | 8.0772 | 8.0772 | 8.0772 | 8.0772 | 8.0772 | 8.1016 + 0.03
1079 | 31.84 Slug 7.7356 | 7.7356 | 7.7356 | 7.7356 | 7.7356 | 7.7356 | 7.7356 | 7.7356 | 7.7356 | 7.7356 | 7.7356 + 0.00
1079 | 36.22 Slug 7.3451 | 7.3451 | 7.3451 | 7.3451 | 7.3451 | 7.2963 | 7.2963 | 7.2963 | 7.2963 | 7.2963 | 7.3207 + 0.03
1079 | 40.56 Slug 7.0523 | 7.0523 | 7.0523 | 7.0523 | 7.0523 | 7.0035 | 7.0035 | 7.0035 | 7.0035 | 7.0035 [ 7.0279 + 0.03
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® @ ®
Measured pressure gradient (-dp/dz), kPa/m
Rewaer | Reair Flow regime P Vi il ;ﬁiﬁ: Izlr:;f:fl:';i
1 2 3 4 5 6 7 8 9 10
1079 | 49.63 Slug 6.6618 | 6.6618 | 6.6618 | 6.6618 | 6.6618 | 6.6618 | 6.6618 | 6.6618 | 6.6618 6.6618 | 6.6618 = 0.00
1079 | 58.69 Slug 6.4422 | 6.4422 | 6.4422 | 6.4422 | 6.4422 | 6.4178 | 6.4178 | 6.4178 | 6.4178 | 6.4178 6.4300 + 0.01
1079 | 67.75 Slug 6.2470 | 62470 | 62470 | 6.2470 | 6.2470 | 6.1982 | 6.1982 | 6.1982 | 6.1982 | 6. 1982 | 62226 + 0.03
1079 | 76.82 Slug 59298 | 59298 | 59298 | 59298 | 59298 | 5.8566 | 5.8566 | 5.8566 5.8566 | 5.8566 | 5.8932 = 0.04
1079 | 85.88 Slug 56614 | 56614 | 5.6614 | 56614 | 5.6614 | 5.6125 | 56125 | 5.6125 | 5.6125 56125 | 5.6369 + 0.03
1079 | 94.95 Slug 55637 | 5.5637 | 5.5637 | 5.5637 | 5.5637 | 5.5149 | 5.5149 | 5.5149 | 5.5149 | 5.5149 5.5393 =+ 0.03
1079 104 Slug 53685 | 5.3685 | 5.3685 | 5.3685 | 53685 | 5.2221 | 52221 | 52221 | 5.2221 52221 | 52953 = 0.08
1079 122 Slug 4.9049 | 4.9293 | 4.9049 | 4.9049 | 4.9049 | 4.7585 | 4.7341 | 4.7585 | 4.7829 47585 | 4.8341 = 0.08
1079 140 Slug-Churn 4.6365 | 4.6120 | 4.6609 | 4.6609 | 4.6609 | 4.4412 | 4.3924 | 4.4412 | 44168 44168 | 45340 = 0.12
1079 158 Slug-Churn 43680 | 43680 | 4.4168 | 4.4412 | 4.3924 | 4.1240 | 4.1240 | 4.0508 40752 | 4.0508 | 4.2411 £ 0.17
1079 177 Slug-Churn 4.1972 | 42216 | 42216 | 42216 | 4.1972 | 3.8312 | 3.8312 | 3.8800 | 3.8800 3.8800 | 4.0362 = 0.19
1079 231 Slug-Churn 3.5627 | 3.5627 | 3.5627 | 3.5627 | 3.5627 | 3.2943 | 3.2943 | 3.2943 | 3 2943 | 3.2943 | 3.4285 = 0.14
1079 294 Slug-Churn 32455 | 32455 | 32211 | 3.2943 | 3.2943 | 2.8307 | 2.8551 | 2.8063 | 2.7575 2.8063 | 3.0357 + 0.24
1079 367 Slug-Churn 29039 | 2.8795 | 2.9039 | 2.8795 | 2.9283 | 22694 | 23182 | 2.2938 | 2.269%4 22694 | 25915 = 0.32
1079 523 Churn 22938 | 2.3182 | 23182 | 2.3182 | 2.3182 | 1.8302 | 1.8302 | 1.8546 | 1.7326 | 1 7814 | 2.0596 + 0.27
1079 782 Chum 22450 | 2.1962 | 2.2450 | 2.1962 | 2.1474 | 1.3909 | 1.2689 | 1.2689 [ 1.171 3| 1.2201 | 1.7350 = 0.50
1079 1427 Churn 25378 | 2.5134 | 2.5378 | 2.5134 | 2.5378 | 1.3909 | 1.4397 | 1.4641 | 1.4153 1.4885 | 1.9839 = 0.57
1079 | 2461 Churn 25622 | 2.5378 | 2.5134 | 2.5378 | 2.5378 | 2.0742 | 2.0986 | 2.0742 2.0986 | 2.0986 | 2.3133 + 0.24
1079 | 3471 Churn 23914 | 2.4158 | 2.4158 | 2.3670 | 2.3914 | 22206 | 2.1230 | 2.1474 2.1474 | 2.1474 | 22767 = 0.13
1079 | 4554 Annular 23670 | 2.3670 | 2.3670 | 2.3670 | 2.3670 | 2.1474 | 2.1718 | 2.1718 | 2.1 474 | 2.1474 | 22621 = 0.11
1079 | 5546 Annular 23426 | 2.3426 | 2.3426 | 2.3426 | 2.3426 | 22938 | 2.2938 | 2.2938 22938 | 2.2938 | 2.3182 = 0.03
1079 | 12597 Annular 3.0747 | 3.0747 | 3.0747 | 3.0747 | 3.0747 | 3.0747 | 3.0747 | 3.0747 | 3 0747 | 3.0747 | 3.0747 £ 0.00
1079 | 25195 Mist 9.0289 | 9.0289 | 9.0289 | 9.0289 | 9.0289 | 8.9313 | 8.9313 | 8.9313 89313 | 89313 | 89801 == 0.05
2727 3.41 Bubble 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 9.7365 | 9.7365 | 9.7365 | 9.7365 £ 0.00
2727 | 5.60 Bubble 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 | 9.7365 9.7365 | 9.7365 | 9.7365 £ 0.00
2727 | 997 Bubble 9.7121 | 97121 | 9.7121 | 9.7121 | 9.7121 | 9.6877 | 9.6877 96877 | 9.6877 | 9.6877 | 9.6999 == 0.0l
2727 | 14.35 Bubble 96877 | 9.6877 | 9.6877 | 9.6877 | 9.6877 | 9.6389 | 9.6389 96389 | 9.6389 | 9.6389 |9.6633 + 0.03
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Measured pressure gradient (-dp/dz), kPa/m

Average pressure

Rewater | Reuir Flow regime : . - - - z 3 3 5 = gradient, (kPa/m)
2727 | 18.72 Bubble 93461 | 93461 | 93461 | 9.3461 | 9.3461 | 9.2729 | 9.2729 | 9.2729 | 9.2729 | 9.2729 | 9.3095 = 0.04
2727 | 23.09 Bubble 9.1265 | 9.1265 | 9.1265 | 9.1265 | 9.1265 | 9.0777 | 9.0777 | 9.0777 | 9.0777 | 9.0777 | 9.1021 =+ 0.03
2727 | 27.47 Bubble-Slug 8.9069 | 89069 | 8.9069 | 8.9069 | 8.9069 | 8.8825 | 8.8337 | 8.8337 | 8.7849 | 8.7849 | 8.8654 = 0.05
2727 | 31.84 Bubble-Slug 86140 | 8.6140 | 8.6140 | 8.6140 | 8.6140 | 8.5652 | 8.5652 | 8.5652 | 8.5652 | 8.5652 | 8.5896 =+ 0.03
2727 | 36.22 Slug 84432 | 8.4432 | 84432 | 8.4432 | 8.4432 | 8.3944 | 8.3944 | 8.3944 | 83944 | 8.3944 | 841838 =+ 0.03
2727 | 40.56 Slug 8.1260 | 8.1260 | 8.1260 | 8.1260 | 8.1260 | 8.0772 | 8.0772 | 8.0772 | 8.0772 | 8.0772 | 8.1016 =+ 0.03
2727 | 49.63 Slug 7.8576 | 7.8576 | 7.8576 | 7.8576 | 7.8576 | 7.8576 | 7.8576 | 7.8576 | 7.8576 | 7.8576 | 7.8576 =+ 0.00
2727 | 58.69 Slug 76379 | 7.6379 | 7.6379 | 7.6379 | 7.6379 | 7.5891 | 7.5891 | 7.5891 | 7.5891 | 7.5891 | 7.6135 + 0.03
2727 | 67.75 Slug 74183 | 7.4183 | 74183 | 7.4183 | 7.4183 | 7.3695 | 7.3695 | 7.3695 | 7.3695 | 7.3695 | 7.3939 £ 0.03
2727 | 76.82 Slug 72231 | 72231 | 72231 | 7.2231 | 7.2231 | 7.1743 | 7.1743 | 7.1743 | 7.1743 | 7.1743 | 7.1987 = 0.03
2727 | 85.88 Slug 7.0279 | 7.0279 | 7.0279 | 7.0279 | 7.0279 | 6.9791 | 69791 | 6.9791 | 6.9791 | 6.9791 | 7.0035 =+ 0.03
2727 | 94.95 Slug 6.8327 | 6.8327 | 6.8327 | 6.8327 | 6.8327 | 6.7839 | 6.7839 | 6.7839 | 6.7839 | 6.7839 | 6.8083 = 0.03
2727 104 Slug 6.6863 | 6.6863 | 6.6863 | 6.6863 | 6.6863 | 6.6863 | 6.6863 | 6.6863 | 6.6863 | 6.6863 | 6.6863 * 0 .00
2727 122 Slug 6.3934 | 6.3934 | 6.3934 | 6.3934 | 6.3934 | 6.3446 | 6.3446 | 6.3446 | 6.3446 | 6.3446 | 63690 + 0.03
2727 140 Slug 6.1738 | 6.1738 | 6.1738 | 6.1738 | 6.1738 | 6.1250 | 6.1250 | 6.1250 | 6.1250 | 6.1250 | 6.1494 =+ 0.03
2727 158 Slug 5.8078 | 5.8078 | 5.8078 | 5.8078 | 5.8078 | 5.7834 | 5.7834 | 5.7834 | 5.7834 | 5.7834 5.7956 £ 0.01
2727 177 Slug 5.6369 | 5.6369 | 5.6369 | 5.6369 | 5.6369 | 5.5637 | 5.5637 | 5.5637 | 5.5881 | 5.5881 56052 + 0.03
2727 231 Slug-Churn 50757 | 5.0757 | 5.0757 | 5.0757 | 5.0757 | 4.9537 | 4.9537 | 4.9537 | 4.9537 | 4.9537 | 5.0147 = 0.06
2727 294 Slug-Churn 4.6365 | 4.6365 | 4.6365 | 4.6365 | 4.6365 | 4.5632 | 4.5632 | 4.5632 | 4.5632 | 4.5632 | 4.5998 =+ 0.04
2727 367 Slug-Churn 42216 | 4.1972 | 42216 | 4.1972 | 42216 | 4.0020 | 3.9776 | 4.0020 | 4.0020 | 4.0020 | 4.1045 = 0.11
2727 523 Slug-Churn 36116 | 3.6360 | 3.6116 | 3.6116 | 3.6116 | 3.2943 | 3.3187 | 3.3187 | 3.2943 | 3.2943 34603 =+ 0.17
2727 782 Slug-Churn 32455 | 32943 | 32943 | 3.2943 | 3.2943 | 2.6355 | 2.6355 | 2.6599 | 2.6355 | 2.6355 | 2.9624 * 0.34
2727 | 1427 Chumn 35139 | 3.4407 | 3.4895 | 3.5383 | 3.4407 | 23670 | 2.3914 | 2.4158 | 2.4158 | 23914 29405 = 0.57
2727 | 2461 Churn 42216 | 4.0752 | 4.0996 | 4.0752 | 4.0508 | 3.2211 | 3.2211 | 3.1967 | 3.1723 | 3.2211 | 3.6555 = 0.48
2727 | 3471 Churn 39776 | 3.9776 | 3.9776 | 3.9776 | 3.9776 | 3.4895 | 3.3919 | 3.4163 | 3.4163 | 3.3919 | 3.6994 = 0.29
2727 | 4554 Churn 4.0996 | 4.0752 | 4.0996 | 4.0996 | 4.0752 | 3.7824 | 3.8068 | 3.8312 | 3.7824 | 3.7824 39434 + 0.16
2727 | 5546 Churn 47341 | 4.7097 | 4.7341 | 4.7341 | 4.7585 | 4.5388 | 4.5632 | 4.5388 | 4.5632 | 4.5144 46389 = 0.10
2727 | 12597 Annular 6.0762 | 6.0762 | 6.0762 | 6.0762 | 6.0762 | 6.0762 | 6.0762 | 6.0762 | 6.0762 6.0762 | 6.0762 £ 0.00
2727 | 25195 Mist 93217 | 93217 | 93217 | 93217 | 93217 | 9.2729 | 9.2729 | 9.2729 | 9.2729 | 9.2729 92973 = 0.03
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Figure C10 Comparison between Nicklin's theory, Sylvester's theory and experimental

pressure gradient vs. air Reynolds number of pure water at Revater = 0 by using pipe diameter 10.75 mm.
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pressure gradient vs. air Reynolds number of pure water at Rewaer = 1079 by using pipe diameter 10.75 mm.
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Table C9 The critical Reynolds numbers (Reair)critica Of Various regimes by using pipe diameter of 10.75 mm

Pipe Re,;(critical) for each flow regime
diameter | Rewmer | Bubble- Slug- -
(mm) slug Slug T8 e Churn Annular Mist
0 5.6 14.35 - - - -
10.75 1079 14.35 23.09 140 523 4554 25195
2727 2747 36.22 231 1427 12597 25195
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Appendix D Comparison the Experimental Data Between Pipe Diameter of 10.75 mm, 19 mm and 53.15 mm

Table D1 Comparison of bubble width for pure water from experiment
Physical properties of air and water used in experiment:

density of water, pyater = 995 kg/m’; viscosity of water, pwaer = 8.51 % 10 Pass
density of air, pair = 1.18 kg/mJ; viscosity of air, paj = 1.85 10° Pas

inner pipe diameter = 0.019 m; cross-sectional area of pipe, A =0.00028 m’
inner pipe diameter = 0.053 m; cross-sectional area of pipe, A = 0.0022 m?

inner pipe diameter = 0.011 m; cross-sectional area of pipe, A = 0.00009 m’
temperature, T =31°C (= 1°C)



Pipe Bubble width, W, (mm) Average Bubble width / Pipe diameter Average bubble
diameter, | Rewaer Rey; bubble width, width / Pipe
(mm) 1 2 3 (mm) 1 2 3 diameter
10.75 0 1.2 8.8 8.4 9.1 88 =+ 03 0.82 0.78 0.85 082 = 0.03
10.75 0 34 8.8 9.6 9.5 93 + 0.5 0.82 0.90 0.88 0.86 =+ 0.04
19 0 3.17 13.6 14.9 144 143 = 07 0.72 0.78 0.76 0.75 £ 0.03
19 0 440 14.7 144 13.8 143 £ 05 0.77 0.76 0.72 075 %= 0.02
19 0 5.64 14.7 14.0 14.0 142 = 04 0.77 0.74 0.74 075 £ 0.02
19 0 6.88 14.3 14.7 15.0 147 %+ 04 0.75 0.77 0.79 077 = 0.02
19 0 8.12 15.0 15.5 15.2 152\ 008 0.79 0.82 0.80 0.80 = 0.01
53.15 0 29 14.0 15.4 14.4 146 = 0.7 0.26 0.29 0.27 027 =+ 0.01
53.15 0 5.6 18.6 17.4 16.6 I5—{d 1.0 0.35 0.33 0.31 033 = 0.02
53.15 0 8.2 25.7 28.3 23.1 25715( % 2.6 0.48 0.53 0.43 0.48 =+ 0.05
53.15 0 10.0 25.6 333 326 30,5 = 43 0.48 0.63 0.61 0.57 + 0.08
53.15 0 11.9 332 27.3 3135 30T = R(3.1 0.63 0.51 0.59 0.58 *= 0.06
53.15 0 13.7 28.9 33.0 28.1 300 = 2.6 0.54 0.62 0.53 056 * 0.05
53.15 0 15.5 28.9 31.9 31.0 S0y s=k=0). 5 0.54 0.60 0.58 058 = 0.03
53.15 0 17.4 30.5 30.2 31.6 308 = 0.7 0.57 0.57 0.59 0.58 = 0.01
53.15 0 21.0 289 383 29.3 322 + 53 0.54 0.72 0.55 061 = 0.10
53.15 0 229 26.4 323 35.5 314 = 46 0.50 0.61 0.67 059 + 0.09
53.15 0 28.4 359 31.3 29.7 323 —it—3"7 0.67 0.59 0.56 0.61 = 0.06
53.15 0 33.9 28.1 33.0 357 323 = 39 0.53 0.62 0.67 061 = 0.07
53.15 0 37.5 348 349 33.6 344 = 0.7 0.65 0.66 0.63 0.65 = 0.01
53.15 0 43.0 354 31.6 323 331 = 20 0.67 0.59 0.61 0.62 = 0.04
53.15 0 48.5 34.6 374 35.7 359 = 14 0.65 0.70 0.67 068 = 0.03
53.15 0 59.5 359 35.1 373 361 = 1.1 0.68 0.66 0.70 0.68 + 0.02
53.15 0 68.7 37.0 44.1 45.0 420 =+ 44 0.70 0.83 0.85 0.79 = 0.08
53.15 0 79.7 41.1 45.1 439 434 = 2.1 0.77 0.85 0.83 082 =+ 0.04
53.15 0 88.9 42.7 43.5 41.7 426 =+ 09 0.80 0.82 0.79 0.80 = 0.02
53.15 0 99.9 47.0 44.4 41.8 444 =+ 26 0.89 0.84 0.79 0.84 =+ 0.05
10.75 1079 1.2 9.0 9.1 9.4 92 <+ 02 0.84 0.84 0.88 085 = 0.02
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Pipe Bubble width, W;, (mm) Average Bubble Width / Pipe diameter | Average bubble
diameter, | Rewaer Regir bubble width, width / Pipe
(mm) 1 2 3 (mm) 1 2 3 diameter
10.75 1079 3.4 9.6 94 9.4 94 = 0.1 0.89 0.87 0.88 088 =+ 0.0l
10.75 1079 5.6 9.4 9.3 9.6 94 £ 0.1 0.88 0.87 0.89 088 =+ 0.0l
10.75 1079 10.0 9.2 9.4 9.6 94 = 02 0.86 0.87 0.89 0.87 = 0.02
19 1010 3.17 15.4 15.0 14.5 150 = 05 0.81 0.79 0.76 079 = 0.02
19 1010 5.64 14.3 14.3 14.1 142 + 0.1 0.75 0.75 0.74 075 + 0.01
19 1010 8.12 14.6 14.6 14.8 147 %= 0.1 0.77 0.77 0.78 077 + 0.01
19 1010 10.59 15.2 13.8 153 148 + 08 0.80 0.73 0.80 078 = 0.04
19 1010 13.07 14.5 15.6 15.0 150 + 0.6 0.76 0.82 0.79 0.79 £ 0.03
53.15 1028 29 74 8.1 8.6 80 = 0.6 0.14 0.15 0.16 0.15 = 0.01
53715 1028 5.6 7.2 6.4 9.2 76 + 14 0.14 0.12 0.17 0.14 = 0.03
53.15 1028 8.2 15.5 20.1 193 183 E 2.5 0.29 0.38 0.36 034 £ 0.05
53.15 1028 10.0 234 17.4 23.7 25 LEE3.6 0.44 0.33 0.45 040 == 0.07
53.15 1028 11.9 23.3 26.7 16.7 2RANE, 5.1 0.44 0.50 0.31 042 == 0.10
53.15 1028 13.7 259 19.9 213 244 = 39 0.49 0.37 0.51 046 == 0.07
53.15 1028 15.5 234 22.6 244 X To T s 0.44 0.43 0.46 044 =+ 0.02
53.15 1028 17.4 217.6 26.5 24.1 200 =18 0.52 0.50 0.45 049 = 0.03
53.15 1028 21.0 30.4 28.1 2zl 271 £ 40 0.57 0.53 0.43 0.51 = 0.07
53.15 1028 229 23.5 27.1 29.4 267 X 38 0.44 0.51 0.55 0.50 = 0.06
53.15 1028 284 311 299 28.8 300 = 1.1 0.58 0.56 0.54 056 =+ 0.02
53.15 1028 339 29.8 34.6 314 319 = 24 0.56 0.65 0.59 060 £ 0.05
53.15 1028 37.5 34.7 272 33.0 316 = 39 0.65 0.51 0.62 059 = 0.07
53.15 1028 43.0 33.0 322 30.0 sl/hnNEU NG 0.62 0.61 0.56 060 £ 0.03
53.15 1028 48.5 375 34.6 33.0 350 = 22 0.70 0.65 0.62 0.66 = 0.04
53.15 1028 59.5 36.2 36.2 36.4 362 = 0.1 0.68 0.68 0.68 068 = 0.00
53.15 1028 68.7 39.1 40.3 36.1 385 = 22 0.74 0.76 0.68 072 = 0.04
53.15 1028 797 333 36.7 41.2 371 = 39 0.63 0.69 0.78 070 = 0.07
53.15 1028 88.9 39.8 41.1 37.8 396 = 1.7 0.75 0.77 0.71 074 = 0.03
53.15 1028 99.9 38.1 43.6 38.8 402 + 3.0 0.72 0.82 0.73 076 = 0.06
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Pipe Bubble width, W, (mm) Average Bubble Width / Pipe diameter | Average bubble
diameter, | Rewaper Rey; bubble width, width / Pipe
(mm) 1 2 3 (mm) 1 2 3 diameter
53.15 1028 132 36.6 35.6 45.8 393 £ 56 0.69 0.67 0.86 074 £ 0.11
10.75 2727 1.2 7.0 7.9 7.3 74 £ 04 0.66 0.74 0.68 069 = 0.04
10.75 2727 34 7.7 7.5 8.0 77| /% ,0.3 0.72 0.69 0.74 072 = 0.02
10.75 2727 5.6 8.5 8.7 8.4 85 = 0.1 0.79 0.80 0.78 0.79 £+ 0.01
10.75 2727 10.0 9.4 8.4 8.0 86 =+ 0.7 0.88 0.79 0.74 0.80 = 0.07
10.75 2727 14.3 7.9 8.1 9.0 83 = 06 0.74 0.75 0.83 077 = 0.05
10.75 2727 18.7 9.3 9.1 8.7 90 =+ 03 0.86 0.85 0.81 084 =+ 0.03
10.75 2727 23.1 8.8 9.1 9.4 .1\ £ \0:3 0.82 0.85 0.88 085 =+ 0.03
19 2740 3.17 13.8 12.8 12.6 13.1 = 06 0.73 0.68 0.66 069 £ 0.03
19 2740 5.64 14.8 14.9 13.7 145 + 07 0.78 0.79 0.72 0.76 = 0.04
19 2740 8.12 14.8 14.5 14.7 146 + 02 0.78 0.76 0.77 077 £ 0.01
19 2740 10.59 13.7 13.7 14.1 138 = 0.2 0.72 0.72 0.74 073 = 0.0l
19 2740 13.07 14.1 14.5 14.5 143 = 02 0.74 0.76 0.76 0.75 = 0.01
19 2740 15.54 15.0 14.8 15.7 JS2-TF2110.5 0.79 0.78 0.82 080 + 0.02
19 2740 18.02 16.3 15.1 15.0 j s o A 0.86 0.79 0.79 0.82 % 0.04
19 2740 20.49 15.0 13.8 152 146 = 0.7 0.79 0.73 0.80 077 + 0.04
19 2740 22.95 15.3 14.8 152 | T A 0.81 0.78 0.80 079 £ 0.0l
19 2740 28.08 154 15.1 15.3 152 __+ 02 0.81 0.79 0.80 0.80 + 0.01
19 2740 33.21 15.6 15.0 15.1 152 £ 03 0.82 0.79 0.79 0.80 + 0.02

