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A P P E N D IC E S  
A P P E N D IX  A

T w o-P hase Flow

Table A1 Determination of flow regimes and the pressure gradient as measured by a manometer in each flow regime
Physical properties of air and water used in the experiments:
viscosity of water, ,,,1. = 8.48 X 10'4 kg/m.s; density of water, pwater= 995 kg/m3
viscosity of air, P a ,r =  1.85 X 10'5 kg/m.s; density of air, pair= 1.18 kg/m3
temperature, T = 31°c (± 1°C); diameter of the pipe, D = 0.019 m; pressure taps difference = 0.4 m

Water 
flow rate

Sup. water 
velocity

Air
flow rate

Sup. air 
velocity

Reynolds 
number of

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Q  water J water 2a ,r J air air Minimum Maximum
(ml/min) (m/s) (1/min) (m/s) ^^air Minimum Maximum (kPa/m) (kPa/m)

0.00 0.00 0.000 0.0000 0.00 - 0.400 0.400 9.76 9.76
0.00 0.00 0.036 0.0021 2.56 bubble 0.400 0.400 9.76 9.76
0.00 0.00 0.071 0.0042 5.05 bubble 0.395 0.395 9.64 9.64
0.00 0.00 0.103 0.0060 7.32 bubble-slug 0.393 0.393 9.59 9.59
0.00 0.00 0.132 0.0077 9.38 bubble-slug 0.389 0.389 9.49 9.49
0.00 0.00 0.162 0.0095 11.51 bubble-slug 0.385 0.385 9.39 9.39
0.00 0.00 0.196 0.0115 13.93 bubble-slug 0.380 0.380 9.27 9.27
0.00 0.00 0.235 0.0138 16.70 bubble-slug 0.368 0.382 8.98 9.32
0.00 0.00 0.273 0.0160 19.40 bubble-slug 0.360 0.378 8.78 9.22
0.00 0.00 0.307 0.0180 21.82 slug 0.353 0.375 8.61 9.15
0.00 0.00 0.356 0.0209 25.30 slug 0.340 0.370 8.30 9.03



Table Al continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

J water 
(m/s)

Air
flow rate

Q  air 
(1/min)

Sup. air 
velocity

<^ )

Reynolds 
number of 

air
^^air

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

0.00 0.00 0 .3 9 5 0.0232 28.07 slug 0.325 0.370 7.93 9.03
0.00 0.00 0.450 0.0264 31.98 slug 0.290 0.365 7.08 8.91
0.00 0.00 0 .5 1 0 0.0299 36.24 slug 0.285 0.358 6.95 8.74
0.00 0.00 0.568 0.0333 40.37 slug 0.275 0.360 6.71 8.78
0.00 0.00 0.660 0.0387 46.90 slug 0.255 0.365 6.22 8.91
0.00 0.00 0.722 0.0424 51.31 slug 0.235 0.400 5.73 9.76
0.00 0.00 0 .7 8 9 0.0463 56.07 slug 0.215 0.375 5.25 9.15
0.00 0.00 0.867 0.0509 61.61 slug 0.195 0.370 4.76 9.03
224 0.0131 0.000 0.0000 0.00 - 0.400 0.400 9.76 9.76
224 0.0131 0.036 0.0021 2.56 bubble 0.395 0.395 9.64 9.64
224 0.0131 0.071 0.0042 5.05 bubble 0.390 0.390 9.52 9.52
224 0.0131 0.103 0.0060 7.32 bubble 0.387 0.387 9.44 9.44
224 0.0131 0.132 0.0077 9.38 bubble-slug 0.384 0.384 9.37 9.37
224 0.0131 0.162 0.0095 11.51 bubble-slug 0.376 0.380 9.18 9.27
224 0.0131 0.196 0.0115 13.93 bubble-slug 0.370 0.374 9.03 9.13
224 0.0131 0.235 0.0138 16.70 bubble-slug 0.361 0.367 8.81 8.96
224 0.0131 0.273 - 0.0160 19.40 bubble-slug 0.355 0.362 8.66 8.83
224 0.0131 0.307 0.0180 21.82 bubble-slug 0.348 0.358 8.49 8.74
224 0.0131 0.356 0.0209 25.30 slug 0.340 0.350 8.30 8.54
224 0.0131 0.395 0.0232 28.07 slug 0.329 0.343 8.03 8.37 OvVO