6vC



—
38

—O— d=10.75mm, Eo=15.83
—{F d=19mm, Eo =49.44
—— d=53.15mm, Eo =387

=

B-ﬂ

5

% 1.0

£

=

E Vé

Q 8 -

£ saf

—

s 61

z.a W), = Bubble width

a2 .1 1 10 100 1000
Re:ilir

Figure D1 Comparison bubble width from experiment between pipe diameter 10.75 mm,
19 mm and 53.15 mm vs. air Reynolds number of pure water at Rewater = 0.
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Table D2 Comparison of bubble height for pure water from experiment
Physical properties of air and water used in experiment:

density of water, pyaier = 995 kg/m?; viscosity of water, pwaer = 8.51 x 107 Pa.s
density of air, pair = 1.18 kg/m’; viscosity of air, psir = 1.85 x 10 Pa.s

inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m”
inner pipe diameter = 0.053 m; cross-sectional area of pipe, A = 0.0022 m’
inner pipe diameter = 0.011 m; cross-sectional area of pipe, A = 0.00009 m?
temperature, T=31°C (£ 1°C)
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& ® PY

Pi : Bubble height / Pipe
diamF::er. Rowe Rew, Bubble height, Ry (mm) | Average, R, diameter Average, Ry/D

(mm) 1 2 3 m) 1 2 3
10.75 0 12 11.3 11.2 11.4 11.3 = 0.1 1.05 1.04 1.06 1.05 £+ 0.01
10.75 0 3.4 11.5 11.9 116 |11.7 £ 02 1.07 1.11 1.08 1.08 = 0.02
19 0 3.17 12.5 12.2; 129 | 125 = 03 0.66 0.64 0.68 066 %= 0.02
19 0 4.40 13.3 13.5 13.3 134 %= 0.1 0.70 0.71 0.70 0.70 %= 0.01
19 0 5.64 15.6 15.3 150 | 153 £ 03 0.82 0.81 0.79 081 %= 0.02
19 0 6.88 16.2 16.4 163 | 163 = 0.1 0.85 0.86 0.86 086 % 001
19 0 8.12 17.4 18.2 174 |176 %= 0.5 091 0.96 0.91 093 + 0.03
53:15 0 2.9 8.6 10.2 11.7 102 23 1.5 0.16 0.19 0.22 0.19 =+ 0.03
53.15 0 5.6 11.2 10.8 124 | 11,5 £ 0.8 0.21 0.20 0.23 022 = 0.02
53.15 0 8.2 12.4 14.0 122 V1297H 1.0 0.23 0.26 0.23 024 =+ 0.02
53.15 0 10.0 13.5 16.8 157 /I NS5 LT 0.25 0.32 0.30 029 == 0.03
53.15 0 11.9 16.8 16.8 179 [ 172 £ 06 0.32 0.32 0.34 032 = 0.01
53.15 0 13.7 18.3 16.7 227 /1193 = 3.1 0.34 0.31 0.43 036 =+ 0.06
53.15 0 15.5 19.7 21.7 20.2 {\20:5: 1.0 0.37 0.41 0.38 039 =+ 0.02
53.15 0 17.4 21.0 20.2 214 1209 = 0.6 0.39 0.38 0.40 039 = 0.01
53.15 0 21.0 20.7 19.4 19.3 198 = 0.8 0.39 0.37 0.36 037 £ 0.01
53.15 0 229 23.1 25.1 4 15 ) 5 1 O T A1 0.43 0.47 0.40 043 £ 0.04
53.15 0 284 28.2 202 | 279 | 254 £ 45| 053 0.38 0.52 | 048 = 0.08
53.15 0 33.9 25.8 25.2 238 [249 = 1.0 0.49 0.47 0.45 047 =+ 0.02
53.15 0 37.5 27.8 289 300 | 289 = 1.1 0.52 0.54 0.56 054 £ 0,02
53.15 0 43.0 26.2 30.0 304 [ 289 £ 23 0.49 0.56 0.57 054 =+ 0.04
53.15 0 48.5 31.1 315 285 [304 £ 1.6 0.59 0.59 0.54 057 + 0.03
53.15 0 59.5 36.1 33.6 285 [ 328 = 3.9 0.68 0.63 0.54 062 = 0.07
53.15 0 68.7 32.7 335 339 | 334 £+ 06 0.62 0.63 0.64 063 =+ 0.01
53:15 0 79.7 33.2 26.4 33.7 | 31.1 £ 4.1 0.63 0.50 0.63 0.59 = 0.08
53.15 0 88.9 354 34.8 354 | 352 = 03 0.67 0.66 0.67 066 = 0.01
53.15 0 99.9 39.6 41.4 402 | 404 == 09 0.75 0.78 0.76 0.76 =+ 0.02
10.75 1079 1.2 127 12.0 12.2 123 *= 04 1.18 1.11 1.14 1.14 + 0.04
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® [} PS

Pine ‘ Bubble height / Pipe
diamlj:ter. - e Bubble height, Ry(mm) | A, erage, R, dlarmiter Averge, ByD

(mm) 1 2 3 () 1 2 3
10.75 1079 34 12.7 13.0 13.1 129 = 02 1.18 1.21 1.22 1.20 = 0.02
10.75 1079 5.6 12.9 12.8 127 | 128 = 0.1 1.20 1.19 1.18 1.19 = 0.01
10.75 1079 10.0 13.0 12.9 13.1 13.0. 1 &/ /0N 1.21 1.20 1.22 1.21 = 0.01
19 1010 3.17 15.9 17.1 156 | 162 = 0.8 0.84 0.90 0.82 085 %= 0.04
19 1010 5.64 16.6 18.5, 183 | 17.8 £ 1.1 0.87 0.98 0.96 094 = 0.06
19 1010 8.12 233 20.7 224 221 = 13 1.23 1.09 1.18 1.17 £ 0.07
19 1010 10.59 240 232 252 238 % 0S5 1.26 1.22 1.22 124 + 0.02
19 1010 13.07 23.6 25.2 239 242 % 0.8 1.24 1.32 1.26 128 + 0.04
53.15 1028 29 7.8 6.9 8.0 75 £ 06 0.15 0.13 0.15 0.14 =+ 0.01
53.15 1028 5.6 8.9 9.0 10.8 95 £+ 1.1 0.17 0.17 0.20 0.18 = 0.02
53.15 1028 8.2 17.5 15.5 178 | 169 + 1.3 0.33 0.29 0.34 032 =+ 0.02
53.15 1028 10.0 16.0 19.4 188 | 180 £ 1.8 0.30 0.36 0.35 034 £ 0.03
53.15 1028 11.9 20.0 19.5 142 /| 179822 0.38 0.37 0.27 034 £+ 0.06
53.15 1028 13.7 19.0 16.1 164 | 172 + 1.6 0.36 0.30 0.31 032 + 0,03
53.15 1028 15:5 21.8 20.3 22.4 A2N5 N AR 041 0.38 0.42 040 =+ 0.02
53.15 1028 17.4 17.8 20.8 19.7 | 195 «= 1.5 0.34 0.39 0.37 037 = 0.03
53.15 1028 21.0 232 224 2dile 232 £ (08 0.44 0.42 0.45 044 =+ 0.02
53.15 1028 229 21.0 232 23.7 22:6—+—14 0.40 0.44 0.45 043 =+ 0.03
53.15 1028 284 24.6 21.1 226 (228 = 1.7 0.46 0.40 0.42 043 + 0.03
53.15 1028 339 26.3 214 242 239 = 25 0.49 0.40 0.46 045 =+ 0.05
53.15 1028 37.5 219 232 256 | 236 = 1.8 0.41 0.44 0.48 044 <+ 0.03
53.15 1028 43.0 239 25.8 236 [245 = 1.2 0.45 0.49 0.44 046 = 0.02
53.15 1028 48.5 30.8 304 320 [31.1 = 0.8 0.58 0.57 0.60 058 =+ 0.02
53.15 1028 59.5 32,5 329 350 |335 = 13 0.61 0.62 0.66 063 =+ 0.03
53.15 1028 68.7 37.5 395 37.0 | 380 = 1.3 0.71 0.74 0.70 0.71 £ 0.02
53.15 1028 79.7 423 423 430 |[425 = 04 0.80 0.79 0.81 0.80 = 0.01
53.15 1028 88.9 44.5 43.6 455 |445 = 09 0.84 0.82 0.86 084 =+ 0.02
53.15 1028 99.9 46.8 422 452 44t = 283 0.88 0.79 0.85 084 == 0.04
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Pipe Bubble height, Ry (mm) | " Bubble heigtt tiee
diameter, | Rewaer Regi Verage. Sa diameter Average, Ry/D

(i) I 2 3 () I 2 3
53.15 1028 132 | 437 | 242 | 458 | 446 = L1| 082 | 083 | 08 |08 = 002
1075 | 2727 12 71 | 78 | 73 | 74 = 04| 066 | 073 | 068 | 069 = 003
1075 | 2727 34 73 | 84 | 81 |79 = 06| 068 | 079 | 076 |074 = 0.06
1075 | 2727 5.6 85 | 88 | 92 |88 + 03| 079 | 08 | o085 |08 = 003
1075 | 2727 00 | 92 | 88 | 91 [ 90 + 02| 085 | 08 | 085 |084 = 002
1075 | 2727 43 | 129 | 120 | 127 {125 £ 05) 120 | 111 | 118 116 £ 005
1075 | 2727 87 | 122 | 27.] 27 1125 + 03| 113 | 118 | 118 | 117 = 003
1075 | 2727 21 | 142 | 124 | 135 | 133 £ 09| 132 | 115 | 125 |124 = 009
19 2740 317 1 109 | 95 | 97 100 £ 07| 057 | 050 | 051 |053 = 0.04
19 2740 s64 | 113 | 111 ] 107 (110 = 03] 059 | 058 | 057 |0s58 £ 001
19 2740 812 | 114 | 118 | 115 [116 £ 02| o060 | 062 | 061 |061 £ 001
19 2740 | 1059 | 139 | 139 | 128 | 135 + 06| 073 | 073 | 067 |071 % 0.03
19 2740 | 1307 | 164 | 161 | 175 | 167 + 07| 08 | 085 | 092 |08 = 0.04
19 2740 | 1554 | 183 | 173 | 182 | 179 + 05| 096 | 091 | 096 |094 = 0.03
19 2740 | 1802 | 197 | 182 | 177 | 185 + 10| 104 | 096 | 093 |098 % 005
19 2740 | 2049 | 204 | 193 | 206 |201 + 07| 107 | 102 | 108 | 106 % 0.04
19 2740 | 2295 | 22 | 22 | 23 |22 + o1 117 | 117 | 117 | L17 % 0.0
19 2740 | 2808 | 204 | 193 | 206 201 + 07| 107 | 102 | 108 | 106 * 0.04
19 2740 | 3321 | 222 | 222 | 223 |222 + o1 117 | w7 | 117 | 117 & 000
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Figure D4 Comparison bubble height from experiment between pipe diameter 10.75 mm, 19 mm

and 53.15 mm vs. air Reynolds number of pure water at Rewater = 0.
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Figure D5 Comparison bubble height from experiment between pipe diameter 10.75 mm, 19 mm and 53.15 mm

vs. air Reynolds number of pure water at Reyaier = 1079, 1010 and 1028.
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Figure D6 Comparison bubble height from experiment between pipe diameter 10.75 mm and 19 mm vs. air

Reynolds number of pure water at Reyaer = 2727 and 2740.
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Table D3 Comparison of slug height for pure water from experiment

Physical properties of air and water used in experiment:

density of water, puaier = 995 kg/m’; viscosity of water, pwaer = 8.51 x 10™ Pa.s
density of air, paj; = 1.18 kg/m3 ; viscosity of air, pa; = 1.85 x 107 Pa.s

inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m’
inner pipe diameter = 0.053 m; cross-sectional area of pipe, A = 0.0022 m’
inner pipe diameter = 0.011 m; cross-sectional area of pipe, A = 0.00009 m*

temperature, T=31°C(x1°C)