Table A l continued
Water 

flow rate 
Q  water 

(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

, 1 ; ,

Reynolds 
number of 

air
Reajr

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

224 0.0131 0.450 0.0264 31.98 slug 0.321 0.334 7.83 8.15
224 0.0131 0.510 0.0299 36.24 slug 0.312 0.330 7.61 8.05
224 0.0131 0.568 0.0333 40.37 slug 0.297 0.340 7.25 8.30
224 0.0131 0.660 0.0387 46.90 slug 0.290 0.335 7.08 8.17
224 0.0131 0.722 0.0424 51.31 slug 0.277 0.347 6.76 8.47
224 0.0131 0.789 . 0.0463 56.07 slug 0.262 0.348 6.39 8.49
224 0.0131 0.867 0.0509 61.61 slug 0.255 0.345 6.22 8.42
224 0.0131 1.022 0.0600 72.63 slug 0.250 0.310 6.10 7.56
224 0.0131 2.394 0.1405 170.13 slug 0.020 0.300 0.49 7.32
224 0.0131 4.000 0.2347 284.26 slug 0.000 0.320 0.00 7.81
224 0.0131 5.326 0.3126 378.50 slug-chum -0.080 0.260 -1.95 6.34
224 0.0131 7.058 0.4142 501.58 slug-chum -0.040 0.240 -0.98 5.86
224 0.0131 10 0.5869 710.66 slug-chum -0.050 0.240 -1.22 5.86
224 0.0131 20 1.1737 1421.32 chum -0.020 0.130 -0.49 3.17
224 0.0131 30 1.7606 2131.98 chum 0.025 0.120 0.61 2.93
224 0.0131 40 2.3474 2842.63 chum 0.030 0.125 0.73 3.05
224 0.0131 50 .2.9343 3553.29 chum 0.050 0.115 1.22 2.81
224 0.0131 60 3.5211 4263.95 chum 0.040 0.100 0.98 2.44
224 0.0131 70 4.1080 4974.61 chum 0.055 0.095 1.34 2.32
224 0.0131 100 5.8685 7106.59 chum 0.040 0.080 0.98 1.95

CD



Table Al continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
R^air

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

224 0.0131 200 11.7371 14213.17 annular 0.030 0.038 0.73 0.93
224 0.0131 300 17.6056 21319.76 annular 0.028 0.036 0.68 0.88
224 0.0131 400 23.4742 28426.35 annular 0.030 0.040 0.73 0.98
224 0.0131 500 29.3427 35532.93 annular 0.040 0.046 0.98 1.12
224 0.0131 600 35.2113 42639.52 annular 0.051 0.057 1.24 1.39
224 0.0131 700 41.0798 49746.11 annular 0.070 0.070 1.71 1.71
224 0.0131 800 46.9484 56852.69 mist 0.091 0.091 2.22 2.22
224 0.0131 900 52.8169 63959.28 mist 0.109 0.109 2.66 2.66
224 0.0131 1000 58.6854 71065.87 mist 0.134 0.134 3.27 3.27
325 0.0191 0.000 0.0000 0.00 - 0.400 0.400 9.76 9.76
325 0.0191 0.036 0.0021 2.56 bubble 0.395 0.395 9.64 9.64
325 0.0191 0.071 0.0042 5.05 bubble 0.390 0.390 9.52 9.52
325 0.0191 0.103 0.0060 7.32 bubble 0.388 0.388 9.47 9.47
325 0.0191 0.132 0.0077 9.38 bubble-slug 0.385 0.388 9.39 9.47
325 0.0191 0.162 0.0095 11.51 bubble-slug 0.376 0.386 9.18 9.42
325 0.0191 0.196 0.0115 13.93 bubble-slug 0.371 0.384 9.05 9.37
325 0.0191 0.235 0.0138 16.70 bubble-slug 0.366 0.379 8.93 9.25
325 0.0191 0.273 0.0160 19.40 bubble-slug 0.359 0.374 8.76 9.13
325 0.0191 0.307 0.0180 21.82 bubble-slug 0.351 0.366 8.57 8.93
325 0.0191 0.356 0.0209 25.30 bubble-slug 0.343 0.370 8.37 9.03