09¢



o ®
i Length(c;f T)aylor bubble A Jeiags lengih Lengtl;) _ot; 'l;lallylortbubble / Wvernge Lotgihiof
diameter, | Rewer |  Reur o il of Taylor bubble ot Taylor bubble /
(mm) 1 2 3 (Ltg) ,mm 1 2 3 Pipe diameter
10.75 0 14.35 14.3 19.3 16.3 167 = 2.5 1.3 1.8 1.5 1.6 = 0.23
10.75 0 18.72 18.4 26.0 20.8 217 = 39 1.7 24 1.9 2.0 + 0.36
10.75 0 23.09 246 235 23.9 240 =+ 06 23 22 22 2.2 = 0.05
10.75 0 27.47 254 24.4 24.1 246 = 0.7 24 2.3 2.2 2.3 + 0.07
10.75 0 31.84 30.0 28.2 29.7 293 = 09 2.8 2.6 2.8 27 + 0.09
10.75 0 36.22 50.3 70.9 514 575, = 116 4.7 6.6 4.8 53 = 1.08
10.75 0 40.56 68.0 81.5 76.7 754+ 69 6.3 7.6 Zil 7.0 + 0.64
10.75 0 49.63 90.0 77.8 84.7 842 =+ 6.1 8.4 7.2 7.9 7.8 + 0.57
10.75 0 58.69 88.5 95.2 94.1 926 == 3.6 8.2 8.9 8.8 8.6 + 0.33
10.75 0 67.75 103.7 90.4 102.4 989 =+ 73 9.6 8.4 9.5 9.2 £+ 0.68
10.75 0 76.82 104.0 111.0 112.0 109.0 = 44 9.7 10.3 104 10.1 = 041
10.75 0 85.88 115.5 111.0 - 131.5 1193 £+ 10.8 10.7 10.3 12.2 1.1 £+ 1.00
10.75 0 94.95 127.6 131.7 126.9 b L SO A K 11.9 12.3 11.8 120 + 024
19 0 2295 314 355 30.3 324—£ 2.8 1.7 1.9 1.6 1.7 + 0.14
19 0 28.08 39.7 50.0 47.9 459 £+ 54 2.1 2.6 2.5 24 + 029
19 0 33.21 533 45.3 52.0 502 + 43 2.8 24 2.9 2.6 x 022
19 0 38.33 55.9 58.2 54.9 563 & L7 29 3.1 29 3.0 = 0.09
19 0 43.46 57.1 65.5 57.6 60.1 £ 4.7 3.0 34 3.0 32 + 025
19 0 48.59 59.3 75.8 62.3 658 % 8.7 3.1 4.0 33 35 + 046
19 0 58.85 82.7 75.9 79.1 792 + 34 44 4.0 4.2 42 + 0.18
19 0 69.10 833 82.2 84.6 834 = 1.2 4.4 43 4.5 4.4 + 0.06
19 0 79.36 84.9 89.7 90.1 882 = 29 4.5 4.7 4.7 4.6 + 0.15
19 0 89.62 90.1 88.8 102.2 93.7 + 74 4.7 4.7 54 49 + 0.39
19 0 99.87 101.0 101.4 115.9 106.1 * 8.5 53 5.3 6.1 5.6 + 045
19 0 177 196.8 193.0 196.8 195.5. ' 232 10.4 10.2 10.4 103 £ 0.12
53.15 0 289 75.0 83.6 97.5 854 £ 114 1.4 1.6 1.8 1.6 + 0.21
53.15 0 367 120.0 114.6 127.3 1206 = 64 23 22 24 23 + 012
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Pipe Length of Taylor bubble Average length Length _ofT:fylor bubble / Average Length of
diameter, | Rewwer | Reu (Lp) ,mm of Taylor bubble Pipe diameter Taylor bubble /
(mm) 1 2 3 (Ltg) ,mm 1 2 3 Pipe diameter
53.15 0 445 148.1 127.5 108.8 128.1 %= 19.7 2.8 24 20 24 + 037
53.15 0 520 163.6 173.1 168.8 1685 + 438 3.1 33 3.2 32 £ 0.09
53.15 0 629 161.1 178.3 190.9 176.8 + 149 3.0 34 3.6 33 + 028
53.15 0 739 230.0 213.9 258.3 234.1 " ¥/ 25 43 4.0 49 44 = 042
53.15 0 848 357.0 302.5 302.5 320.7 Ot 318 6.7 5.7 5.7 60 % 059
53.15 0 958 3825 377.5 342.5 367.5 | [+ 21,8 7.2 7.1 6.4 6.9 + 041
10.75 1079 23.09 16.6 17.4 15.5 7% T S N 1.5 1.6 1.4 1.5 + 0.09
10.75 1079 27.47 21.3 18.1 19.5 196 . & 1.6 2.0 1.7 1.8 1.8 = 0.15
10.75 1079 31.84 21.1 19.3 20.7 204 =+ 1.0 2.0 1.8 1.9 1.9 = 0.09
10.75 1079 36.22 23.1 224 21.7 247k A 0.7 2.1 2.1 2.0 2.1 + 0.06
10.75 1079 40.56 22.8 259 25.0 246 £ 16 2.1 24 2.3 2.3 + 0.15
10.75 1079 49.63 2% 25.8 26.1 26,55 8540 0 2.6 24 24 25 =+ 0.10
10.75 1079 58.69 293 31.0 29.7 300 = 09 2.7 29 2.8 2.8 + 0.08
10.75 1079 67.75 349 35.2 . 333 345 = 1,0 32 33 3.1 32 = 0.10
10.75 1079 76.82 31.2 34.6 36.5 3417 £ 2.7 2.9 32 34 32 £ -025
10.75 1079 85.88 40.3 41.1 40.7 407 + 0.4 3.7 3.8 3.8 3.8 + 0.04
10.75 1079 94.95 77.1 71.9 833 794 + 34 )4 7.2 7.8 74 £ 032
10.75 1079 104 78.8 83.2 87.2 83.1 __+ 429 V.3 7.7 8.1 77 = 039
10.75 1079 122 89.4 96.4 854 904. £ 5.5 8.3 9.0 7.9 84 =+ 0.52
19 1010 33.21 37.1 38.8 41.4 39Lp0 41 120D 2.0 2.0 22 2.1 £ 0.11
19 1010 38.33 44,0 42.0 41.0 423 _+ kS 2.3 2.2 22 2.2 + 0.08
19 1010 43.46 48.1 49.0 46.2 478 = 1.5 25 2.6 24 2.5 + 0.08
19 1010 48.59 53.0 51.5 50.8 518 + 1.2 28 2.7 2.7 27 £ 0.06
19 1010 58.85 56.8 56.8 60.2 580 + 20 3.0 3.0 3.2 3.1 + 0.10
19 1010 69.10 71.4 759 71.4 729 % 26 3.8 4.0 3.8 38 % 0.14
19 1010 79.36 73.6 87.3 81.2 807 %= 69 39 4.6 4.3 42 £ 036
19 1010 89.62 75.0 90.2 859 837 = 78 3.9 4.7 4.5 4.4 + 041
19 1010 99.87 101.3 108.8 86.3 988 + 115 53 5.7 4.5 52 + 060
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@ ] ®
Pipe Length of Taylor bubble Average length | Length of Taylor bubble / Average Length of
diameter, | Rewwer | Reyy (Lrg) ,mm of Taylor bubble Pipe diameter Taylor bubble /
(mm) 1 > 3 (Ltg) ,mm 1 > 3 Pipe diameter _
19 1010 177 113.0 117.6 113.0 145" £ 23 5.9 6.2 59 60 + 0.14
53.15 1028 445 115.9 126.7 121.7 1214 + 54 2.2 24 23 23 £ 0.10
53.15 1028 520 110.0 125.0 132.5 122.5.)/ 2/ /IX.5 2.1 24 25 23 & 022
53.15 1028 629 164.4 208.7 172.5 1819 =+ 236 3:1 39 32 34 £ 044
53.15 1028 739 190.0 205.0 2244 208.5 st K2 3.6 3.9 42 39 £ 032
53.15 1028 848 226.4 225.0 240.0 23025, | (5083 4.3 4.2 4.5 43 £ 0.16
53.15 1028 958 225.0 290.0 247.5 2542 £ 33.0 42 5.5 4.7 48 = 0.62
53.15 1028 1067 220.0 242.5 295.0 252.5 % 385 4.1 4.6 5.6 48 + 072
10.75 2727 36.22 16.8 17.0 17.8 172> ,0.6 1.6 1.6 1.7 1.6 £ 0.05
10.75 2727 40.56 18.6 18.6 17.8 183 £ 05 1.7 1.7 1.7 1.7 £+ 0.04
10.75 2727 49.63 22.5 234 21.0 2. 4.2 2.1 22 2.0 2.1 +  0.11
10.75 2727 58.69 22.8 23.4 22.8 230 = 04 2.1 22 2.1 21 = 003
10.75 2727 67.75 20.0 25.6 264 240 £ 35 1.9 24 2.5 22 + 032
10.75 2727 76.82 25.7 28.3 26.9 270-—%13 24 2.6 2.5 2.8 & 02
10.75 2727 85.88 26.6 243 . 287 265 = 22 8. 23 27 25 = 020
10.75 2727 94.95 311 29.6 32.1 SE———FL3% 29 2.8 3.0 29 = 0.12
10.75 2727 104 35.3 325 30.3 327 <+« 235 33 3.0 2.8 30 = 023
10.75 2727 122 45.5 51.6 53.6 5027 42 42 4.8 5.0 47 = 0.39
10.75 2727 140 499 41.5 SO 490 £+ 72 4.6 39 52 46 = 067
10.75 2727 158 61.5 61.5 57.5 602 <+ 23 5.7 573 53 56 + 022
10.75 2727 177 63.6 73.9 88.5 754ty 125 59 6.9 82 70 £ 1.16
10.75 2727 231 112.2 96.6 105.6 1048 = 7.8 10.4 9.0 9.8 97 == 0.73
10.75 2727 294 105.0 106.5 125.3 2.3 + 113 9.8 9.9 1.7 104 =+ 1.05
10.75 2727 367 138.7 140.7 132.0 137.1 £ 4.5 12.9 13.1 12.3 128 =+ 0.42
10.75 2727 523 265.3 241.3 216.0 2409 + 247 24.7 224 20.1 224 £+ 229
19 2740 48.59 375 409 36.4 383 = 24 2.0 22 1.9 2100 ®& 10412
19 2740 58.85 42.0 429 429 426 + 05 22 2.3 23 22 %= 0.03
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@
Pipe Length of Taylor bubble Average length Length of Taylor bubble / | Average Length of
diameter, | Rewaer Re,ir (Ltg) ,mm of Taylor bubble Pipe diameter Taylor bubble /

(mm) | 2 3 (Lyg) ,mm I 2 3 Pipe diameter
19 2740 69.10 49.1 52.8 59.3 537 & 5l 2.6 2.8 3.1 28 = 027
19 2740 79.36 61.7 64.2 63.3 63.1. %513 3.2 34 3.3 33 £ 007
19 2740 89.62 70.2 70.2 77.4 72.6.)).%/ A2 3.7 3.7 4.1 38 = 022
19 2740 99.87 813 80.4 80.5 80.7 = 05 43" 42 42 42 = 0.03
19 2740 177 126.0 120.0 124.0 F3.3 < 34 6.6 6.3 6.5 65 = 0.16
19 2740 296 206.0 | 209.0 211.0 2087 + 235 10.8 11.0 11.1 11.0 + 0.13
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Figure D7 Comparison slug height from experiment between pipe diameter 10.75 mm, 19 mm and 53.15 mm

vs. air Reynolds number of pure water at Reyater = 0.
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Figure D8 Comparison slug height from experiment between pipe diameter 10.75 mm, 19 mm and 53.15 mm

vs. air Reynolds number of pure water at Reyqer = 1079, 1010 and 1028.
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Figure D9 Comparison slug height from experiment between pipe diameter 10.75 mm and 19 mm

vs. air Reynolds number of pure water at Reyaer = 2727 and 2740.
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Table D4 Comparison of bubble and slug velocity for pure water from experiment
Physical properties of air and water used in experiment:

density of water, puater = 995 kg/m’; viscosity of water, pwaer = 8.51 10 Pas
density of air, pair = 1.18 kg/m3; viscosity of air, paj; = 1.85 x 107 Pa.s

inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m’

inner pipe diameter = 0.053 m; cross-sectional area of pipe, A = 0.0022 m’

inner pipe diameter = 0.011 m; cross-sectional area of pipe, A =0.00009 m?

temperature, T=31°C(x1°C)
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@

, u Average bubble

Pipe Bubble and slug velocity, W and s!ug

diameter, | Reéyater Reg, & velocity,

e o

1 2 3 4 5 7 D)O's
10.75 0 1.22 0.28 0.28 0.28 0.28 0.28 028 = 0.002
10.75 0 341 0.30 0.30 0.30 0.30 0.29 030 = 0.003
10.75 0 5.60 0.30 0.32 0.31 0.29 0.31 031 = 0.009
10.75 0 9.97 0.33 0.32 0.32 0.32 0.32 032 = 0.003
10.75 0 14.35 0.33 0.32 0.33 0.33 0.33 033 £ 0.004
10.75 0 18.72 0.35 0.35 0.37 0.36 0.35 036 = 0.005
10.75 0 23.09 0.38 0.38 0.38 0.38 0.38 038 + 0.001
10.75 0 27.47 0.40 0.40 0.39 0.39 0.40 040 + 0.005
10.75 0 31.84 0.41 0.41 0.41 041 041 041 = 0.001
10.75 0 36.22 0.45 0.46 0.47 0.45 0.45 046 + 0.006
10.75 0 40.56 0.49 0.49 0.50 0.49 0.49 049 + 0.005
10.75 0 49.63 0.54 0.55 0.55 0.54 0.54 0.55 + 0.005
10.75 0 58.69 0.59 0.61 0.57 0.60 0.59 0.59 + 0.012
10.75 0 67.75 0.61 0.60 0.62 0.61 0.60 0.61 %= 0.007
10.75 0 76.82 0.64 0.65 0.65 0.66 0.64 0.65 + 0.006
10.75 0 85.88 0.71 0.70 0.71 0.69 0.72 0.71 £ 0,011
10.75 0 94.95 0.74 0.75 0.74 0.74 0.71 074 = 0.015
19 0 3.17 0.33 0.34 0.34 0.34 0.34 034 = 0.004
19 0 440 0.35 0.35 0.35 0.35 0.35 0.35 £ 0.001
19 0 5.64 0.36 0.34 0.35 0.37 0.35 036 + 0.011
19 0 6.88 0.36; 0.35 0.35 0.36 0.36 036 + 0.002
19 0 8.11 0.37 0.36 0.36 0.35 0.36 036 + 0.005
19 0 10.59 0.37 0.37 0.36 0.37 0.36 0.37 £ 0.003
19 0 13.06 0.37 0.39 0.37 0.38 0.38 0.38 + 0.006
19 0 15.53 0.38 0.38 0.38 0.38 0.38 0.38 = 0.002
19 0 18.01 0.39 0.39 0.39 0.38 0.39 039 + 0.005
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. u Average bubble

Pipe Bubble and slug velocity, W and s!ug

diameter, | Reyaer Reair g velocity,

(mm) .

1 2 3 4 5 2 D)O'S
19 0 20.48 041 0.39 041 0.39 0.40 040 £ 0.008
19 0 2294 041 0.41 041 0.41 041 041 = 0.004
19 0 28.06 043 0.43 0.42 0.42 0.43 043 + 0.006
19 0 33.19 0.43 0.43 0.44 0.43 0.43 043 = 0.002
19 0 38.31 0.45 0.44 0.46 0.44 0.45 045 + 0.008
19 0 43.44 0.44 0.46 0.46 0.46 0.45 045 = 0.006
19 0 48.57 0.46 0.46 0.45 0.48 0.46 046 £ 0.009
19 0 58.82 0.49 0.48 0.49 0.48 0.49 048 + 0.003
19 0 69.07 0.49 0.51 0.51 0.51 0.50 0.50 £ 0.008
19 0 79.32 0.53 0.53 0.53 0.54 0.52 053 + 0.005
19 0 89.57 0.57 056 | 053 0.55 0.55 055 + 0.015
19 0 99.82 0.56 0.57 0.56 0.56 0.56 056 = 0.005
19 0 177 0.72 0.73 0.71 0.74 0.73 073 + 0.011
53.15 0 2.90 0.33 0.33 0.36 0.33 0.34 034 = 0.012
53.15 0 5.56 0.35 0.35 0.35 0.34 0.36 035 = 0.010
53.15 0 8.20 0.40 0.39 0.37 0.38 0.36 038 £ 0.015
53.15 0 10.04 0.39 0.33 0.39 0.40 0.34 037 = 0.033
53.15 0 11.87 0.42 038 0.37 035 0.37 038 + 0.023
53.15 0 13.70 0.38 0.39 0.40 0.40 0.35 038 £ 0.020
53:15 0 15.54 0.40 0.40 0.41 0.38 0.40 040 + 0.009
53.15 0 17.37 0.40 0.39 0.40 041 041 040 = 0.008
53.15 0 21.04 0.44 0.42 041 041 0.39 042 + 0.019
53.15 0 22.87 0.41 0.43 0.44 0.39 0.40 042 + 0.020
53.15 0 28.37 0.45 043 0.43 0.41 0.45 044 + 0.015
53.15 0 33.87 0.44 0.44 0.46 0.41 0.45 044 £ 0.018
53.15 0 37.54 0.43 0.44 0.45 0.46 0.46 045 + 0.013
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_ u Average bubble

Pipe Bubble and slug velocity, W and 5!"5

diameter, | Rewaer Rey; velocity,

(mm) =

1 2 3 4 5 (gD)o's
53.15 0 43.04 0.45 043 0.46 0.44 0.44 044 = 0.008
53.15 0 48.54 0.47 0.47 0.43 0.43 0.43 044 = 0.021
53.15 0 59.53 0.46 0.46 0.43 0.47 0.50 046 = 0.028
53.15 0 68.70 0.47 0.50 0.49 0.50 0.53 0.50 + 0.022
53.15 0 79.70 0.52 0.52 0.52 0.50 0.54 0.52 + 0.017
53.15 0 88.87 0.52 0.52 0.54 0.52 0.50 052 + 0.0I3
53.15 0 99.87 0.61 0.57 0.56 0.59 0.54 0.58 = 0.026
53.15 0 132 0.66 0.68 0.65 0.65 0.59 0.65 = 0.032
53.15 0 184 0.69 0.66 0.63 0.69 0.63 066 + 0.028
53.15 0 289 0.65 0.69 0.67 0.71 0.71 069 = 0.026
53.15 0 367 0.79 0.76 0.69 0.65 0.67 071 = 0.061
53.15 0 445 0.79 0.73 0.75 0.78 0.73 076 + 0.028
53.15 0 520 0.75 0.84 091 0.79 0.79 0.82 + 0.062
53.15 0 629 1.00 1.09 1.05 0.89 0.91 099 + 0.088
53.15 0 739 1.11 1.09 1.23 1.23 0.94 1.12 + 0.118
53.15 0 848 1.33 1.11 1.24 1.37 1.13 124 + 0.114
53.15 0 958 1.45 1.43 1.38 1.43 1.45 143 + 0.025
10.75 1079 1.22 0.60 0.60 0.57 0.58 0.60 059 = 0.011
10.75 1079 3.41 0.60 0.60 0.58 0.61 0.60 060 + 0.010
10.75 1079 5.60 0.60 0.60 0.60 0.61 0.61 060 = 0.005
10.75 1079 10 0.61 0.61 0.62 0.62 0.63 062 £ 0.009
10.75 1079 14 0.61 0.62 0.62 0.62 0.62 062 + 0.005
10.75 1079 19 0.63 0.63 0.63 0.63 0.63 063 = 0.002
10.75 1079 23 0.64 0.64 0.65 0.66 0.65 0.64 % 0.008
10.75 1079 27 0.68 0.68 0.68 0.68 0.70 068 + 0012
10.75 1079 32 0.71 0.70 0.71 0.70 0.70 0.70 + 0.005
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. u Average bubble

Pipe Bubble and slug velocity, ?D)-a_—; and s!ug

diameter, | Rewaer Re,i velocity,

RE e

1 2 3 4 5 e D)™
10.75 1079 36 0.73 0.74 0.73 0.72 0.75 073 + 0.012
10.75 1079 41 0.79 0.78 0.79 0.76 0.78 0.78 + 0.014
10.75 1079 50 0.81 0.81 0.80 0.82 0.80 0.81 + 0.009
10.75 1079 59 0.87 0.86 0.87 0.89 0.87 0.87 £ 0.009
10.75 1079 67.75 0.92 0.92 0.93 0.91 0.90 091 + 0.012
10.75 1079 76.82 0.92 0.93 0.90 0.92 091 092 + 0.013
10.75 1079 85.88 0.97 0.95 0.98 0.99 0.95 097 = 0.021
10.75 1079 94.95 1.02 1.03 1.01 1.05 1.03 1.03 + 0.013
10.75 1079 104 1.08 1.06 1.08 1.08 1.06 1.07 + 0.010
10,75 1079 122 1.15 1.19 1.17 1.13 1.13 1.16 + 0.024
19 1010 3.17 0.48 0.48 0.47 0.48 0.48 048 + 0.004
19 1010 5.64 0.49 0.48 0.49 0.49 0.47 048 + 0.009
19 1010 8.12 0.49 0.49 0.49 0.49 0.49 049 + 0.004
19 1010 10.59 0.50 0.49 0.49 0.49 0.50 049 = 0.009
19 1010 13.07 0.49 0.50 0.48 0.49 0.49 049 + 0.006
19 1010 15.54 0.50 0.50 0.50 0.50 0.50 0.50 * 0.003
19 1010 18.02 0.51 0.53 0.52 0.52 0.52 0.52 + 0.005
19 1010 20.49 0.52 0.52 0.52 0.53 0.52 052 % 0.004
19 1010 22.95 0.53 0.53 0.52 0.53 0.52 0.53 + 0.003
19 1010 28.08 0.55 0.54 0.55 0.55 0.55 0.54 + 0.002
19 1010 33.21 0.55 0.56 0.56 0.56 0.55 0.56 + 0.008
19 1010 38.33 0.55 0.57 0.55 0.56 0.56 056 % 0.007
19 1010 43.46 0.58 0.58 0.58 0.60 0.60 059 + 0.009
19 1010 48.59 0.59 0.59 0.60 0.60 0.58 0.59 + 0.007
19 1010 58.85 0.63. 0.63 0.63 0.63 0.63 0.63 + 0.004
19 1010 69.10 0.66 0.66 0.64 0.64 0.66 065 + 0.009
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) u Average bubble

Bipe Bubble and slug velocity, —-—-—(gD)O_S and s!ug

diameter, | Reyaer Reyi velocity,

(mm) ol

1 2 3 4 5 (gD)M
19 1010 79.36 0.66 0.67 0.66 0.67 0.67 0.67 + 0.006
19 1010 89.62 0.68 0.69 0.68 0.67 0.69 069 £ 0.008
19 1010 99.87 0.71 0.70 0.70 0.70 0.71 0.70 %+ 0.006
19 1010 177 0.88 0.90 0.83 0.84 0.85 0.86 + 0.030
19 1010 296 1.21 1.18 1.17 1.17 1.24 1.20 + 0.027
19 1010 369 1.36 1.30 1.36 1.47 1.36 1.37 + 0.064
19 1010 515 1.93 1.74 1.67 1.86 1.72 1.79 £ 0.107
53.15 1028 2.90 0.39 0.37 0.40 0.38 0.36 038 = 0.016
53.15 1028 5.56 0.39 0.39 0.39 0.40 0.40 0.39 £ 0.006
53.15 1028 8.20 0.42 0.42 0.42 0.42 0.43 042 £ 0.005
53.15 1028 10.04 0.44 0.42 0.46 0.43 0.44 044 + 0.015
53.15 1028 11.87 0.42 0.44 0.43 0.44 0.46 044 + 0012
53.15 1028 13.70 0.42 0.44 0.43 0.45 0.46 044 = 0.016
53.15 1028 15.54 0.42 0.42 0.43 0.42 0.44 043 + 0.009
53.15 1028 17.37 0.45 0.43 0.43 0.44 0.46 044 + 0.011
53.15 1028 21.04 0.45 0.44 0.43 0.42 0.47 044 =+ 0.021
53.15 1028 22.87 0.42 0.47 0.42 0.45 0.49 045 + 0.032
5315 1028 28.37 0.46 045 0.51 0.50 0.46 047 + 0.028
53.15 1028 34 0.49 0.48 0.46 0.46 0.51 048 + 0.022
53.15 1028 38 0.51 0.46 0.46 0.52 0.47 048 + 0.029
53.15 1028 43 0.53 0.48 0.49 0.52 0.45 049 + 0.034
53.15 1028 49 0.50 0.49 0.49 0.47 0.46 048 + 0.016
53.15 1028 59.53 0.52 0.48 0.55 0.50 0.50 0.51 + 0.027
53.15 1028 68.70 0.54 0.48 0.53 0.52 0.48 0.51 * 0.031
53.15 1028 79.70 0.61 0.58 0.56 0.63 0.58 0.59 + 0.030
53.15 1028 88.87 0.54 0.54 0.51 0.50 0.59 0.54 + 0.036
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_ u Average bubble