Table Al continued
Water 

flow rate
Sup. water 

velocity
Air

flow rate
Sup. air 
velocity

Reynolds 
number of

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Q  water J water Q  air J air air Minimum Maximum
(ml/min) (m/s) (1/min) (m/s) Reair Minimum Maximum (kPa/m) (kPa/m)

325 0.0191 0.395 0.0232 28.07 slug 0.324 0.365 7.91 8.91
325 0.0191 0.450 0.0264 31.98 slug 0.314 0.367 7.66 8.96
325 0.0191 0.510 0.0299 36.24 slug 0.302 0.361 7.37 8.81
325 0.0191 0.568 0.0333 40.37 slug 0.292 0.358 7.13 8.74
325 0.0191 0.660 0.0387 46.90 slug 0.283 0.350 6.91 8.54
325 0.0191 0.722 0.0424 51.31 slug 0.270 0.346 6.59 8.44
325 0.0191 0.789 0.0463 56.07 slug 0.260 0.344 6.34 8.39
325 0.0191 0.867 0.0509 61.61 slug 0.251 0.340 6.12 8.30
325 0.0191 1.022 0.0600 72.63 slug 0.150 0.340 3.66 8.30
325 0.0191 2.394 0.1405 170.13 slug 0.080 0.330 1.95 8.05
325 0.0191 4.000 0.2347 284.26 slug 0.020 0.320 0.49 7.81
325 0.0191 5.326 0.3126 378.50 slug -0.020 0.310 -0.49 7.56
325 0.0191 7.058 0.4142 501.58 slug-churn -0.040 0.250 -0.98 6.10
325 0.0191 10.000 0.5869 710.66 slug-rchum -0.040 0.180 -0.98 4.39
325 0.0191 20.000 1.1737 1421.32 chum -0.050 0.170 -1.22 4.15
325 0.0191 30.000 1.7606 2131.98 chum -0.020 0.140 -0.49 3.42
325 0.0191 40.000 2.3474 2842.63 chum 0.000 0.120 0.00 2.93
325 0.0191 50.000 2.9343 3553.29 chum 0.040 0.100 0.98 2.44
325 0.0191 60.000 3.5211 4263.95 chum 0.030 0.100 0.73 2.44
325 0.0191 70.000 4.1080 4974.61 chum 0.040 0.090 0.98 2.20

- Jk3



Table Al continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

J water 
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
Reair

Flow
regime Water levels difference in 

manometer, (m)
r

(-dp/dz)exp from experiment
Minimum

(kPa/m)
Maximum

(kPa/m)Minimum Maximum
325 0.0191 100.000 5.8685 7106.59 chum 0.040 0.090 0.98 2.20
325 0.0191 200.000 11.7371 14213.17 annular 0.031 0.039 0.76 0.95
325 0.0191 300.000 17.6056 21319.76 anrtular 0.031 0.037 0.76 0.90
325 0.0191 400.000 23.4742 28426.35 annular 0.039 0.047 0.95 1.15
325 0.0191 500.000 29.3427 35532.93 annular 0.047 0.055 1.15 1.34
325 0.0191 600.000 35.2113 42639.52 annular 0.055 0.065 1.34 1.59
325 0.0191 700.000 41.0798 49746.11 annular 0.071 0.075 1.73 1.83
325 0.0191 800.000 46.9484 56852.69 mist 0.087 0.097 2.12 2.37
325 0.0191 900.000 52.8169 63959.28 mist 0.105 0.113 2.56 2.76
325 0.0191 1000.000 58.6854 71065.87 mist 0.121 0.125 2.95 3.05
427 0.0251 0.000 0.0000 0.00 - 0.400 0.400 9.76 9.76
427 0.0251 0.036 0.0021 2.56 bubble 0.396 0.396 9.66 9.66
427 0.0251 0.071 0.0042 5.05 bubble 0.392 0.392 9.57 9.57
427 0.0251 0.103 0.0060 7.32 bubble 0.390 0.390 9.52 9.52
427 0.0251 0.132 0.0077 •9.38 bubble 0.384 0.390 9.37 9.52
427 0.0251 0.162 0.0095 11.51 bubble-slug 0.378 0.388 9.22 9.47
427 0.0251 0.196 ■ 0.0115 13.93 bubble-slug 0.373 0.387 9.10 9.44
427 0.0251 0.235 0.0138 16.70 bubble-slug 0.365 0.384 8.91 9.37
427 0.0251 0.273 0.0160 19.40 bubble-slug 0.359 0.380 8.76 9.27
427 0.0251 0.307 0.0180 21.82 bubble-slug 0.350 0.377 8.54 9.20



Table Al continued
Water 

flow rate
Q  water 

(ml/min)

Sup. water 
velocity

7 water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air
Reair

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

427 0.0251 0.356 0.0209 25.30 bubble-slug 0.340 0.374 8.30 9.13
427 0.0251 0.395 0.0232 28.07 bubble-slug. 0.329 0.368 8.03 8.98
427 0.0251 0.450 0.0264 31.98 slug 0.317 0.366 7.74 8.93
427 0.0251 0.510 0.0299 36.24 slug 0.310 0.361 7.56 8.81
427 0.0251 0.568 0.0333 40.37 slug 0.302 0.359 7.37 8.76
427 0.0251 0.660 ■ 0.0387 46.90 slug 0.288 0.352 7.03 8.59
427 0.0251 0.722 0.0424 51.31 slug 0.272 0.348 6.64 8.49
427 0.0251 0.789 0.0463 56.07 slug 0.267 0.358 6.52 8.74
427 0.0251 0.867 0.0509 61.61 slug 0.255 0.342 6.22 8.35
427 0.0251 1.022 0.0600 72.63 slug 0.250 0.320 6.10 7.81
A T 0.0251 2.394 0.1405 170.13 slug 0.090 0.290 2.20 7.08
ATI 0.0251 4.000 0.2347 284.26 slug 0.000 0.310 0.00 7.56
A T 0.0251 5.326 0.3126 378.50 slug -0.020 0.300 -0.49 7.32
427 0.0251 7.058 0.4142 501.58 slug -0.040 0.280 -0.98 6.83
427 0.0251 10.000 0.5869 710.66 slug-chum -0.090 0.260 -2.20 6.34
427 0.0251 20.000 1.1737 1421.32 slug-chum -0.040 0.180 -0.98 4.39
427 0.0251 30.000 ๆ .7606 2131.98 slug-chum 0.000 0.150 0.00 3.66
427 0.0251 40.000 2.3474 2842.63 chum 0.020 0.120 0.49 2.93
A T 0.0251 50.000 2.9343 3553.29 chum 0.050 0.110 1.22 2.68
A T 0.0251 60.000 3.5211 4263.95 chum 0.050 0.105 1.22 2.56



Table A l continued
Water 

flow rate
Sup. water 

velocity
Air

flow rate
Sup. air 
velocity

Reynolds 
number of

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Q  water J water 2a ,r J air air Minimum Maximum
(ml/min) (m/s) (1/min) (m/s) R^air Minimum Maximum (kPa/m) (kPa/m)