Pipe Bubble and slug velocity, W and s!ug

diameter, | Rewaer Reir g velocity,

(mm) u

1 2 3 4 5 (gD)o.s
53.15 1028 99.87 0.58 0.51 0.59 0.51 0.50 054 = 0.044
53.15 1028 132 0.64 0.66 0.69 0.66 0.69 0.67 + 0.020
53.15 1028 184 0.62 0.68 0.76 0.65 0.58 066 = 0.069
53.15 1028 289 0.68 0.80 0.75 0.73 0.78 0.75 = 0.047
53.15 1028 367 0.94 0.87 0.81 0.94 0.95 090 % 0.059
53.15 1028 445 0.86 0.96 0.94 0.98 0.87 092 + 0.054
53.15 1028 520 1.07 0.94 0.91 1.04 1.01 099 + 0.065
53.15 1028 629 0.98 1.33 0.99 1.02 0.99 1.06 %= 0.150
53.15 1028 739 1.08 1.21 1.51 1.01 0.86 1.13 + 0248
53.15 1028 848 1.51 1.38 1.38 1.28 1.26 1.36 + 0.098
53.15 1028 958 1.57 1.41 2.10 1.57 1.41 1.61 = 0.282
53.15 1028 1067 1.28 1.87 2.10 1.73 2.04 1.80 * 0.325
10.75 2727 1.22 0.96 0.97 1.00 1.00 0.96 098 = 0.020
10.75 2727 341 1.01 1.03 1.03 1.01 1.05 1.03 £ 0.015
10.75 2727 5.60 1.03 1.08 1.09 1.05 1.03 1.06 = 0.028
10.75 2727 9.97 1.08 1.08 1.10 1.11 1.09 1.09 = 0014
10.75 2727 14.35 1.09 1.06 1.08 1.11 1.09 1.09 £ 0.017
10.75 2727 19 1.08 1.10 1.09 1<} 1.11 1.10 = 0,015
10.75 2727 23 1.11 1.09 1.08 1.09 1.08 1.09 £+ 0.014
10.75 2727 27 1.09 1.13 1.08 1.08 1.11 1.10 + 0.024
10.75 2727 32 1.15 1.15 LIS .15 1.17 1.15 % 0.010
10.75 2727 36.22 1.19 1.19 1.17 1.17 1.19 1.18 %= 0.013
10.75 2727 40.56 1.28 1.28 1.23 1.21 1.25 1.25 £ 0.028
10.75 2727 49.63 1.28 1.23 1.23 1.28 1,25 1.26 £ 0.024
10.75 2727 58.69 1.25 1.25 1.21 1.25 1.28 1.25 & 0,026
10.75 2727 67.75 1.32 1.28 1.32 1.28 1.31 1.30 + 0.024
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) u Average bubble

Pipe Bubble and slug velocity, W and sl_ug

diameter, | Rewaer Re,ir velocity,

() I 2 3 4 5 o

(gD)

10.75 2727 77 1.38 1.36 1.41 1.38 1.32 137 £ 0.033
10.75 2727 86 1.41 1.41 1.36 1.38 1.38 1.39 £ 0.022
10.75 2727 95 1.47 1.47 1.40 1.48 1.47 146 + 0.031
10.75 2727 104 1.50 1.44 1.50 1.47 1.50 148 £ 0.027
10.75 2727 122 1.53 1.53 1.54 1.53 1.54 1.53 £ 0.006
10.75 2727 140 1.56 1.57 1.54 1.58 1.57 1.57 %= 0.017
10.75 2727 158 1.72 1.72 1.75 1.68 1.72 1.72 = 0.024
10.75 27217 177 1.87 1.92 1.91 1.86 1.89 1.89 + 0.026
10.75 2727 231 2.16 2.03 2.09 2.16 2.37 2.16 = 0.127
10.75 2727 294 2.29 2.29 2.37 2.40 2.42 235 % 0.059
10.75 2727 367 2.76 2.99 3.12 3.17 2.87 299 £ 0.170
10.75 2727 523 4.07 3.85 4.15 4.15 4.07 405 = 0.121
19 2740 3.17 0.71 0.71 0.70 0.70 0.70 0.70 = 0.006
19 2740 5.64 0.73 0.71 0.72 0.71 0.73 072 = 0.010
19 2740 8.11 0.71 0.71 0.70 0.69 0.70 0.70 £ 0.007
19 2740 10.59 0.71 0.70 0.71 0.68 0.69 070 £+ 0.012
19 2740 13.06 0.70 0.71 0.70 0.71 0.71 0.71 * 0.006
19 2740 15.53 0.73 0.74 0.72 0.72 0.72 073 £ 0.009
19 2740 18.01 0.74 0.73 0.73 0.73 0.72 0.73 %= 0.007
19 2740 20.48 0.73 0.72 0.74 0.75 0.73 074 = 0011
19 2740 22.94 0.73 0.72 0.73 0.73 0.73 073 + 0.004
19 2740 28.06 0.78 0.79 0.78 0.77 0.79 0,78 %= 0.007
19 2740 33.19 0.75 0.76 0.76 0.76 0.75 0.76 + 0.006
19 2740 38.31 0.76 0.77 0.76 0.77 0.76 0.77 % 0.006
19 2740 43.44 0.77 0.76 0.76 0.76 0.76 076 *= 0.004
19 2740 48.57 0.80 0.79 0.79 0.78 0.80 079 + 0.007
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u Average bubble
- Bubble and slug velocity, ———— d sl
o T =
diameter, | Reyaer Regi ’
(mm) u
1 2 3 4 5 B T
(gD)O.S
19 2740 58.82 0.80 0.79 0.82 0.80 0.81 0.80 + 0014
19 2740 69.07 0.85 0.85 0.85 0.86 0.84 0.85 £ 0.009
19 2740 79.32 0.87 0.84 0.85 0.87 0.85 085 + 0.0I13
19 2740 89.57 0.91 0.90 0.88 0.88 0.90 0.89 + 0.015
19 2740 99.82 0.90 0.91 0.91 0.91 0.90 090 + 0.008
19 2740 177 1.08 1.13 1.05 1.06 1.06 108 + 0.033
19 2740 296 1.33 1.37 1.36 1.33 1.33 1.34 + 0.022
19 2740 369 1.62 1.72 1.53 1.69 1.62 1.64 = 0.075
19 2740 515 2.00 2.08 1.98 1.93 2.08 201 £ 0.065
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Figure D10 Comparison bubble or slug velocity from experiment between pipe diameter 10.75 mm,

19 mm and 53.15 mm vs. air Reynolds number of pure water at Reyater = 0.
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Bubble or slug velocity, u / (gd)®3

Figure D11 Comparison bubble or slug velocity from experiment between pipe diameter 10.75 mm, 19 mm
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Figure D12 Comparison bubble or slug velocity from experiment between pipe diameter 10.75 mm and 19 mm

vs. air Reynolds number of pure water at Reyaer = 2727 and 2740.
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Table D5 Comparison of the pressure gradient for pure water from experiment
Physical properties of air and water used in experiment:

density of water, pwater = 995 kg/m’; viscosity of water, pwater = 8.51 X 10" Pa.s
density of air, pair = 1.18 kg/m’; viscosity of air, pair = 1.85 x 10” Pa.s

inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m’
inner pipe diameter = 0.053 m; cross-sectional area of pipe, A = 0.0022 m’
inner pipe diameter = 0.011 m; cross-sectional area of pipe, A =0.00009 m’
temperature, T=31°C (£ 1°C)
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l P2 = P1-AP
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Floyv direction

Figure D13 Pressure drop in a vertical pipe.
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Upward flow in a vertical pipe is depicted in Fig. D13. A steady-state momentum balance in the direction of flow on the fluid in
the pipe gives:

2 2
(B -P) " e L~ p,Lg~0 (1)
B-P)2—r,L-2 p Lg=0 (D2)
4 4
D D
® -y —p,1eZ Lf (D3)
4 4
—_— ) _=T D4
TP =T (D4)

We define the pressure drop: AP= P-P,. Equation (D4) can be written as:

D_ AP
z[(T)a -p.8l=7, (D5)

Elimination of the gravity term from Equation (D5) gives:

AP
%(T)d =Td (D6)
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From the definition of Darcy friction factor (f):

87,
fr = _:

pw Uiiq

Rearrangement of Equation (D7) gives:

or

(D7)

(D8)

(D9)
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& @
dp
Pipe Flow ; . C sl E)d A di ionl
diameter, | Rewuer | Rear , Dimensionless pressure gradient, =; VORARS CHDENEIONRAS
(mm) regime P, Wiig pressure gradient
1 2 3 4 5 6 7 8 9 10

10.75 1079 | 341 Bubble | 2.16E-01 | 2.16E-01 | 2.16E-01 | 2.16E-01 | 2.16E-01 | 2.16E-01 | 2.16E-01 | 2.16E-01 | 2.16E-01 | 2.16E-01 | 2.16E-01 %  0.00E+00
10.75 1079 | 5.60 Bubble | 3.60E-01 | 3.60E-01 | 3.60E-01 | 3.60E-01 | 3.60E-01 | 3.60E-01 | 3.60E-01 | 3.60E-01 | 3.60E-01 | 3.60E-01 | 3.60E-01 *  S5.8SE-17
10.75 1079 | 997 Bubble | 864E-01 | 8.64E-01 | 8.64E-01 | 8.64E-01 | 8.64E-01 | 8.64E-01 | 8.64E-01 | 8.64E-01 | 864E-01 | 864E-01 | 8.64E-01 =  1.17E-16
10.75 1079 | 14.35 | BubbleSlug | 2.23E+00 | 2.23E+00 | 2.23E+00 | 223E+00 | 223E+00 | 2.23E+00 | 2.23E+00 | 2.23E+00 | 223E+00 | 223E+00 | 223E+00 +  0.00E+00
10.75 1079 | 1872 | BubbleSlug | 3.38E+00 | 3.38E+00 | 3.38E+00 | 3.38E+00 | 3.38E+00 | 3.38E+00 | 3.38E+00 | 3.38E+00 | 3.38E+00 | 338E+00 | 3.38E+00 +  4.68E-16
10.75 1079 | 23.09 Slug 4.10E+00 | 4.10E+00 | 4.10E+00 | 4.10E+00 | 4.10E+00 | 425E+00 | 4.25E+00 | 4.25E+00 | 4.25E+00 | 4.25E+00 | 4.18E+00 =+  7.59E-02
10.75 1079 | 27.47 Slug 4.83E+00 | 4.83E+00 | 4.83E+00 | 4.83E+00 | 4.83E+00 | 497E+00 | 497E+00 | 497E+00 | 4.97E+00 | 497E+00 | 4.90E+00 +  7.59E-02
10.75 1079 | 31.84 Slug 5.98E+00 | S.98E+00 | 5.98E+00 | 5.98E+00 | 5.98E+00 | 5.98E+00 | 5.98E+00 | 5.98E+00 | S98E+00 | S98E+00 | 598E+00 +  9.36E-16
10.75 , 1079 | 36.22 Slug 7.13E+00 | 7.13E+00 | 7.13E+00 | 7.13E+00 | 7.13E+00 | 727E+00 | 7.27E+00 | 7.27E+00 | 7.27E+00 | 7.27E+00 | 7.20E+00 +  7.59E-02
10.75 1079 | 40.56 Slug 7.99E+00 | 7.99E+00 | 7.99E+00 | 7.99E+00 | 7.99E+00 | 8.14E+00 | 8,14E+00 | 8.14E+00 | 8.14E+00 | 8.14E+00 | 8.07E+00 #*  7.59E-02
10.75 1079 | 49.63 Slug 9.15E+00 | 9.15E+00 | 9.15E+00 | 9.15E+00 | 9.1SE+00 | 9.1SE+00 | 9.15E+00 | 9.15E+00 | 9.1SE+00 | 9.1SE+00 | 9.1SE+00 =  1.87E-I$
10.75 1079 | 58.69 Slug 9.79E+00 | 9.79E+00 | 9.79E+00 | 9.79E+00 | 9.79E+00 | 9.87E+00 | 9.87E+00 | 9.87E+00 | 9.87E+00 | 9.87E+00 | 9.83E+00 +  3.80E-02
10.75 1079 | 67.75 Slug 1.04E+01 | 1.04E+01 | 1.04E+01 | 1.04E+01 | 1.04E+01 | 1.0SE+01 | 1.0SE+01 | 1.05E+01 | 1.0SE+01 | 1.0SE+01 | 1.O4E+01 +  7.59E-02
10.75 1079 | 76.82 Slug LI3E+01 | LI3E+01 | 1.13E+01 | 1I13E+01 | L.I3E+01 | LISE+01 | 1.I1SE+01 | LISE+01 | LISE401 | LISE+01 | LI14E+01 £  1.14E-01
10.75 1079 | 85.88 Slug 121E+01 | 121E+01 | 121E+01 | 1.21E401 | 121E+01 | 122E+01 | 1.22E+01 | 1.22E+01 | 1.22E401 | 1.22E+01 | 1.22E+01 #  7.59E-02
10.75 1079 | 9495 Slug 1.24E+01 | 124E+01 | 124E+01 | 124E+01 | 1.24E+01 | 125E+01 | 125E+01 | 1.25E+01 | 1.25E+01 | 1.25E+01 | 125E+01 +  7.59E-02
10.75 1079 | 104 Slug 1.30E+01 | 130E+01 | 1.30E+01 | 1.30E+01 | 1.30E+01 | 1.34E+01 | 1.34E+01 | 1.34E+01 | 1.34E+01 | 134E+01 | 1.32E+01 +  2.28E-0I
10.75 1079 | 122 Slug 1 43E+01 | 1.43E+01 | 1.43E+01 | 1.43E+01 | 1.43E+01 | 148E+01 | 148E+01 | 1.48E+01 | 147E+01 | 1.48E+01 | 14SE+01 *  239E-0I
10.75 1079 | 140 | Slug-Chum | 1.SIE+01 | 1.52E+01 | 1.51E+01 | 1.51E+01 | 1.SIE+01 | 1.57E+01 | 1.S8E+01 | L.STE+01 | 1.SSE+01 | 1.S8E+01 | L.S4E+01 +  3.54E-0I
1075 1079 | 158 | Slug-Chum | 1.S9E+01 | 1.59E+01 | 1.58E+01 | 1.57E+01 | 1.S8E+01 | 1.66E+01 | 1.66E+01 | 1.69E+01 | 1.68E+01 | 1.69E+01 | [63E+01 =+  4.95E-0I
10.75 1079 | 177 | Slug-Chum | 1.64E+01 | 1.63E+01 | 1.63E+01 | 1.63E+01 | 1.64E+01 | 1.7SE+01 | L.7SE+01 | 1.74E+01 | 1.74E+01 | 1.74E+01 | 1.69E+01 &  5.50E-01
10.75 1079 | 231 | Slug-Chum | 1.83E+01 | 1.83E+01 | 1.83E+01 | 1.83E+01 | 1.83E+01 | 1.91E+01 | L.9IE+01 | 191E+01 | 1.91E+01 | 1.9IE+01 | 187E+01 +  4.I8E-0I
10.75 1079 | 294 | Slug-Chum | 1.92E+01 | 1.92E+01 | 193E+01 | 191E+01 | 1.91E+01 | 2.05E+01 | 2.04E+01 | 2.05E+01 | 207E+01 | 205E+01 | 198E+01 +  7.05E-0I
10.75 1079 | 367 | Slug-Chum | 2.02E+01 | 203E+01 | 2.02E+01 | 2.03E+01 | 2.02E+01 | 221E+01 | 220E+01 | 220E+01 | 221E+01 | 221E401 | 2.12E+01 £  9.58E-0I
10.75 1079 | 523 Chum | 220E+01 | 2.20E+01 | 2.20E+01 | 220E+01 | 2.20E+01 | 2.34E+01 | 2.34E+01 | 2.33E+01 | 237E+01 | 23SE+01 | 227E+01 +  7.96E-0
10.75 1079 | 782 Chumn | 222E+01 | 223E+01 | 2.22E+01 | 223E+01 | 2.25E+01 | 2.47E+01 | 251E+01 | 2.51E+01 | 2.53E+01 | 2.52E+01 | 237E+01  +  1.48E+00
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i ®
o ®
dp
Pipe Flow : . . 25 d_z)d A di ionl
diameter, | Rewaer | Reair X Dimensionless pressure gradient, = werage dimensionless
(im) regime P, Uig pressure gradient
1 2 3 4 5 6 7 8 9 10
10.75 1079 | 1427 Cram [ 2.13E+01 | 2.14E+01 | 2.13E+01 | 2.14E+01 | 2.13E+01 | 247E+01 | 246E+01 | 245E+01 | 246E+01 | 244E+01 | 2.30E+01 1.69E+00
10.75 1079 | 2461 Chum | 2126401 | 2.13E+01 | 2.14E+01 | 2.13E+01 | 2.13E+01 | 227E+01 | 226E+01 | 227E+01 | 226E+01 | 226E+01 | 220E401 =  7.00E-01
10.75 1079 | 3471 Chum | 2176401 | 2.17E+01 | 2.17E+01 | 2.18E+01 | 2.17E+01 | 223E+01 | 225E+01 | 225E+01 | 225E+01 | 225E+01 | 22IE+01 2 3.81E-01
10.75 1079 | asss | Annular | 2.18E+01 | 2.18E+01 | 2.18E+01 | 2.18E+01 | 2.18E+01 | 225E+01 | 224E+01 | 224E+01 | 225E+01 | 225E+01 221E401  +  3.27E-01
10.75 1079 | 5546 | Annular | 2.19E+01 | 2.19E+01 | 2.19E+01 | 2.19E+01 | 2.19E401 | 220E401 | 2.20E+01 | 2.20E+01 | 2.20E+01 220E401 | 220E+01 =  7.59E-02
10.75 1079 | 12597 | Annular | 197E+01 | 197E+01 | 197E+01 | 1.97E+01 | L97E+01 | 19TE+0L | L97E+0L | LITEXOL | 1.97E+01 197E+01 | 197E+01 %  0.00E+00
10.75 1079 | 25195 Mist 2 16E+00 | 2.16E+00 | 2.16E+00 | 2.16E+400 | 2.16E+00 | 245E+00 | 24SE+00 | 245E+00 | 24SE+00 | 245E+00 | 230E+00 + 152E-01
19 10 | 317 bl | 1825700 | 136E700 | 1.82E400 | 136E+00 | 182E+00 | 136E+00 | 1.82E+00 | 1.36E+00 | 136E+00 | 136E+00 | 1.54E+00 =  2.34E0I
19 1010 | 5.64 Bubble | 227E+00 | 227E+00 | 227E+00 | 227E+00 | 227E+00 | 2.72E+00 | 3.63E+00 | 3.63E+00 | 3.63E+00 | 3.63E+00 | 286E+00 6.79E-01
19 1010 | 812 Bubble | 4.54E+00 | 4.09E+00 | 4.09E+00 | 4.09E+00 | 409E+00 | S90E+00 | S4SE+00 | S90E+00 | SSO0E+00 | S0E+00 | 4.99E+00 = 8.83E-01
19 1010 | 1050 | Bubble | 5.90E+00 | 5.90E+00 | 590E+00 | 5.90E+00 | 590E+00 | 9.99E+00 | 1O4E+01 | 1.04E+0L | 9.99E+00 1.04E+01 | 8.08E+00 £ 230E+00
19 1010 | 13.07 | Bubble | 7.26E+00 | 7.26E+00 | 7.26E+00 | 7.26E+00 | 7.26E+00 | 104E+01 | LO4E+01 | LO4E+0L | 1.09E+01 1.09E+01 | 894E+00 £  1.78E+00
19 1010 | 15.54 | BubbleSlug | 1.09E+01 | 1.04E+01 | 1.09E+01 | 1.14E+01 | 1.04E#01 | 127E+01 | 136E+01 | 1.36E+01 | 1.32E+01 132E+01 | 120E+01 £  1.34E+00
19 1010 | 18.02 | Bubblesig | 1636401 | 1.54E+01 | 154E+01 | 141E+01 | L4IE#01 | 173E40L | 1.77E401 | 1.82E401 | 1.68E+0I 1.82E+01 | 1.63E+01 #  1.54E+00
19 1010 | 2049 | Bubble-siug | 1.77E+01 | 1.82E+01 | 1.68E+01 | 1.91E+01 | L73E+01 | 209E+01 | 236E+01 | 227E+01 | 232E+01 227E+01 | 202E+01 £  2.69E+00
19 1010 | 2295 | BubbleSiug | 2.00E401 | 1.91E+01 | 2.00E+01 | 2.09E+01 | 1.91E+01 | 24SE+0L { 245E+01 | 2.54E401 | 2.68E+01 259E+01 | 226E+01 £  3.08E+00
19 1010 | 2808 | Bubblesig | 2.04E+01 | 222B+01 | 222E+01 | 2.18E+01 | 2.18E+01 | 2.68E+01 | 3.00E+01 | 3.18E+01 291E+01 | 3.00E+01 | 2.56E+01 + 432E+00
19 1010 | 3321 Slug 2505401 | 2.54E+01 | 2.50E401 | 2.63E+01 | 263E+01 | 3.09E+01 | 3.18E+01 | 3.18E+01 | 3.72E+01 | 3.18E+01 | 292E+01 = 4.13E+00
19 1010 | 3833 Slug 2 86E+01 | 2.86E+01 | 295E+01 | 300E+01 | 2.86E+01 | 3.68E+01 | 3.63E+01 | 381E+01 | 377E+01 | 390E+0L | 3.33E+01 4.58E+00
19 1010 | 43.46 Slug 318E+01 | 3.22E+01 | 3.36E+01 | 341E+01 | 336E+01 | 4.09E+01 | 39SE+01 | 400E+01 | 409E+01 | 4.04E+01 | 367E<O1 = 3.90E+00
19 1010 | 48.59 Slug 3316401 | 341E+01 | 3.50E+01 | 3.50E+01 | 3.59E+01 | 4.09E+01 | 390E+01 | 4.13E+01 | 4.18E+01 | 4.13E+01 | 377E+01 3.4SE+00
19 1010 | 58.85 Slug 390E+01 | 4.00E+01 | 4.09E+01 | 404E+01 | 422E+01 | 481E+01 | 48IE+01 | 472E+01 | 499E+01 | 4.77E401 | 444E201 & 4.20E+00
19 1010 | 69.10 Slug 436E+01 | 4.54E+01 | 4.59E+01 | 4.54E+01 | 436E+01 | S3IE+01 | S27E+01 | 636E+01 | 499E+01 | 522401 | 4.9E+01 = 6.19E+00
19 1010 | 7936 Slug 463E+01 | 4.63E+01 | 454E+01 | 440E+01 | 472E+01 | 536E+01 | S3IE+01 | SSIE+01 | SASE+01 | SEIE+01 | SOSEO1 & 5.14E+00
19 1010 | 89.62 Slug 4776401 | 4.72E+01 | 445E+01 | 4.63E+01 | 5.09E+01 | 5.99E+01 | 6.36E+01 | 6.13E+01 | 6.40E+01 | 622E+01 | SASE+Ol = 8.08E+00
19 1010 | 99.87 Slug 6.13E+01 | 6.08E+01 | 5.99E+01 | 599E+01 | 599E+01 | 7.26E+01 | 7.04E+01 | 726E+01 | 731E+01 | 7.72E+01 | 668E+O1 * 6.96E+00
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Pipe 2D(- ;Q )a . )