A l l 0.0251 70.000 4.1080 4974.61 chum 0.060 0.095 1.46 2.32
427 0.0251 100.000 5.8685 7106.59 chum 0.040 0.090 0.98 2.20
427 0.0251 200.000 11.7371 14213.17 annular 0.035 0.050 0.85 1.22
427 0.0251 300.000 *17.6056 21319.76 annular 0.040 0.048 0.98 1.17
427 0.0251 400.000 23.4742 28426.35 annular 0.053 0.057 1.29 1.39
A l l 0.0251 500.000 29.3427 35532.93 annular 0.066 0.070 1.61 1.71
A l l 0.0251 600.000 35.2113 42639.52 annular 0.085 0.089 2.07 2.17
A l l 0.0251 700.000 41.0798 49746.11 annular 0.101 0.109 2.46 2.66
A l l 0.0251 800.000 46.9484 56852.69 mist 0.120 0.128 2.93 3.12
A l l 0.0251 900.000 52.8169 63959.28 mist 0.140 0.151 3.42 3.68
A l l 0.0251 1000.000 58.6854 71065.87 mist 0.170 0.180 4.15 4.39
529 0.0311 0.000 0.0000 0.00 - 0.400 0.400 9.76 9.76
529 0.0311 0.036 0.0021 2.56 bubble 0.395 0.395 9.64 9.64
529 0.0311 0.071 0.0042 5.05 bubble 0.392 0.392 9.57 9.57
529 0.0311 0.103 0.0060 7.32 bubble 0.390 0.390 9.52 9.52
529 0.0311 0.132 0.0077 9.38 bubble 0.386 0.390 9.42 9.52
529 0.0311 0.162 0.0095 11.51 bubble 0.381 0.388 9.30 9.47
529 0.0311 0.196 0.0115 13.93 bubble-slug 0.373 0.387 9.10 9.44
529 0.0311 0.235 0.0138 16.70 bubble-slug 0.366 0.386 8.93 9.42
529 0.0311 0.273 0.0160 19.40 bubble-slug 0.360 ' 0.381 8.78 9.30

> 1Ox



Table Al continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity
J water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

1ท ; , )

Reynolds 
number of 

air
Reajr

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

5 2 9 0 .0 3  1 1 0 .3 0 7 0 .0 1 8 0 2 1 .8 2 bubble-slug 0 .3 5 2 0 .3 7 9 8 .5 9 9 .2 5
5 2 9 0 .0 3 1 1 0 .3 5 6 0 .0 2 0 9 2 5 .3 0 bubble-slug 0 .3 4 4 0 .3 7 2 8 .3 9 9 .0 8
5 2 9 0 .0 3 1 1 0 .3 9 5 0 .0 2 3 2 2 8 .0 7 bubble-slug 0 .3 3 3 0 .3 6 8 8 .1 3 8 .9 8
5 2 9 0 .0 3 1 1 0 .4 5 0 0 .0 2 6 4 3 1 .9 8 bubble-slug 0 .3 2 4 0 .3 6 3 7 .91 8 .8 6
.529 0 .031 1 0 .5 1 0 0 .0 2 9 9 3 6 .2 4 slug 0 .311 0 .3 5 7 7 .5 9 8.71
5 2 9 0 .0 3 1 1 0 .5 6 8 0 .0 3 3 3 4 0 .3 7 slug 0 .3 0 6 0 .3 5 2  . 7 .4 7 8 .5 9
5 2 9 0 .0 3 1 1 0 .6 6 0 0 .0 3 8 7 4 6 .9 0 slug 0 .2 9 3 0 .3 4 6 7 .1 5 8 .4 4
5 2 9 0 .0 3 1 1 0 .7 2 2 0 .0 4 2 4 51 .31 slug 0 .2 8 5 0 .3 4 4 6 .9 5 8 .3 9
5 2 9 0 .031 1 0 .7 8 9 0 .0 4 6 3 5 6 .0 7 slug 0 .2 7 2 0 .3 6 0 6 .6 4 8 .7 8
5 2 9 0 .0 3 1 1 0 .8 6 7 0 .0 5 0 9 61 .61 slug 0 .2 6 5 0 .3 3 9 6 .4 7 8 .2 7
5 2 9 0 .031 1 1.022 0 .0 6 0 0 7 2 .6 3 slug 0 .2 5 0 0 .3 2 0 6 .1 0 7 .81
5 2 9 0 .0 3 1 1 2 .3 9 4 0 .1 4 0 5 17 0 .1 3 slug 0 .1 0 0 0 .3 6 0 2 .4 4 8 .7 8
5 2 9 0 .0 3 1 1 4 .0 0 0 0 .2 3 4 7 2 8 4 .2 6 slug -0 .0 1 0 0 .4 0 0 -0 .2 4 9 .7 6
5 2 9 0 .0 3 1 1 5 .3 2 6 0 .3 1 2 6 3 7 8 .5 0 slug -0 .0 5 0 0 .3 8 0 -1 .2 2 9 .2 7
5 2 9 0 .031 1 7 .0 5 8 0 .4 1 4 2 5 0 1 .5 8 slug -0 .0 6 0 0 .3 2 0 -1 .4 6 7.81
5 2 9 0 .0 3 1 1 10.000 0 .5 8 6 9 7 1 0 .6 6 slug-chum -0 .0 8 0 0 .2 6 0 -1 .9 5 6 .3 4
5 2 9 0 .031 1 20.000 1 .1 7 3 7 1 4 2 1 .3 2 slug-chum -0 .0 4 0 0 .1 6 0 -0 .9 8 3 .9 0
5 2 9 0 .031 1 3 0 .0 0 0 1 .7 6 0 6 2 1 3 1 .9 8 chum -0 .0 2 0 0 .1 4 0 -0 .4 9 3 .4 2
5 2 9 0 .031 1 4 0 .0 0 0 2 .3 4 7 4 2 8 4 2 .6 3 chum 0 .0 0 0 0 .1 4 0 0 .0 0 3 .4 2
5 2 9 0 .0 3 1 1 5 0 .0 0 0 2 .9 3 4 3 3 5 5 3 .2 9 chum 0 .0 4 0 0 .1 3 0 0 .9 8 3 .1 7

GN



Table Al continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

J  water
(m/s)

Air
flow rate

Q  air 
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
Reair

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

529 0.0311 60.000 3.5211 4263.95 chum 0.020 0.100 0.49 2.44
529 0.0311 70.000 4.1080 4974.61 churn 0.050 0.100 1.22 2.44
529 0.0311 100.000 5.8685 7106.59 chum 0.040 0.100 0.98 2.44
529 0.0311 200.000 11.7371 14213.17 annular 0.036 0.050 0.88 1.22
529 0.0311 300.000 17.6056 21319.76 annular 0.038 0.046 0.93 1.12
529 0.0311 400.000 23.4742 28426.35 annular 0.050 0.056 1.22 1.37
529 0.0311 500.000 29.3427 35532.93 annular 0.061 0.069 1.49 1.68
529 0.0311 600.000 35.2113 42639.52 annular 0.073 0.085 1.78 2.07
529 0.0311 700.000 41.0798 49746.11 annular 0.093 0.099 2.27 2.42
529 0.0311 800.000 46.9484 56852.69 mist 0 .1 1 1 0.117 2.71 2.86
529 0.0311 900.000 52.8169 63959.28 mist 0.125 0.135 3.05 3.29
529 0.0311 1000.000 58.6854 71065.87 mist 0.150 0.167 3.66 4.08
7 32 0.043 0 .0 0 0 0 .0 0 0 0 0.00 - 0.398 0.398 9.71 9.71
732 0.043 0.036 0.0021 2.56 bubble 0.392 0.392 9.57 9.57
732 0.043 0.071 ' 0.0042 5.05 bubble 0.388 0.391 9.47 9.54
732 0.043 0.103 0.0060 7.32 bubble 0.382 0.392 9.32 9.57
732 0.043 0.132 0.0077 9.38 bubble 0.379 0.391 9.25 9.54
732 0.043 0.162 0.0095 11.51 bubble 0.369 0.390 9.00 9.52
732 0.043 0.196 0.0115 13.93 bubble 0.362 0.391 8.83 9.54
732 0.043 0.235 0.0138 16.70 bubble-slug 0 357 0.386 8.71 9.42



Table Al continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

7  water
(m/s)

Air
flow rate

0 a ir
(1/min)

Sup. air 
velocity

(เท่/ร)