diameter, | Rewner | Regy | 1OW Dimensionless pressure gradient, m— Average dimensionless

(mm) regime pw ufiq pressure gradlent

1 2 3 4 5 6 7 8 9 10

19 10 | 177 Slug | 7.36E+01 | 740E+01 | 7.72E+01 | 749E+01 | 7.72E+01 | 9.35E+01 | 9.22E+01 | 8.94E+01 | 931E+01 | 9.44E+01 | 840E+01 = 921E+00
19 1010 | 296 | SlugChum | 9.67E+01 | 8.8SE+01 | 9.67E+01 | 8.63E+01 | 9.08E+01 | 125E+02 | 125E+02 | 124E+02 | 142E+02 | 1.31E+02 | L1IE*02 =  207E+0I
19 1010 | 369 | Slug<Chum | 9.54E+01 | 9.54E+01 | 9.49E+01 | 9.76E+01 | 9.67E+01 | 134E+02 | 130E+02 | 127E+02 | 133E+02 | 1.31E#02 | L14E+02 =  186E+0I
19 1010 | 515 | Slug<Chum | 114E+02 | 118E+02 | 1.14E+02 | 1.14E+02 | 1.0SE+02 | 147E+02 | 148E+02 | 141E+02 | 1.5IE+02 | 1.S4E+02 | 131E+02 +  1.90E+0I
19 1010 | 735 | SlugChum | 1.09E+02 | L18E+02 | 117E+02 | 123E+02 | 122E+02 | 163E+02 | 161E+02 | 167E+02 | 167E+02 | 167E402 | 141E+02 +  2.53E+0I
19 1010 | 1454 | Chum | 136E+02 | 1.35E+02 | 1.36E+02 | 1.36E+02 | 137E+02 | 1.66E+02 | 163E+02 | 1.59E+02 | 161E+02 | 1.50E+02 | 148E+02 +  131E+01
19 1010 | 2474 | Chum | 141E+02 | 143E+02 | 1.41E+02 | 1.42E+02 | 1.44E+02 | 1.52E+02 | 1.54E+02 | 1.STE+02 | 1.56E+02 | 1.53E+02 | 148E+02 =  6.57E+00
19 1010 | 3495 | Chum | 1.48E+02 | 147E+02 | 147E+02 | 1.50E+02 | 1.50E+02 | 1.54E+02 | 1.53E+02 | 1.54E+02 | 1.56E+02 | 1.5SE+02 | 152E+02 +  3.50E+00
19 1010 | 4516 | Chum | 1.54E+02 | 1.55E+02 | 1.55E+02 | 1.5SE+02 | 155E+02 | 1.59E+02 | 1.59E+02 | 1.59E+02 | 1.59E+02 | 1.58E+02 | 1.S7E+02 =  2.08E+00
19 1010 | 5537 | Chum | 1.54E+02 | 1.53E+02 | 1.53E+02 | 1.53E+02 | 1.52E+02 | 1.57E+02 | 1.56E+02 | 1.5SE+02 | 1.54E+02 | LS4E+02 | 1.54E+02 =  1.69E+00
19 1010 | 14255 | Chum | L64E+02 | 164E+02 | 1.64E+02 | 164E+02 | 164E+02 | 167E+02 | 1.68E+02 | 1.68E+02 | 1.68E+02 | L68E+02 | 1.66E+02 +  1.88E+00
19 1010 | 21382 | Chum | 1.61E+02 | L61E+02 | 1.61E+02 | 161E+02 | 1.61E+02 | 163E+02 | 1.63E+02 | 163E+02 | 1.63E+02 | 163E+02 | 162E+02 +  9.57E-0
19 | 1010 | 28510 | Annular | 1.56E+02 | 1.56E+02 | 1.56E+02 | 1.56E+02 | 1.56E+02 | 1.56E+02 | 1.S6E+02 | 1.56E+02 | 1.S6E+02 | 156E+02 | 1.56E+02 +  2.39E-0I
19 1010 | 35637 | Annular | 149E+02 | 149E+02 | 1.49E+02 | 149E+02 | 149E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 1.50E+02 | 150E+02 %  4.79E-01
19 1010 | 42765 | Annular | 1.34E+02 | 134E+02 | 134E+02 | 134E+02 | 1.34E+02 | 135E+02 | 1.35E+02 | 13SE+02 | 1.35E+02 | 13SE+02 | 13SE+02 &  4.79E-0I
19 1010 | 49892 | Annular | 120E+02 | 120E+02 | 1.20E+02 | 120402 | 120E+02 | 121E+02 | 1.21E+02 | 121E+02 | 1.21E+02 | 121E+02 | 120E402 #  4.79E-0I
19 1010 | 57020 |  Mist | LI3E+02 | LI3E+02 | LI3E+02 [ 113402 | 1I3E+02 | 1.14E+02 | LI4E+02 | 1.14E+02 | 1.14E+02 | LI4E+02 | LI4E+02 +  T.18E-0I
19 1010 | 64147 |  Mist | 1.03E+02 | 1038402 | 1.03E+02 | 1.03E+02 | 1.03E+02 | 1.03E+02 | 1.03E+02 | 1.03E+02 | 1.03E+02 | 103E+02 | 103E+02 +  0.00E+00
19 010 | 71275 | Mist | 9.90E+01 | 9.90E+01 | 9.90E+01 | 9.90E+01 | 9.90E+01 | 9.90E+01 | 9.90E+01 | 9.90E+01 | 9.90E+01 | 9.90E+01 | 990E+01 &  0.00E+00
5315 1028 | 290 | Bubble | 192E+01 | 1.92E+01 | 1.92E+01 | 1.92E+01 | 192E+01 | 1.92E+01 | 192E+01 | 1.92E+01 | 192E+01 | 1.92E+01 | 1.92E+01 %  0.00E+00
53.15 1028 | 556 | Bubble | 1.92E+01 | 1.92E+01 | 192E+01 | 1.92E+01 | 1.92E+01 | 1.92E+01 | 1.92E401 | 1.92E+01 | 1.92E+01 | 1.92E+01 | 192E401 =  0.00E+00
53.15 1028 | 820 | Bubble | 1.92E+01 | 1.92E+01 | 1.92E+01 | 1.92E+01 | 1.92E+01 | 192E+01 | 1.92E+01 | 1.92E+01 | 1.92E+01 | 1.92E+01 | 1.92E+01 =  0.00E+00
53.15 1028 | 1004 | Bubble | 2.88E+01 | 2.88E+01 | 2.88E+01 | 2.88E+01 | 2.88E+01 | 2.88E+01 | 2.88E+01 | 2.88E+01 | 288E+01 | 2.88E+01 | 288E+01 +  3.74E-IS
s3.05 | 1028 | 1187 | Bubble | 3.84E+01 | 3.84E+01 | 3.84E+01 | 3.84E+01 | 3.84E+01 | 3.84E+01 | 3.84E+01 | 384E+01 | 3.84E+01 | 384E+01 | IB4E+0l =  0.00E+00
305 | 1028 | 1370 | Bubble | 3.84E+01 | 3.84E+01 | 3.84E+01 | 384E+01 | 384E+01 | 384E+01 | 384E+01 | 384E+01 | 384E+01 | 384E+01 | 3B4E+0I £  0.00E+00
5315 | 1028 | 1554 | Bubble | 4.80E+01 | 4.80E+01 | 480E+01 | 4.80E+01 | 4.80E+01 | 480E+01 | 4.80E+01 | 4.80E+01 | 4.80E+01 | 480E+01 | 480E+01 +  0.00E+00
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& PY &
dp
Fipe Flow " el Average dimensi
diamoter; | Reuer | Rouie : Dimensionless pressure gradient, £ verage dimensionless
(i) regime P, Wi pressure gradient
1 2 3 4 5 6 7 8 9 10
5315 58 11737 | Bubble | 480E+01 | 480E+01 | 4.80E+01 | 4.80E+01 | 4.80E+01 | 4.80E+01 | 4.80E+01 | 480E+01 | 4.80E+01 | 480E+01 | 480E+01 &  0.00E+00
53.15 128 | 2108 | Bubble | 6726401 | 672E+01 | 6.72E401 | 672E+01 | 6.72E+01 | 672E401 | 6.72E+01 | 6.72E+01 | 6.72E+01 | 672E+01 | 672401 & 0.00E+00
53.15 1028 22,87 Bubble 6.72E+01 | 6. 72E+01 | 6.72E+01 | 6.72E+01 | 6.72E+01 6.72E+01 | 6.72E+01 | 6.72E+01 | 6.72E+01 | 6.72E+01 6.72E+01 £+  0.00E+00
53.15 128 | 2837 | Bubble | 864E+01 | 8.64E+01 | 8.64E+01 | 8.64E+01 | B64E+0I | 86AEHOL | B64E01 | B64E+0I | BE4E+01 | BE4EH0 | BEAEHOL  +  0.00EH00
53.15 128 | 3387 | Bubble | 1.15E+02 | 1.15E#02 | 1.1SE#02 | 1.15E#02 | 1.15E+02 | LISE+02 | 1LASE+02 | 1ISE#02 | LISE+02 | LISE+02 | LISE+02 &  3.00E-l4
53.15 128 | 3754 | Bubble | 125E+02 | 125E+02 | 125E+02 | 125E402 | 125E+02 | 1.25E+02 | 125E+02 | 1.25E#02 | 125E+02 | 125E+02 | 125E#02 &  L.SOE-14
53.15 1028 43.04 Bubble | 44E+02 | 1.44E+02 | 1.44E+02 | 1 44E+02 | 144E+02 1.44E+02 | 1.44E+02 | 1.44E+02 | 1.44E+02 | 1.44E+02 | 1 44E+02 £  0.00E+00
53.15 128 | 4858 | Bubble | 1636402 | 163E+02 | 1.636+02 | 1.63E402 | 1.636+02 | 1.63E+02 | 1.63E+02 | 1.63E+02 | 1.63E+02 | 1L63E+02 | 1.63E402 &  0.00E+00
53.15 1028 | 5053 | Bubble | 192E+02 | 1.92E+02 | 1.92E+02 | 192E+02 | 192E+02 | 1.92E402 | 192E402 | 1.92E+02 | 192E+02 | 192E+02 | 192E402 & 0.00E+00
15 | 1028 | 6870 | Bubble | 221E+02 | 221E+02 | 221E+02 | 221E#02 | 221E+02 | 240E+02 | 240E+02 | 240E+02 | 240E+02 | 240402 | 230B+02 &  LOIE:01
53.15 1028 79.70 Bubble 2.30E+02 | 2.30E+02 | 2.30E+02 | 2.30E+02 | 2.30E+02 2.59E+02 | 2.59E+02 | 2.59E+02 | 2.59E+02 | 2.59E+02 245E+02 = 1.52E+01
53.15 128 | 8887 | Bubble | 278E+02 | 2.78E+02 | 2785402 | 278E+02 | 278E+02 | 2.98E+02 | 298E+02 | 298E+02 | 298E+02 | 298E+02 | 288E+02 &  LOIEHOI
s30s | 1028 | 100 | Bubble | 298E+02 | 298E+02 | 298E+02 | 298E+02 | 298E402 | 326E+02 | 326E402 | 326E+02 | 326E02 | 32602 | 322+ 1328401
53.15 1028 132 Bubble 4.03E+02 | 4.03E+02 | 4.03E+02 | 4.03E+02 | 4.03E+02 4.70E+02 | 4.70E+02 | 4.80E+02 | 4.80E+02 | 4.90E+02 441E+02 +  398E+01
53.15 1028 184 Bubble-Slug | 4.80E+02 | 4.99E+02 | 4.99E+02 499E+02 | 4.99E+02 | 5.76E+02 | 5.86E+02 5.86E+02 | 5.86E+02 | 5.86E+02 | 5.39E+02 *  4.70E+0l
c1s | 1028 | 289 | Bubblesig | 6826402 | 6.82E+02 | 691E+02 | 6.62E+02 | 6.62E+02 | 758E+02 | 7.68E+02 | 7.68E+02 | 7.68EH02 | 7.68E402 | 721EH02 & 4B4E40]
53.15 1028 | 367 | Bubblestg | 7.87E+02 | 777E+02 | 7.87E+02 | 7.68E402 | 7.77E402 | 8.64E+02 | 8.64E+02 | 8T3E+02 | 85402 | 864EH02 | B2EH02 & ASIEHI
5315 | 1028 | 45 Sug | 854E+02 | 864E+02 | B64E+02 | 873402 | 873E+02 | 998E+02 | 1L.02E+03 | 998E+02 | LOIEH03 | 9SBE#02 | 935402 = 73301
s30s | 1028 | 520 Sig | 9.60E402 | 9.50E+02 | 9.50E+02 | 9.50+02 | 9.50E+02 | 1.04E+03 | 103E+03 | 1.04E+03 | 1.0SE+03 | L.O3E403 | O93E+02 &+  439EH0I
5315 | 1028 | 629 Sug | 1L.09E+03 | 1.09E+03 | 1.11E#03 | 1.10E+03 | 110E+03 | LI6E#03 | 1.19E+03 | 1208403 | 120E+03 | LISEV03 | LISE03 = 4.70E401
s315 | 1028 | 739 Sg | 121E403 | 1235403 | 122E+03 | 1226403 | 1.23E+03 | 136E+03 | 13SE+03 | 1.33E+03 | 13SE403 | 136E403 | 1208403 & 7.05E+01
53.15 1028 | 848 Sig | 138E+03 | 1385403 | 139E+03 | 138E+03 | 139E+03 | 1.48E+03 | 1466403 | LSOE+03 | 146E+03 | 148E403 | L43E403 = 479E401
s30s | 1028 | 958 Sug | 1485403 | 1436403 | 1.45E+03 | 1.45E+03 | 146403 | 1.57E+03 | 1.SBE#03 | 1.58E+03 | LSTE403 | 1SBE#03 | LSZEA03 & 6.79E40I
53.15 1028 | 1067 | Swg | 158E+03 | 1.59E+03 | 1.58E+03 | 1.58E+03 | 1.57E+03 | 1.77E+03 | 1.76E+03 | 1.78E+03 | 176E+03 | 176E+03 | L6TER03 &  9.44E+0]
53.15 1028 1176 Slug 1.74E+03 | 1.74E+03 | 1.74E+03 | 1.71E+03 | 171 E+03 | 1.82E+03 | 1.78E+03 | 1.80E+03 | 1.81E+03 1.82E+03 1.77E+03 +  4.67E+0I
ars | to2s | 1322 | swg | 1798403 | 1.79E+03 | 1.79E+03 | 1.79E+03 | 1.79E+03 | 199403 | 2006403 | 198E+03 | 197E+03 | 197E403 | L8903 £ 9.96EN0I
53.15 1028 | 1450 | siwg | 1.956+03 | 1.93+03 | 194E+03 | 1945403 | 194E+03 | 206E+03 | 208E+03 | 205E+03 | 205E+03 | 208E+03 | 2008403 + 686EN0I
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Pipe 2D(- d_p)a .
diameter, | Rewue | Reur Flow Dimensionless pressure gradient, _f Average dimensionless
(mm) regime P, Uig pressure gradient
1 2 3 4 5 6 7 8 9 10

$3.15 1028 | 2548 | Slug-Chum | 2.08E+03 | 208E+03 | 2.09E+03 | 209E+03 | 2.08E+03 | 225E+03 | 226E+03 | 225E+03 | 2.25E+03 | 226E403 | 2.17E+03 &  861E+0I
53.15 1028 | 5096 | Slug-Chum | 2.50E+03 | 2.53E+03 | 2.53E+03 | 2.51E+03 | 2.51E+03 | 273E+03 | 269E+03 | 2.72E+03 | 2.67E+03 | 260E+03 | 2.60E+03 £  9.I8E+0I
53.15 1028 | 7644 | Slug-Chum | 2.68E+03 | 2.75E+03 | 2.71E+03 | 2.70E+03 | 2.67E+03 | 2.86E+03 | 2.88E+03 | 2.87E+03 | 2.84E+03 | 2.85E+03 | 2.78E+03 +  8.79E+0I
53.15 1028 | 10192 |  chum | 271E+03 | 2.75E+03 | 2.83E+03 | 2.77E+03 | 2.81E+03 | 3.07E+03 | 2.98E+03 | 2.98E+03 | 2.98E+03 | 3.36E+03 | 292E+03 =  195E+02
53.15 1028 | 12740 | Chum | 2.83E+03 | 2.84E+03 | 2.92E+03 | 2.88E+03 | 2.88E+03 | 3.36E+03 | 3.22E+03 | 3.34E+03 | 3.32E+03 | 3.19E+03 | 3.08E+03 2.26E+02
53.15 1028 | 15288 |  Chum | 2.94E+03 | 2.96E+03 | 2.98E+03 | 2.98E+03 | 2.99E+03 | 3.36E+03 | 3.41E+03 | 334E+03 | 3.34E+03 | 3.36E+03 | 3.16E+03 =  2.09E+02
53.15 1028 | 17835 |  chum | 3.076+03 | 3.076403 | 3.07E+03 | 3.03E+03 | 3.01E+03 | 3.49E+03 | 3.36E+03 | 334E+03 | 3.55E+03 | 334E+03 | 323E+03 2.04E+02
53.15 1028 | 20383 | Chum | 3.08E+03 | 3.06E+03 | 3.07E+03 | 3.07E+03 | 3.10E+03 | 3.41E+03 | 3.53E+03 | 3.52E+03 | 3.46E+03 | 3.47E+03 | 328E+03 %  2.13E+02
53.15 1028 | 22031 |  cChum | 3.10E+03 | 3.10E+03 | 3.10E+03 | 3.11E+03 | 3.12E+03 | 3.55E+03 | 3.44E+03 | 3.53E+03 | 3.56E+03 | 3.57E+03 | 332E+03 & 227E+02

88¢C




@ ® ® ®
Pipe 2D(- QL _—
diameter, | Rewusr | Rews | 1 1OW Dimensionless pressure gradient, _a:z Average dimensionless
(mm) regime ., Wiq pressure gradient
1 2 3 4 ) 6 7 8 9 10
10.75 2727 | 341 | Bubble | LI3E-02 | LI3E-02 | 1I3E-02 | LI3E-02 | LI3E-02 | LI3E-02 | LI3E-02 | 1.13E-02 | LI3E-02 | 1.13E-02 | 1.13E-02 # 1829E-I8
10.75 2727 | 560 | Bubble | I.I3E-02 | LI13E-02 | 1.I3E-02 | 1.13E-02 | LI3E-02 | 1.I3E-02 | 1.13E-02 | 1.I3E-02 | L.I3E-02 | 1.I3E-02 | 1.I3E-02 + 0.00E+00
10.75 2727 | 997 | Bubble | 226E-02 | 226E-02 | 226E-02 | 226E-02 | 226E-02 | 338E-02 | 3.38E-02 | 338E-02 | 3.38E-02 | 338E-02 | 282E-02 + 594E-03
10.75 2727 | 1435 | Bubble | 338E-02 | 338E-02 | 3.38E-02 | 338E-02 | 3.38E-02 | 5.64E-02 | S.64E-02 | S.64E-02 | S.G4E-02 | S64E-02 | 4.SIE-02 £  1.19E-02
10.75 2727 | 1872 | Bubble | 192E-01 | 192E-01 | 1.92E-01 | 192E-01 | 192E-01 | 226E-01 | 226E-01 | 226E-01 | 226E-01 | 226E-01 | 2.09E-01 + 1.78E-02
10.75 2727 | 2309 | Bubble | 293E-01 | 293E-01 | 293E-01 | 293E-01 | 293E-01 | 3.16E-01 | 3.16E-01 | 3.16E-01 | 3.16E-01 | 3.16E-01 | 3.0SE-01 =+ 1.19E-02
10.75 2727 | 27.47 | Bubble-Slig | 3.9SE-01 | 39SE-01 | 395E-01 | 3.95E-01 | 395E-01 | 4.06E-01 | 4.29E-01 | 429E-01 | 4.51E-01 | 45IE-01 | 4.14E-01 =+ 238E-02
10.75 2727 | 31.84 | BubbleSlig | S30E-01 | 530E-01 | 530E-01 | 530E-01 | 530E-01 | SS3E-01 | S53E-01 | 5.53E-01 | S.53E-01 | S.S3E-01 | S41E-01 =+ 1.19E-02
10.75 27127 | 3622 Slug 6.09E-01 | 6.09E-01 | 6.09E-01 | 6.09E-01 | 6.09E-01 | 632E-01 | 632E-01 | 632E-01 | 632E-01 | 632E-01 | 620E-01 =+ 1.19E-02
10.75 2727 | 40.56 Slug 7.56E-01 | 7.56E-01 | 7.56E-01 | 7.56E-01 | 7.56E-01 | 7.78E-01 | 7.78E-01 | 7.78E-01 | 7.78E-01 | 7.78E-01 | 7.67E-01 =+ 1.19E-02
10.75 2727 | 49.63 Slug 8.80E-01 | 8.80E-01 | 8.80E-01 | 8.80E-01 | 8.80E-0l | 880E-01 | 8.80E-01 | 8.80E-01 | 8.80E-01 | 880E-01 | 8.80E-01 =+ I.17E-16
10.75 2727 | 58.69 Slug 9.81E-01 | 9.81E-01 | 98IE-01 | 9.81E-01 | 98IE-01 | 1.00E+00 | 1.00E+00 | 1.00E+00 | 1.00E+00 | 1.00E+00 | 9.93E-01 +  1.19E-02
10.75 2127 | 61.75 Slug 1.08E+00 | 1.08E+00 | 1.08E+00 | 1.08E+00 | 1.08E+00 | 1.11E+00 | LIIE+00 | 1.11E+00 | LIIE+00 | L.1IE+00 | LO9E+00 +  1.19E-02
10.75 2727 | 76.82 Slug ILI7E+00 | LITE+00 | 1.17E+00 | 1.17E+00 | L.17E+00 | 120E+00 | 1.20E+00 | 1.20E+00 | 1.20E+00 | 120E+00 | L.ISE+00 +  1.19E-02
10.75 2727 | 85.8 Slug 1.26E+00 | 126E+00 | 1.26E+00 | 126E+00 | 1.26E+00 | 129E+00 | 1.29E+00 | 1.29E+00 | 129E+00 | 129E+00 | 127E+00 +  1.19E-02
10.75 2727 | 94.95 Slug 1.35E+00 | 1.35E+00 | 1.35E+00 | 135E+00 | 1.35E+00 | 138E+00 | 1.38E+00 | 1.38E+00 | 1.38E+00 | 138E+00 | 136E+00 + I.19E-02
10.75 2727 | 104 Slug 1.42E+00 | 142E+00 | 1.42E+00 | 142E+00 | 1.42E+00 | 142E+00 | 1.42E+00 | 142E+00 | 1.42E+00 | 1.42E+00 | 142E+00 + 234E-16
10.75 27127 | 122 Slug 1.56E+00 | 1.56E+00 | 1.56E+00 | 1.56E+00 | 1.S6E+00 | 1.58E+00 | 1.S8E+00 | 1.58E+00 | 1.58E+00 | 1.S8E+00 | 1.S7E+00 +  1.19E-02
10.75 2727 | 140 Slug 1.66E+00 | 1.66E+00 | 1.66E+00 | 1.66E+00 | 1.66E+00 | 1.68E+00 | 1.68E+00 | 1.68E+00 | 1.68E+00 | 1.68E+00 | 1.67E+00 +  1.19E-02
10.75 2727 158 Slug 1.83E+00 | 1.83E+00 | 1.83E+00 | 1.83E+00 | 1.83E+00 | 1.84E+00 | 1.B4E+00 | 1.84E+00 | 1.84E+00 | 1.84E+00 1.83E+00 =+  5.94E-03
10.75 2127 | M Slug 1.91E+00 | 1.91E+00 | 1.91E+00 | 191E+00 | 1.91E+00 | 1.94E+00 | 1.94E+00 | 1.94E+00 | 1.93E+00 | 1.93E+00 | 192E+00 +  1.60E-02
10.75 2727 | 231 | SlgChum | 2.17E+00 | 2.17E+00 | 2.17E+00 | 2.17E+00 | 2.17E+00 | 222E+00 | 2.22E+00 | 222E+00 | 222E+00 | 222E+00 | 2.19E+00 + 297E-02
10.75 2727 | 294 | SlugChum | 2.37E+00 | 237E+00 | 2.37E+00 | 237E+00 | 2.37E+00 | 2.40E+00 | 240E+00 | 2.40E+00 | 240E+00 | 2.40E+00 | 239E+00 =+ 1.78E-02
10.75 2727 | 367 | SlugChum | 2.56E+00 | 2.57E+00 | 2.56E+00 | 2.57E+00 | 2.56E+00 | 2.66E+00 | 267E+00 | 2.66E+00 | 2.66E+00 | 2.66E+00 | 2.61E+00 =+  526E-02
10.75 2727 | 523 | SlugChum | 2.84E+00 | 2.83E+00 | 2.84E+00 | 2.84E+00 | 2.84E+00 | 2.99E+00 | 298E+00 | 2.98E+00 | 299E+00 | 2.99E+00 | 291E+00 =+ 7.63E-02
10.75 2727 | 782 | SlugChum | 301E+00 | 2.99E+00 | 2.99E+00 | 2.99E+00 | 2.99E+00 | 329E+00 | 329E+00 | 328E+00 | 329E+00 | 3.29E+00 | 3.14E+00 + 1.57E-0I
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& ®
P 2D, o
diamieter, | Rewes | Rog | JIO¥ Dimensionless pressure gradient, < Average dimensionless |
(mm) regime P, Uiiq pressure gradient
1 2 3 4 5 6 7 8 9 10
1075 | 2727 | 1427 | Chum | 2.89E+00 | 2.92E+00 | 2.90E+00 | 2.88E+00 | 292E+00 | 342E+00 | 3.41E+00 | 3.39E+00 | 339E+00 | 34IE+00 | 3.15E+00 + 266E-0I
1075 | 2727 | 2461 | Chum | 2.56E+00 | 2.63E+00 | 2.62E+00 | 2.63E+00 | 264E+00 | 3.02E+00 | 3.02E+00 | 3.03E+00 | 3.0SE+00 | 3.02E+00 | 282E+00 #  220E-0l
1075 | 2727 | 3471 | Chum | 267400 | 2.67E+00 | 2.67E+00 | 2.67E+00 | 267E+00 | 290E+00 | 2.94E+00 | 2.93E+00 | 2.93E+00 | 2.94E+00 | 280E+00 +  136E-0I
1075 | 2727 | 4554 | Chum | 2.62E+00 | 2.63E+00 | 2.62E+00 | 2.62E+00 | 263E+00 | 276E+00 | 2.7SE+00 | 274E+00 | 276E+00 | 276E+00 | 2.69E+00 =  7.18E-02
1075 | 2727 | 5546 | Chum | 232E+00 | 233E+00 | 2.32E+00 | 232E+00 | 231E+00 | 241E+00 | 2.40E+00 | 241E+00 | 240E+00 | 242E+00 | 237E+00 =+ 4.71E-02
1075 | 2727 | 12597 | Annular | 1.70E+00 | 1.70E+00 | 1.70E+00 | 170E+00 | 170E+00 | 170E+00 | 1.70E+00 | 1.70E+00 | 1.70E+00 | L.70E+00 | 1.70E+00 %  0.00E+00
1075 | 2727 | 25195 | Mist | 203E01 | 203801 | 2.03E-01 | 203E-01 | 203E-01 | 226E-01 | 226E-01 | 226E-01 | 226E01 | 226E-01 | 214E-01 = 1I9E-02
19 2740 | 317 | Bubble | 6.17E-02 | 6.17E02 | 6.17E-02 | 6.17E-02 | 6.17E-02 | 6.17E-02 | 6.17E-02 | 6.17E-02 | 6.17E-02 | 6.17E-02 | 6.17E-02 =+ 0.0E+00
19 2740 | 564 | Bubble | 6.17E-02 | 6.17E02 | 6.17E02 | 6.17E02 | 6.17E-02 | 6.17E-02 | 6.17E-02 | 6.17E-02 | 6.A7E-02 | 6.17E<02 | 6.17E-02 = 0.00E+00
19 2740 | 812 | Bubble | 6.17E-02 | 6.17E02 | 6.17E02 | 6.17E-02 | 6.17E-02 | 123E-01 | 123E-01 | 123E-01 | 123E-01 | 12301 | 925E-02 & 325E-02
19 2740 | 1059 | Bubble | 123801 | 123801 | 123B01 | 123E01 | 123E-01 | 432E-01 | 432E-01 | 432E-01 | 432E-01 | 432E-01 | 278E-01 &  1.63E-0I
19 2740 | 1307 | Bubble | 308E-01 | 308E-01 | 3.08E-01 | 3.08E-01 | 3.08E-01 | 6.47E-01 | 6.17E01 | 6.17E-01 | 6.17E-01 | 6.17E-01 | 463E01 =+ 1.63E-0I
19 2740 | 1554 | Bubble | 4.94E-01 | 5.5SE-01 | 6.17E-01 | 6.17E01 | 617E-01 | 925E-01 | 8.02E-01 | 864E-01 | 802E-01 | 864E-01 | 7.16E-01 = 152E-0I
19 2740 | 1802 | Bubble | 8.02E-01 | 8.02E-01 | 8.02E-01 | 802E-01 | 802E-01 | LOSE+00 | LIIE+00 | LIIE+00 | LIIE+00 | LIIE+00 | 9.50E-01  157E-0I
19 2740 | 2049 | Bubble | 92SE-01 | 1.17E+00 | 9.87E-01 | 105E+00 | 9.87E-01 | 160E+00 | 1.S4E+00 | 1.48E+00 | 1.48E+00 | 1.S4E+00 | 1.28E+00 &  2.76E-01
19 2740 | 2295 | Bubble | 142E+00 | 136400 | 1.23E+00 | 123E+00 | 136E+00 | 204E+00 | 2.10E+00 | 222E+00 | 210E+00 | 204E+00 | L7IEH0 #  4.16E-01
19 2740 | 2808 | Bubble | 1.91E+00 | 1.73E+00 | 1.85E+00 | 1.91E+00 | 1.8SE+00 | 228E+00 | 234E+00 | 228E+00 | 234E+00 | 234E+00 | 209E+00 =+ 2.53E-01
19 2740 | 3321 | Bubble | 241E+00 | 2.16E+00 | 234E+00 | 234E+00 | 234E+00 | 271E+00 | 271E+00 | 271E+00 | 2.65E+00 | 265E+00 | 2.50E+00 +  2.06E-01
19 2740 | 3833 | BubbleSiug | 2.28E+400 | 247E+00 | 247E+00 | 2.41E+00 | 2.53E+00 | 321E+00 | 308E+00 | 321E+00 | 333E+00 | 3.ISE+00 | 281E+00 * 4.I3E-01
19 2740 | 4346 | Bubble-Slug | 2.78E+00 | 2.84E+00 | 278E+00 | 2.65E+00 | 2.65E+00 | 3.58E+00 | 3.58E+00 | 3.64E+00 | 3.52E+00 | 3.S8E+00 | 3.16E+00 +  447E-0I
19 2740 | 4859 | swg | 3278400 | 339E+00 | 339E+00 | 327E+00 | 333E+00 | 4.32E+00 | 4.01E+00 | 4.13E+00 | 420E+00 | 4.07E+00 | 374E+00 =  4.38E-0I
19 2740 | 5885 | Slig | 3.58E+00 | 3.58E+00 | 3.58E+00 | 3.52E+00 | 3.70E+00 | 487E+00 | S24E+00 | SO0E+00 | 4.8TE+00 | 494E+00 | 429E+00 +  743E-01
19 2740 | 6910 | slg | 4206400 | 4326400 | 3.89E+00 | 420E+00 | 420E+00 | 5.5SE+00 | S37E+00 | 5.18E+00 | S3IE+00 | S3IE+00 | 47SE+00 +  6.40E-0I
19 2740 | 7936 | Slig | 469E+00 | 4.63E+00 | 4.63E+00 | 4.69E+00 | 463E+00 | S68E+00 | S68E+00 | S86E+00 | S80E+00 | SBOE+00 | S21E+00 +  S.88E-0I
19 2740 | 8962 | sg | 494E+00 | 475E400 | 4.69E+00 | 4.94E+00 | 494E+00 | 6.11E+00 | 6.48E+00 | 629E+00 | 6.11E+00 | 6.54E+00 | SS8E+00 &  7.83E-0I
19 2740 | 9987 | Slg | 5.06E+00 | 4.87E+00 | 4.94E+00 | 4.81E+00 | 494E+00 | 6.54E+00 | 648E+00 | 64SE+00 | 6.72E+00 | 691EH00 | STTEH00 ¢ 9.08E-0I
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i 2D(-2),
d;anﬁ;r’ BB B || Tiow Dimensionless pressure gradient, _02'z Average dimensionless
(mm) regime P, Ui pressure gradient
1 2 3 4 5 6 7 8 9 10

19 2740 177 Slug 8.14E+00 | 8.14E+00 | 8.33E+00 | 7.90E+00 | 8.02E+00 | 1.05E+01 | 1.0SE+01 | 1.0SE+01 | 1.05E+01 | 1.0SE+01 | 931E+00 % 1.27E+00
19 2740 296 Slug 1.02E+01 | L.11E+01 | LILE+01 | L.11E+01 | L.OSE+01 | 1.38E+01 | 146E+01 | L.SIE+01 | 1.46E+01 | L59E+01 | 1.28E+01 £ 220E+00
19 2740 369 | Slug-Chum | 123E+01 | 1.20E+01 | 1.20E+01 | 1.20E+01 | 1.20E+01 | 1.63E+01 | L.70E+01 | L.60E+01 | 1.60E+01 | L54E+01 | 141E+01 £ 2.18E+00
19 2740 515 | Slg-Chum | 1.36E+01 | 1.36E+01 | 1.33E+01 | 1.33E+01 | 1.33E+01 | 1.79E+01 | 1.79E+01 | L.76E+01 | 1.8SE+01 | 1.85E+01 | L.57E+01 + 2.49E+00
19 2740 735 | Shg-Chum | 1.SIE+01 | 1.54E+01 | 1.55E+01 | I.51E+01 | L.45E+01 | 1.76E+01 | 1.84E+01 | LSIE+01 | 1.92E+01 | 1.85E+01 | 1.69E+01 = 1.88E+00
19 2740 1454 | Slug-Chum | 1.54E+01 | 1.76E+01 | 1.73E+01 | 1.76E+01 | 1.72E+01 | 1.99E+01 | 2.01E+01 | 2.04E+01 | 1.86E+0l | 2.01E+01 | 1.84E+01 + 1.66E+00
19 2740 | 2474 Chumn 1.79E+01 | 1.70E+01 | 1.82E+01 | 1.79E+01 | L.78E+01 | 1.96E+01 | 1.94E+01 | 2.07E+01 | 2.01E+01 | 1.94E+01 | 1.88E+01 =+ 1.20E+00
19 2740 | 3495 Churn 1.85E+01 | 1.85E+01 | 1.85E+01 | 1.85E+01 | 1.85E+01 | 2.09E+01 | 1.97E+01 | 1.96E+01 | 1.96E+01 | 1.96E+01 | 1.92E+01 &  8.13E-01
19 2740 | 4516 Chumn 1.89E+01 | 1.89E+01 | 1.89E+01 | 1.89E+01 | 1.89E+01 | 1.99E+01 | 1.99E+01 | 1.99E+01 | 1.99E+01 | 1.99E+01 | 1.94E+01 +  4.88E-0I
19 2740 | 5537 Churn 1.74E+01 | 1.76E+01 | 1.76E+01 | 1.76E+01 | 1.76E+01 | 1.89E+01 | 1.92E+01 | 1.92E+01 | 1.93E+01 | 1.94E+01 | 1.84E+01 =+ 9.01E-01
19 2740 | 14255 Chumn 1.90E+01 | 1.90E+01 | 1.90E+01 | 1.90E+01 | 1.90E+01 | 1.96E+01 | 1.97E+01 | 1.97E+01 | 1.97E+01 | 1.97E+01 | 1.93E+01 + 3.47E-01
19 2740 | 21382 Chumn 1.84E+01 | 1.84E+01 | 1.84E+01 | 1.84E+01 | 1.84E+01 | 1.87E+01 | 1.87E+01 | 1.87E+01 | 1.87E+01 | 1.87E+01 | 1.86E+01 =+  1.30E-0I
19 2740 | 28510 | Annular | 1.64E+01 | 1.64E+01 | 1.64E+01 | 1.64E+01 | 1.64E+01 | 1.6SE+01 | 1.65E+01 | L65E+01 | 1.65E+01 | 1.65E+01 | 1.65E+01 £  6.50E-02
19 2740 | 35637 | Annular | 1.42E+01 | 142E+01 | 1.42E+01 | 1.42E+01 | 1.42E+01 | 143E+01 | 143E+01 | 143E+0l | 1.43E+01 | 143E+01 | 1.42E+01 +  3.25E-02
19 2740 | 42765 | Annular | 1.25E+01 | 1.25E+01 | 1.25E+01 | 1.25E+01 | 1.25E+01 | 1.26E+01 | 1.26E+01 | 1.26E+01 | 1.26E+01 | 1.26E+01 | 125E+01 =  6.50E-02
19 2740 | 49892 | Annular | 1.12E+01 | L.I2E+01 | L12E+01 | L.I2E+01 | L.12E+01 | L.13E+01 | L.13E+01 | LI3E+01 | LI3E+01 | L.13E+01 | LI3E+01 & 3.25E-02
19 2740 | 57020 Mist 9.62E+00 | 9.62E+00 | 9.62E+00 | 9.62E+00 | 9.62E+00 | 9.62E+00 | 9.62E+00 | 9.62E+00 | 9.62E+00 | 9.62E+00 | 9.62E+00 =  1.87E-I5
19 2740 | 64147 Mist 7.40E+00 | 7.40E+00 | 7.40E+00 | 740E+00 | 7.40E+00 | 7.40E+00 | 7.40E+00 | 7.40E+00 | 7.40E+00 | 7.40E+00 | 7.40E+00 =+ 0.00E+00
19 2740 | 71275 Mist 5.98E+00 | S.98E+00 | 5.98E+00 | 5.98E+00 | 5.98E+00 | 5.98E+00 | S.98E+00 | 5.98E+00 | 5.98E+00 | 5.98E+00 | S98E+00 + 0.00E+00
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Figure D14 Comparison the Dynamic pressure gradient from the experiment between pipe diameter 10.75 mm,

19 mm and 53.15 mm vs. air Reynolds number of pure water at Rewater = 0.
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Figure D15 Comparison the dynamic pressure gradient from the experiment between pipe diameter 10.75 mm,

19 mm and 53.15 mm vs. air Reynolds number of pure water at Rewater = 1079, 1010 and 1028.

£6C



_§_ 10° ' ! I Regritical, d = 10.75

dﬂ; Bubble ) Slug Churn Annplar| Mist Ceritical, d = 19./5 MM
| | |

s : P I Recritical d = 19 mm

2 104 S| B |

~ D0 |

_g- 0 1% o ! O d=1075mm, Eo=1583

* : - O d=19mm, Eo=4944

- | —

% 10" | N

12 | O{ :

k- | N

oy 2 ! Lo

o0 10 1 | N\

[-H] I | |

b { AN

= I | |

@ i I |

7] | Vol

2 10! , . .

=9

1 10 100 1000 10000 100000

Regir

(-dp/dz), : Dynamic pressure gradient

Figure D16 Comparison the dynamic pressure gradient from the experiment between pipe diameter 10.75 mm

and 19 mm vs. air Reynolds number of pure water at Reyawer = 2727 and 2740.

r6T



2

10°
104 -
103 |
102 |
10! |
100 |
107" 1

R T
m Anhu!ar: Nlnst
| 3!

Bubble ! Slug | Ch

pressure gradient, 2d(-dp/dz),/p u,

10 100 1000 10000 100000
Regir

(-dp/dz), : Dynamic pressure gradient

Pw

Y

: Water density
: liquid velocity, (Liquid flow rate / Cross section area)

Regritical, d = 10.75 mm
: Regritical, d = 19 mm

| Regritical, d = 53.15 mm

O d=1075mm,Eo=1583
O d=19mm,Eo=4944
A d=53.15mm, Eo =387

Figure D17 Comparison the dimensionless pressure gradient from the experiment between pipe diameter 10.75 mm,

19 mm and 53.15 mm vs. air Reynolds number of pure water at Rewater = 1079, 1010 and 1028.
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Table D6 The critical Reynolds numbers (Reair)critical O various regimes by using pipe diameter of 10.75, 19 and 53.15 mm

Pipe Re,;(critical) for each flow regime
diameter | Rewater —
(mm) Bubtie: Slug i Churn | Annular | Mist
slug churn
0 5.6 14.35 - - - -
10.75 1079 14.35 23.09 140 523 4554 25195
2727 27.47 36.22 231 1427 12597 25195
0 10.59 22.95 - - - -
19 1010 15.54 33.21 296 1454 28510 57020
2740 38.33 48.59 369 2474 28510 57020
0 132 289 - a = -
53.15
1028 184 445 2548 10192 - -
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Appendix E Physical Properties of Octylbenzyldimethylammonium Chloride Surfactant (CsH;~N"(CH3),-CH;-C¢Hs CI)

Table E1 Determination the density of solution by using Syringe (SGE, Australia)
Procedure to determine the density of solution:
1. Weigh the empty dry beaker and record the mass.
2. Fill the beaker with solution by using syringe (100 L) and take the mass of the filled beaker.
3. The difference between the mass of the empty beaker and the beaker when it is filled with the mass of the solution.

4. Knowing the mass of the solution and the volume of the solution (100 uL), the density of the solution can be calculated

using the equation:

(E1)

ol
i

Note: system temperature, T = 31+0.3 °C



L ® @ ®
Empty bottle + ; ; Density (p),
Conc. Emmpty boglc () Average (g) solution (g) Average (g) Solution welpv @) Average solution kg/m’ Average denjsity
L) weight (g) ), kg/m

= 1 2 3 1 2 3 1 2 3 e 1 2 3 () ke

0 5435 | 5435 | 5435 | 5435 = 0.0024 | 54.45 | 54.45 | 54.45 | 5445 <+ 0.0024 [ 0.0995 | 0.0995 | 0.0995 | 0.0995 = 0.00 | 995|995 | 995 | 995 = 0
30.8 | 53.54 | 53.54 | 53.54 | 53.54 = 0.0013 | 53.64 | 53.64 | 53.64 | 53.64 + 0.0013 | 0.0998 | 0.0997 | 0.0998 | 0.0998 =+ 6E-05 | 998 | 997 | 998 | 997.7 + 0.58
61.6 | 5436 | 5436 | 54.36 | 54.36 = 0.0004 | 54.46 | 54.46 | 54.46 | 54.46 =+ 0.0004 [ 0.0998 | 0.0998 | 0.0998 | 0.0998 = 0.00 | 998 | 998 | 998 | 9980 = 0
123 | 54.36 | 54.36 | 54.36 | 54.36 + 0.0008 | 54.46 | 54.46 | 54.46 | 54.46 =+ 0.0008 | 0.0998 | 0.0998 | 0.0999 | 0.0998 = 6E-05| 998 [ 998 | 999 | 9983 =+ 0.58
185 | 54.36 | 54.36 | 54.36 [ 54.36 + 0.0003 | 54.46 | 54.46 | 54.46 | 54.46 =+ 0.0004 | 0.0998 | 0.0998 | 0.0999 | 0.0998 =+ GE-05| 998 | 998 | 999 | 998.3 =+ 0.58
246 | 5435 | 5435 | 5435 | 5435 £ 0.0010 | 54.45 | 54.45 | 54.45 | 5445 + 0.0010 | 0.0998 | 0.0999 | 0.0999 | 0.0999 =+ 6E-05 | 998 | 999 | 999 | 998.7 * (.58
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Table E2 Determination the viscosity of solution by Cannon-Ubbelohe viscometer

Procedure to determine the viscosity of solution:

1.

U b 4 B

Use the Cannon-Ubbelohde viscometer size no. 50 which has the approximate constant equal to 0.004 (Figure E2).

Fill the solution into Cannon-Ubbelohde viscometer.

Mount the Cannon-Ubbelohde viscometer in the constant-temperature (31+0.3 °C) bath and keeping the tube vertical.

Apply vacuum to tube N and closing tube M by a finger or rubber stopper to make the solution filling upper bulb D.

Let the solution flow by gravitation and timing the level of solution from mark E to mark F. Use the time average value for

calculating the kinematic viscosity.
Calculate the kinematic viscosity (v) by using equation:

Kinematic viscosity (v), mm?*/s = Time(s) x approximate constant ((mm?s)/s) (E2)

Calculate the viscosity (i) by using equation:

=tn (E3)

[0



Figure E2 Cannon-Ubbelohde ( ASTM D 446-04).
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& ® % @
Time (sec) Kinematic viscosity (v), m%/s _ : Viscosity (p), Pa.s
Conc. ; Average kinematic S
Time average (sec) : b 2 Average viscosity (p), Pa.s
(g/L) { 5 3 : 5 4 viscosity (v), (m%/s) : " i
0 214.5 | 214.7 | 2143 | 2145 =+ 0.18 | 8.6E-07 | 8.6E-07 | 8.6E-07 | 8.6E-07 =+ 7E-10 | 0.00085 | 0.00085 | 0.00085 | 0.00085 =+ 7.2E-07
308 | 2319 | 233.0 | 231.0 | 2320 + 097 | 9.3E-07 | 9.3E-07 | 92E-07 | 9.3E-07 =+ 4E-09 | 0.00093 | 0.00093 | 0.00092 | 0.00093 <+ 3.9E-06
61.6 | 2432 | 2436 | 2448 | 2438 + 0.85 | 9.7E-07 | 9.7E-07 | 9.8E-07 | 9.8E-07 =+ 3E-09 | 0.00097 | 0.00097 | 0.00098 | 0.00097 =+ 3.4E-06
123 2987 | 297.4 | 297.3 | 2978 + 0.76 | 1.2E-06 | 1.2E-06 | 1.2E-06 | 1.2E-06 =+ 3E-09 | 0.00119 | 0.00119 | 0.00119 | 0.00119 =+ 3E-06
185 3288 | 331.0 | 3294 | 3297 + 1.12 | 1.3E-06 | 1.3E-06 | 1.3E-06 | 1.3E-06 =+ 4E-09 | 0.00131 | 0.00132 | 0.00132 | 0.00132 =+ 4.5E-06
246 3597 | 3573 | 3584 | 3585 + 121 | 1.4E-06 | 1.4E-06 | 1.4E-06 | 1.4E-06 =+ SE-09 | 0.00144 | 0.00143 | 0.00143 | 0.00143 £ 4.8E-06
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Table E3 Determination the electrical conductivity of solution by TDS meter
Procedure to determine the electrical conductivity of solution:
1. Fill the empty dry beaker with the solution.
2. Put the probe of the TDS meter (ORION model 124) in the solution to measure the electrical conductivity.

3. Read the value from the monitor.

Conc. Conductivity (uS/cm) Average
) conductivity
@L 1 2 3 (uS/cm)

0 1.3 Y3 1.3 13 £ 0
0.13 224 22.4 224 24 = 0
0.28 49.9 49.9 49.9 499 =+ 0
0.54 86.7 86.7 86.7 867 = 0
0.77 123.1 123.1 123.1 123 = 0
1.05 162.9 163 162.9 163 = 0.06
2.53 410 410 410 410 = 0
542 746 746 746 746 = 0
7.62 1129 1127 1129 1128 =+ 1.15
10.2 1479 1480 1480 1480 + 0.58
25.0 3300 3300 3300 3300 = 0
30.1 3940 3940 3940 3940 = 0
40.2 5060 5060 5060 5060 = O
50.1 6170 6170 6170 6170 + 0
60.2 7240 7240 7240 7240 = 0
76.2 8670 8670 8670 8670 + 0
80.1 8930 8930 8930 8930 = 0
91.1 9960 9960 9960 9960 = O

100 10630 10630 10630 | 10630 = 0

S0¢
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Table E4 Determination the surface tension of solution by Tensiometer

Procedure to determine the surface tension of solution:

1. Fill the empty dry beaker with the solution.

2. Put the beaker with the solution into Tensiometer (Dataphysics, Germany, model DCAT 11, Serial GO1 Bogo 2 F97c¢)

3. Read the value from the monitor.

Conc. Surface tegpfont e Average surface
(g/L) tension (mN/m)
1 2 3
5.06 47.23 47.23 4723 (4723 = 0.0012
17.0 40.54 40.54 40.54 |40.54 = 0.0015
30.8 34.86 34.52 3452 | 3464 = 0.1949
61.6 30.66 30.66 30.66 | 30.66 = 0.0006
68.2 30.73 30.73 30.73 |{30.73 £ 0.0000
102 32.36 32.36 3236 |3236 = 0.0017
123 33.85 33.85 33.86 |[33.85 * 0.0055
136 34.37 34.38 3438 |[3438 =+ 0.0035
185 35.85 35.85 35.85 |3585 £ 0.0012
246 35.85 35.85 35.84 | 3585 = 0.0035

LOE
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Appendix F Physical Properties of Dodecylbenzyldimethylammonium Chloride Surfactant (C12H;5-N"(CH3),-CH,-CgHs CI)

Table F1 Determination the density of solution by using Syringe (SGE, Australia)
Procedure to determine the density of solution:

1. Weigh the empty dry beaker and record the mass.
2. Fill the beaker with solution by using syringe (100 pL) and take the mass of the filled beaker.

3. The difference between the mass of the empty beaker and the beaker when it is filled with the mass of the solution.

4. Knowing the mass of the solution and the volume of the solution (100uL), the density of the solution can be calculated
using the equation:
1d
Vv

R= (F1)

Note: system temperature, T = 310.3 °C



@ @ ® @
Empty bottle + 3 ; Density (p),
Conc. Empty bottle (2) Kverteiss solution (g) - Solution weight (g) Average solution kg/m’ Average density
(L) e e weight (2) (p). ke/m’
1 2 3 1 2 3 | 2 3 1 2 3

288 |53.53]53.53]53.53]53.53 £ 0.0014|53.63|53.63|53.63|53.63 = 0.0014 | 0.0996 | 0.0996 | 0.0995 | 0.0996 + 6E-05 | 996 | 996 | 995 | 995.7 =+ 0.58
5.8 5436 | 54.36 | 54.36 | 5436 + 0.0003 | 54.46 | 54.46 | 54.46 | 5446 <+ 0.0003 | 0.0998 | 0.0997 | 0.0997 | 0.0997 + 6E-05 | 998 | 997 | 997 | 9973 = 0.58
11.7 | 54.36 | 54.36 | 54.36 | 54.36 + 0.0005 | 54.46 | 54.46 | 54.46 | 54.46 = 0.0004 | 0.0998 | 0,0997 | 0.0998 | 0.0998 =+ 6E-05 | 998 [ 997 | 998 | 997.7 = 0.58
175 | 5436 | 54.36 | 54.35 | 5436 = 0.0056 | 54.46 | 54,46 | 54.45 | 5446 + 0.0056 | 0.0998 | 0.0997 | 0.0999 | 0.0998 =+ [E-04 | 998 | 997 | 999 | 998.0 = 1
232 | 5435|5435 5435|5435 + 0.0008 | 54.45 | 54.45 | 54.45 | 5445 + 0.0008 | 0.0999 | 0.0998 | 0.0998 | 0.0998 + 6E-05 | 999 | 998 998 | 9983 + 0.58
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Table F2 Determination the viscosity of solution by Cannon-Ubbelohe viscometer

Procedure to determine the viscosity of solution:

W, B oW g e

Use the Cannon-Ubbelohde viscometer size no. 50 which has the approximate constant equal to 0.004 (Figure F2).

Fill the solution into Cannon-Ubbelohde viscometer.

Mount the Cannon-Ubbelohde viscometer in the constant-temperature (31+0.3 °C) bath and keeping the tube vertical.

Apply vacuum to tube N and closing tube M by a finger or rubber stopper to make the solution filling upper bulb D.

Let the solution flow by gravitation and timing the level of solution from mark E to mark F. Use the time average value for
calculating the kinematic viscosity.

Calculate the kinematic viscosity (v) by using equation:

Kinematic viscosity (v), mm?/s = Time(s) x approximate constant ((mmzf’s)f’s) (F2)

Calculate the viscosity () by using equation:
M =0p (F3)

CIE



Figure F2 Cannon-Ubbelohde ( ASTM D 446-04).
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Ti Ki tic viscosi o Viscosi Pa.
Coiie. ime (sec) Ticieverige inematic viscosity (v), m“/s i kinernaztic iscosity (u), Pas . .
(sec) viscosity (v), (m®/s) ¥
@) 1 2 3 1 2 3 e 1 2 3
2.88 | 249.1 | 248.4 | 2488 | 2488 + 0.1 1E-06 9.9E-07 | 1E-06 1E-06 + 1E-09 | 0.00099 | 0.00099 | 0.00099 | 0.00099 = 1.2E-06
581 | 251.7 | 251.1 [ 2514 | 2514 = 029 1E-06 1E-06 1E-06 IE-06 =+ 1E-09 | 0.00100 | 0.00100 | 0.00100 | 0.00100 =+ 1.2E-06
11.7 | 256.4 | 2579 | 256.7 | 2570 £ 0.78 1E-06 1E-06 1E-06 IE-06 + 3E-09 | 0.00102 | 0.00103 | 0.00102 | 0.00103 =+  3.1E-06
175 | 267.4 | 265.8 | 2653 | 2662 + 1.13| 1.1E-06 | 1.1E-06 | 1.1E-06 | 1.1E-06 + SE-09 | 0.00107 | 0.00106 0.00106 | 0.00106 =+  4.5E-06
232 | 2718|2721 | 2727 | 2722 + 045| 1.1E-06 | 1.1E-06 | 1.1E-06 | I.1E-06 + 2E-09 | 0.00109 | 0.00109 0.00109 | 0.00109 = 1.8E-06
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Table F3 Determination the electrical conductivity of solution by TDS meter
Procedure to determine the electrical conductivity of solution:
1. Fill the empty dry beaker with the solution.
2. Put the probe of the TDS meter (ORION model 124) in the solution to measure the electrical conductivity.

3. Read the value from the monitor.

C Conductivity (uS/em) | Average

onc. 2

(L) conductivity
1 2 3 (uS/cm)

0.00 1.3 1.3 1.3 1.3
0.01 9.2 9.2 9.2 9.2
0.06 16.1 16.1 16.1 16.1
0.12 233 233 23.3 23.3
0.64 88 88 88 88
1.01 134 134 134 | 133.8
2.07 287 285 285 | 285.7
2.57 345 345 345 345
3.11 406 406 406 406
3.54 471 469 473 471
4.01 518 516 516 | 516.7
4,55 581 581 581 581
5.00 639 639 639 639
5.05 645 645 645 645
6.05 722 722 722 722
7.10 799 799 799 799
8.00 871 871 871 871
9.14 936 936 936 936
10.1 965 965 965 965
100 5640 | 5640 | 5640 | 5640

—_0
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OO0 000000~ NOOC - 00000
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Table F4 Determination the surface tension of solution by Tensiometer

Procedure to determine the surface tension of solution:

1. Fill the empty dry beaker with the solution.

2. Put the beaker with the solution into Tensiometer (Dataphysics, Germany, model DCAT 11, Serial GO1 Bogo 2 F97c¢)

3. Read the value from the monitor.

Surface tension (mN/m)
Conc. Average surface
(g/L) i 5 3 tension (mN/m)
0.01 53.53 53.50 | 53.50 | 53.51 £ 0.017
0.12 4962 | 49.68 | 49.63 | 4964 = 0.028
0.64 38.99 3899 | 3899 [38.99 £ 0.002
1.08 34.50 | 3450 | 34.50 | 3450 =+ 0.002
2.88 29.06 | 29.06 | 29.06 |29.06 = 0.001
5.81 29.03 29.01 29.05 |29.03 = 0.018
7.25 2928 | 29.28 | 29.28 | 2928 *= 0.005
10.1 34.09 34.09 | 34,09 |34.09 + 6E-04
11.7 34.34 34,34 3435 | 34.34 = 0.007
17.5 3426 | 3426 | 3425 | 3426 = 0.002
23.2 34.30 3430 | 34.29 | 3430 + 0.005
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Appendix G Physical Properties of Hexadecylbenzyldimethylammonium Chloride Surfactant (C;sH;33-N"(CH;)2-CH,-C¢Hs CI)

Table G1 Determination the density of solution by using Syringe (SGE, Australia)
Procedure to determine the density of solution:

1. Weigh the empty dry beaker and record the mass.
2. Fill the beaker with solution by using syringe (100 pL) and take the mass of the filled beaker.

3. The difference between the mass of the empty beaker and the beaker when it is filled with the mass of the solution.

4. Knowing the mass of the solution and the volume of the solution (100uL), the density of the solution can be calculated

using the equation:

(G1)

M
i 7

Note: system temperature, T = 31+0.3 °C



L
* ® @
Empty bottle + ’ : Density (p),

E bottl )
Conc. mpty bottle (g) Averageia) solution (g) Aberape () Solution weight (2) Average solution kg/m3 Average density
(g/L) ge (8 weight (g) (p), kg/m’

1 2 3 1 2 3 1 2 3 1 2 3
0.18 4522 | 4522 | 4522 | 4522 = 0.0002 | 4532 | 4532 ] 4532 [ 4532 £ 0.0002 | 0.0996 | 0.0996 | 0.0997 | 0.0996 =+ 0.0001 | 996 | 996 | 997 | 996.3 + 0.58
0.38 4522 | 4522 | 4522 14522 + 0.0002 | 4532 | 4532 | 4532 | 4532 + 0.0003 | 0.0996 | 0.0997 | 0.0999 | 0.0997 =+ 0.0002 | 996 | 997 | 999 | 997.3 =+ 1.53
0.72 4522 | 4522 | 452214522 + 0.0002 | 4532 | 45.32 | 4532 | 45.32 = 0.0002 | 0.0998 | 0.0997 | 0.0998 | 0.0998 =+ 0.0001 | 998 | 997 | 998 | 997.7 = 0.58
1.11 4522 | 4522 | 452214522 + 0.0002 | 4532 | 45.32 | 45.32 | 45.32 + 0.0002 | 0.0998 | 0.0997 | 0.0998 | 0.0998 =+ 0.0001 | 998 | 997 | 998 | 997.7 = 0.58
1.45 4522 | 4522 | 452214522 + 00003 | 4532 | 4532 | 4532 | 4532 = 0.0003 | 0.0999 | 0.0998 | 0.0999 | 0.0999 =+ 0.0001 | 999 | 998 | 999 | 998.7 + 0.58
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Table G2 Determination the viscosity of solution by Cannon-Ubbelohe viscometer

Procedure to determine the viscosity of solution:

1.

wos B

Use the Cannon-Ubbelohde viscometer size no. 50 which has the approximate constant equal to 0.004 (Figure G2).

Fill the solution into Cannon-Ubbelohde viscometer.

Mount the Cannon-Ubbelohde viscometer in the constant-temperature (31+0.3 °C) bath and keeping the tube vertical.

Apply vacuum to tube N and closing tube M by a finger or rubber stopper to make the solution filling upper bulb D.

Let the solution flow by gravitation and timing the level of solution from mark E to mark F. Use the time average value for
calculating the kinematic viscosity.

Calculate the kinematic viscosity (v) by using equation:

Kinematic viscosity (v), mm*/s = Time(s) x approximate constant ((mm?/s)/s) (G2)

Calculate the viscosity (u) by using equation:
p=uvp (G3)

€ct
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Figure G2 Cannon-Ubbelohde ( ASTM D 446-04).



Time (sec)

Kinematic viscosity (v), m*/s

Viscosity (i), Pas

Conc. Time average Average kincmaztic Average viscosity (p),
(g/L) 1 5 3 (sec) 1 2 3 viscosity (v), (m®/s) 1 2 3 Pas
0.18 | 263.5| 2613|2623 |2624 + 1.09| 1.1E-06 1E-06 1E-06 1E-06 + 4E-09 | 0.00105 | 0.00104 | 0.00105 | 0.00105 =+ 4.3E-06
038 | 2757127852752 2765 + 176 | 1.1E-06 | 1.1E-06 | 1.1E-06 | 1.1IE-06 + 7E-09 | 0.00110 0.00111 | 0.00110 | 0.00110 ==  7E-06
0.72 | 283.0 | 280.1 | 282.5| 2819 + 1.55| 1.1E-06 | 1.1E-06 | 1.1E-06 | 1.1E-06 + 6E-09 0.00113 | 0.00112 | 0.00113 | 0.00112 <+ 6.2E-06
111 | 2892 | 287.1 | 289.6 | 2886 =+ 1.34 | 1.2E-06 | 1.1E-06 | 1.2E-06 | 1.2E-06 = SE-09 | 0.00115 | 0.00115 | 0.00116 | 0.00115 £ 5.3E-06
145 | 294.6 | 296.8 | 2953 | 2956 =+ 1.17 | 1.2E-06 | 1.2E-06 | 1.2E-06 | 1.2E-06 + SE-09 0.00118 | 0.00119 | 0.00118 | 0.00118 = 4.7E-06
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Table G3 Determination the electrical conductivity of solution by TDS meter
Procedure to determine the electrical conductivity of solution:
1. Fill the empty dry beaker with the solution.
2. Put the probe of the TDS meter (ORION model 124) in the solution to measure the electrical conductivity.

3. Read the value from the monitor.

Citic. Conductivity (uS/cm) Average
(L) conductivity
1 2 3 (uS/cm)

H

0.06 9.98 | 10.00 9.98 10.0
0.15 21.7 215 215 | 216
0.23 272 27.2 272 | 272
0.32 37.7 377 = i o i L
0.44 57.2 572 S feemntniy]. 2
0.59 73.4 73.6 734 | 735
0.74 91.8 91.8 91.8 | 918
0.81 103.4 | 103.4 | 1034 | 103
1.01" | 126.7 | 126.7 126.7 | 127
144 | 1714 | 1714 1713 | 171
2.04 231 231 231 231
3.02 346 344 344 345
4.05 438 438 438 438
5.06 510 510 510 510
6.12 594 594 594 594
7.13 666 666 666 666
8.10 730 730 732 731
9.13 798 798 798 798
10.1 853 853 853 853

0.01
0.12

H H HHHHHHHFEHEHEHRHFEHFHFEFRHE
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Table G4 Determination the surface tension of solution by Tensiometer

Procedure to determine the surface tension of solution:

1. Fill the empty dry beaker with the solution.

2. Put the beaker with the solution into Tensiometer (Dataphysics, Germany, model DCAT 11, Serial GO1 Bogo 2 F97¢)

3. Read the value from the monitor.

Conc. Surface tension (mN/m) Averags Sicface
(g/L) tension (mN/m)
1 2 3

0.07 42.68 | 42.55 42.71 42,65 =+ 0.086
0.16 36.58 | 36.64 | 36.55 36.59 + 0.047
0.24 33.67 | 33.56 | 33.71 33.65 =+ 0.076
0.36 31.21 | 31.32 | 3142 31.31 + 0.108
0.44 31.49 | 31.47 | 31.51 3149 =+ 0.021
0.49 31.75 | 31.68 | 31.67 | 3170 = 0.043
0.52 32.00 | 32.01 | 32.09 32.03 £ 0.045
0.62 32.01 | 32.06 | 32.01 32.03 + 0.028
0.77 32.04 | 32.08 32.09 3207 = 0.025
0.94 3235 | 32.54 | 32.39 3242 £ 0.1

2.04 31.94 | 32.68 32.98 3253 £ 0.538
3.02 32.11 | 3253 | 3244 | 3236 £ 0.221
4.05 3251 | 32.48 | 32,77 | 3259 +£ 0.156
5.06 34.37 | 34.54 | 34.65 3452 =+ 0.142
6.12 3440 | 34.54 | 34.39 3444 £ 0.087
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Appendix H Octylbenzyldimethylammonium Chloride Surfactant (1CMC) — Air Flow for the Pipe Diameter of 19 mm

Table H1 Determination of bubble size from octylbenzyldimethylammonium chloride solution (1CMC) from experiment
Physical properties of air and solution used in experiment:
density of solution, psolution = 998 kg/ms; viscosity of solution, psolution = 9.73 % 10 Pas
density of air, pair = 1.18 kg/m>; viscosity of air, pair = 1.85 x 10” Pa.s
temperature, T = 31 °C (= 1 °C); inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m’
Procedure to determine the bubble size:
1. Make a movie of the bubble flow regime by video camera.
2. Capture the picture from movie by Snagit 8.0 software program.
3. Measure the bubble size by Scion Image software program.

Equivalent diameter (D¢) of the bubble is defined as the diameter of a sphere that has the same volume as the bubble.
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Figure H1 Flow around a spherical cap bubble (Wilkes, 1999).
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- . & ®
Bubble height, Ry (mm) Bubble width, W, (mm) Average | Equivalent diameter, D,(mm) | AYSrse
Rew. . Re. " Average, Ry, » b bubble width Ra equivalent
solunon air .
: 5 3 (mm) | 5 3 (ma) I > 3 diameter, De
(mm)
0 3.17 14.3 15.2 159 [151 + 08| 120 12.6 117 |121 = 04| 164 17.4 177 172 £ 07
0 4.40 16.0 16.4 153 [159 % 05| 114 13.1 123 [123 £ 09| 177 18.6 174 | 179 + 06
0 5.64 16.3 16.0 166 |163 + 03| 129 12.5 126 |127 + 02| 185 18.1 186 |184 + 03
0 6.88 18.0 18.1 186 |182 + 03] 13.0 13.0 121 | 127 + 05| 199 20.1 203 |201 % 02
1001 3.17 21.5 22.1 223 |219 & 04 127 13.2 124 | 127 = 04| 23. 23.8 237 | 235 + 04
1001 5.64 22.0 22.9 26 |225 04| 128 12.9 128 [128 % 01| 236 24.4 24.1 |240 % 04
1001 8.12 23.3 24.8 234 |238 + 08| 132 12.8 132 |13.1 = 02| 249 26.2 250 |254 £ 07
1001 | 1059 | 24.0 24.1 243 [241 & 02| 134 13.2 128 [132 = 03| 256 25.7 258 |257 + 0.1
2749 | 3.17 7.9 7.6 71 | 75 = 04| 103 1.1 89 101 % 1.1| 103 10.4 91 |100 = 07
2749 | 5.64 8.3 8.5 88 |85 + 03] 102 11.4 104 |107 = 06| 106 1.3 1.1 | 110 £ 04
2749 | 8.12 8.8 8.3 88 |87 + 03| 113 1.8 1.3 [11.s £ 03| 115 11.3 115 |[11.4 = 0.1
2749 | 10.59 9.3 9.2 90 |92 & 02| 116 11.9 13 |16 & 03| 120 12.0 16 |[119 = 02
2749 | 13.07 | 10.1 9.4 101 |99 = 04/ 126 115 121 121 % 06| 13.0 12.0 128 [126 = 05
2749 | 1554 | 109 1.3 108 |110 + 03| 124 11.6 120 |120 % 04| 136 13.6 133 | 135 + 02
2749 | 1802 | 126 11.4 125 | 122 + 06| 121 12.7 119 [122 + 04| 149 14.1 147 | 146 + 04
2749 | 2049 | 13.6 143 153 | 144 + 08| 129 122 133 | 128 £ 06| 16.1 16.5 176 |167 + 08
2749 | 2295 | 16.3 16.8 154 |162 + 07| 130 12.9 134 |131 + 02| 1841 | 1887 | 1780 | 184 % 05
2749 | 28.1 20.8 19.8 196 |200 + 06| 132 12.9 131 1131 + 01| 2253 | 2163 | 2141 [219 % 06
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L]
Bubble'height / Pipe Bubble‘ width / Pipe Equivalent. diameter / Pipe Average
Reuuiion | R diameter Average, Ry/D diameter Average, Wy/D diameter equivalent

1 2 3 1 2 3 | 2 3 diameter, De/D

0 3.17 | 075 0.80 0.84 | 080 £ 0.04| 0.63 0.66 062 |0.64 + 0.02 0.86 0.92 0.93 090 + 0.04

0 440 | 0.84 0.86 0.81 | 084 £ 003 0.60 0.69 065 | 065 £ 005 0.93 0.98 0.91 094 =+ 0.03

0 564 | 0.86 0.84 087 |08 £ 0.01]| 0.68 0.66 0.67 |067 £ 001 0.97 0.95 0.98 097 + 0.01
0 6.88 | 0.94 0.95 098 |09 + 002| 0.69 0.69 0.64 | 067 = 0.03 1.05 1.06 1.07 1.06 = 001
1001 3:17 1.13 1.16 1.17 | 1.15 £ 0.02| 0.67 0.69 0.65 | 067 £ 0.02 1.21 1.25 1.25 124 £ 0.02
1001 5.64 1.16 1.20 1.19 | 1.18 £ 0.02 | 0.67 0.68 0.67 |0.68 £ 0.00 1.24 1.29 1.27 127 % 0.02
1001 8.12 1.23 1.30 123 | 125 £+ 0.04 | 0.70 0.68 069 |0.69 % 0.01 1.31 1.38 1.31 133 = 0.04
1001 | 10.59 | 1.26 1.27 128 | 127 + 001 | 0.71 0.70 0.67 |0.69 % 0.02 1.35 1.35 1.36 .35 £ 0.00
2749 | 3.17 | 042 0.40 037 | 040 % 0.02| 0.54 0.59 047 |053 £ 0.06 0.54 0.55 0.48 052 *= 0.04
2749 | 5.64 | 043 0.45 046 | 045 % 0.01] 0.54 0.60 0.55 | 056 £ 0.03 0.56 0.59 0.58 058 + 0.02
2749 | 8.12 | 046 0.44 046 |046 % 0.01]| 059 0.62 0.60 |0.60 + 0.02 0.60 0.59 0.60 060 =+ 0.01
2749 | 10.59 | 0.49 0.48 047 | 048 = 001 | 061 0.62 0.60 |061 £ 0.01 0.63 0.63 0.61 062 + 0.0l
2749 | 13.07 | 0.53 0.50 0.53 | 052 £ 002 066 0.60 064 |063 % 0.03 0.68 0.63 0.68 066 = 0.03
2749 | 15.54 | 0.57 0.60 0.57 |[0.58 + 0.01| 0.65 0.61 0.63 |0.63 + 0.02 0.72 0.72 0.70 071 %= 0.01
2749 | 18.02 | 0.66 0.60 066 |064 % 003]| 064 0.67 0.63 | 064 + 0.02 0.79 0.74 0.78 077 = 0.02
2749 | 2049 | 0.71 0.75 0.80 |[0.76 + 0.04 | 0.68 0.64 070 | 067 £ 0.03 0.85 0.87 0.93 0.88 + 0.04
2749 | 2295 | 0.86 0.88 081 |085 = 0.04]| 068 0.68 0.70 | 0.69 = 0.01 0.97 0.99 0.94 0966 + 0.03
2749 | 28.1 1.09 1.04 1.03 | 1.05 + 0.03]| 0.69 0.68 069 |0.69 = 0.0I 1.19 1.14 1.13 1.15 £ 0.03

1433




1.2
Bubble

Bubble size / Pipe diameter

o 9N »® v ©

B 5 6 7

2 3
Regir
—O— Bubble width for octylbenzyldimethylammonium chloride solution (1CMC)

—— Bubble height for octylbenzyldimethylammonium chloride solution (ICMC)
—A— Equivalent diameter (D) for octylbenzyldimethylammonium chloride solution (1CMC)

Figure H2 Bubble width, bubble height and equivalent diameter vs. air Reynolds number of

octylbenzyldimethylammonium chloride solution (1CMC) at Resoiution = 0 by using pipe diameter of 19 mm.
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—O— Bubble width for octylbenzyldimethylammonium chloride solution (1CMC)
—{O— Bubble height for octylbenzyldimethylammonium chloride solution (1CMC)
—o— Equivalent diameter (De) for octylbenzyldimethylammonium chloride solution (1CMC)

Figure H3 Bubble width, bubble height and equivalent diameter vs. air Reynolds number of

octylbenzyldimethylammonium chloride solution (1CMC) at Resoution = 1001 by using pipe diameter of 19 mm.
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—O— Bubble width for octylbenzyldimethylammonium chloride solution (1CMC)
—O— Bubble height for octylbenzyldimethylammonium chloride solution (1CMC)
—&— Equivalent diameter (Dg) for octylbenzyldimethylammonium chloride solution (ICMC)

Figure H4 Bubble width, bubble height and equivalent diameter vs. air Reynolds number of

octylbenzyldimethylammonium chloride solution (1CMC) at Resojution = 2749 by using pipe diameter of 19 mm.
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—O— Bubble width from experiment by using Resolution= 0
—O— Bubble width from experiment by using Resolution = 1001
—A— Bubble width from experiment by using Resolution = 2749

Figure H5 Bubble width from experiment vs. air Reynolds number of octylbenzyldimethylammonium
chloride solution (1CMC) by using pipe diameter of 19 mm.
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—O— Bubble height from experiment by using Resolution = 0
—{— Bubble height from experiment by using Resolution = 1001
—A— Bubble height from experiment by using Resolution= 2749

Figure H6 Bubble height from experiment vs. air Reynolds number of octylbenzyldimethylammonium
chloride solution (1CMC) by using pipe diameter of 19 mm.
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Table H2 Determination of slug height from octylbenzyldimethylammonium chloride solution (1CMC) from experiment

Physical properties of air and solution used in experiment:
density of solution, psolution = 998 kg/m’; viscosity of solution, poition = 9.73 % 10 Pa.s
density of air, p,i; = 1.18 kg/m3; viscosity of air, pa; = 1.85 x 107 Pa.s
temperature, T = 31 °C (x 1 °C ); inner pipe diameter = 0.019 m; cross-sectional area of pipe, A = 0.00028 m’
Procedure to determine the slug height:
1. Make a movie of the slug flow regime by video camera.
2. Capture the picture from movie by Snagit 8.0 software program.

3. Measure the slug height by Scion Image software program.
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Length of Taylor bubble (L1g), Length of Taylor bubble / Pipe
mm Average length of diameter Average Length
Resotution Reyir Taylor bubble of Taylor bubble
1 2 3 (Ltg), mm 1 2 3 / Pipe diameter
0 20.49 313 29.7 33.9 36 .ta1241 1.6 1.6 1.8 1.7 %+ 0.11
0 22.95 39.3 38.6 37.1 38311 2.1 2.0 2.0 20 = 006
0 28.08 43.8 47.5 43.1 448 = 24 2.3 25 2.3 24 + 0.12
0 33.21 54.9 54.2 53.5 S4Z2—1 0.7 2.9 29 2.8 29 + 004
0 38.33 53.8 55.3 56.1 L3P g T | B 2.8 29 3.0 29 = 0.06
0 43.46 61.8 58.8 62.5 610/ /74 1.9 3.3 3.1 33 32 + 0.10
0 48.59 62.9 60.0 64.3 624/ /£ 22 33 32 34 33 &£ 0l
0 58.85 72.1 729 77.9 743+ 3. 38 3.8 4.1 39 = 0.16
0 69.10 79.0 79.8 84.7 81.7 | St 42 4.2 4.5 43 + 0.16
0 79.36 88.0 89.0 92.0 8941/ e 4.6 4.7 4.8 47 + 0.11
0 89.62 93.3 97.5 95.4 95.4/ 7 “#i~2.1 4.9 5.1 5.0 50 = 0.11
0 99.87 116.5 113.0 110.0 113209 6.1 5.9 5.8 60 * 0.17
1001 28.08 39.1 35.2 352 36.5 —=mpmiled 2.1 1.9 1.9 19 £ 0.12
1001 33.21 41.2 419 40.4 4127 N0 22 2.2 2.1 22 = 004
1001 38.33 47.3 46.0 453 462 = 1.0 2.5 2.4 24 24 £ 005
1001 43.46 50.0 49.3 52.1 SQS5 1S 2.6 2.6 2.7 27 + 0.08
1001 48.59 56.1 55.9 552 < 1 e i 3.0 29 29 29 % 003
1001 58.85 59.1 59.9 59.6 595 < 7 4 0.4 3.1 32 3.1 3.1 = 002
1001 69.10 63.7 64.5 64.8 643 £ 06 34 34 34 34 = 003
1001 79.36 66.4 70.4 7 81UILABSING KN30 b 3.7 3.6 36 = 0.1
1001 89.62 72.1 76.9 77.9 756 = 3.1 3.8 4.0 4.1 40 = 0.16
1001 99.87 84.8 86.5 87.5 863 + 14 4.5 4.6 4.6 45 = 0.07
1001 177 142.3 145.2 153.9 147.1 + 6.0 7.5 7.6 8.1 70 + 032
2749 43.46 34.9 36.4 34.1 350 & L2 1.8 1.9 1.8 1.8 + 0.06
2749 48.59 37.0 38.0 36.1 3700 & 09 1.9 2.0 1.9 19 & 005
2749 58.85 41.0 43.0 41.0 417 % 12 2.2 2.3 2.2 22 + 0.06
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Length of Taylor bubble (Ltg), Length of Taylor bubble / Pi
g ymm (Lre) Average length of gt dizmeter pe Average Length
Resqtution Reyir Taylor bubble of Taylor bubble
/ Pive di

1 2 3 (Lvs), mm | 5 5 Pipe diameter

2749 69.10 440 45.0 43.0 44,0 +: . 1.0 2.3 24 23 23 + 005
2749 79.36 48.0 49.0 48.0 48.3 +\/0.6 .5 2.6 2.5 25 £ 0.03
2749 89.62 54.6 52.1 51.1 52.6 + 1.8 29 2.7 2.7 28 + 0.09
2749 99.87 542 56.3 552 55.2 + 1.0 2.9 3.0 29 29 £ 005
2749 177 70.8 68.8 72.9 70.8 4 | 121 3.7 3.6 3.8 37 £ 0.11
2749 296 137 140 139 138 2 11.6 2 7.4 7.3 73 + 0.08
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—0O— Slug height from experiment by using Resolution =0
—— Slug height from experiment by using Resolution = 1001
—A— Slug height from experiment by using Resolution = 2749

Figure H7 Slug height from experiment vs. air Reynolds number of octylbenzyldimethylammonium
chloride solution (1CMC) by using pipe diameter of 19 mm.
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Table H3 Determination of bubble and slug velocity for octylbenzyldimethylammonium chloride solution (1CMC) from Nicklin’s
theory and exper