Reynolds 
number of 

air 
Reair

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

7 3 2 0 .0 4 3 0 .2 7 3 ง. 0 1 6 0 1 9 .4 0 bubble-slug 0 .3 4 7 0 .3 8 3 8 .4 7 9 .3 5
7 3 2 0 .0 4 3 0 .3 0 7 0 .0 1 8 0 2 1 .8 2 bubble-slug 0 .3 3 8 0 .3 8 0 8 .2 5 9 .2 7
7 3 2 0 .0 4 3 0 .3 5 6 * 0 .0 2 0 9 2 5 .3 0 bubble-slug 0 .3 2 6 0 .3 7 5 7 .9 6 9 .1 5
7 3 2 0 .0 4 3 0 .3 9 5 0 .0 2 3 2 2 8 .0 7 bubble-slug 0 .3 2 0 0 .3 6 0 7 .81 8 .7 8
7 3 2 0 .0 4 3 0 .4 5 0 0 .0 2 6 4 3 1 .9 8 bubble-slug 0 .3 0 5 0 .3 6 5 7 .4 4 8.91
7 3 2 0 .0 4 3 0 .5 1 0 0 .0 2 9 9 3 6 .2 4 bubble-slug 0 .2 9 7 0 .3 5 7 7 .2 5 8 .71
7 3 2 0 .0 4 3 0 .5 6 8 0 .0 3 3 3 4 0 .3 7 bubble-slug 0 .2 8 5 0 .3 5 3 6 .9 5 8.61
7 3 2 0 .0 4 3 0 .6 6 0 0 .0 3 8 7 4 6 .9 0 slug 0 .2 7 5 0 .3 6 6 6 .71 8 .9 3
7 3 2 0 .0 4 3 0 .7 2 2 0 .0 4 2 4 51 .3 1 slug 0 .2 7 1 0 .3 5 4 6 .61 8 .6 4
7 3 2 0 .0 4 3 0 .7 8 9 0 .0 4 6 3 5 6 .0 7 slug 0 .2 5 0 0 .3 6 0 6 .1 0 8 .7 8
7 3 2 0 .0 4 3 0 .8 6 7 0 .0 5 0 9 61 .61 slug 0 .2 5 5 0 .3 6 0 6 .2 2 8 .7 8
7 3 2 0 .0 4 3 1 .0 2 2 0 .0 6 0 0 7 2 .6 3 slug 0 .2 6 0 0 .3 5 0 6 .3 4 8 .5 4
7 3 2 0 .0 4 3 2 .3 9 4 0 .1 4 0 5 1 7 0 .1 3 slug 0.100 0 .3 6 0 2 .4 4 8 .7 8
7 3 2 0 .0 4 3 4 .0 0 0 0 .2 3 4 7 2 8 4 .2 6 slug -0.020 0 .3 6 0 -0 .4 9 8 .7 8
7 3 2 0 .0 4 3 5 .3 2 6 0 .3 1 2 6 3 7 8 .5 0 slug -0 .0 4 0 0 .3 6 0 -0 .9 8 8 .7 8
7 3 2 0 .0 4 3 7 .0 5 8 0 .4 1 4 2 5 0 1 .5 8 slug -0 .0 6 0 0 .3 4 0 -1 .4 6 8 .3 0
7 3 2 0 .0 4 3 1 0 .0 0 0 0 .5 8 6 9 7 1 0 .6 6 slug -0.100 0 .3 0 0 - 2 4 4 7 .3 2
7 3 2 0 .0 4 3 2 0 .0 0 0 1 .1 7 3 7 1 4 2 1 .3 2 slug-chum -0 .0 8 0 0 .1 6 0 -1 .9 5 3 .9 0
7 3 2 0 .0 4 3 3 0 .0 0 0 1 .7 6 0 6 2 1 3 1 .9 8 chum -0 .0 4 0 ' 0 ,1 4 0 -0 .9 8 3 .4 2
7 3 2 0 .0 4 3 4 0 .0 0 0 2 .3 4 7 4 2 8 4 2 .6 3 chum 0.020 0 .1 4 0 0 .4 9 3 .4 2



Table A l continued
Water 

flow rate
Q water

(ml/min)

Sup. water 
velocity
J  water
(m/s)

Air
flow rate

Q air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
Reair

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)cxp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

7 3 2 0 .0 4 3 5 0 .0 0 0 2 .9 3 4 3 3 5 5 3 .2 9 chum 0 .0 4 0 0.120 0 .9 8 2 .9 3
7 3 2 0 .0 4 3 6 0 .0 0 0 3 .5 2 1 1 4 2 6 3 .9 5 chum 0 .0 3 0 0 .0 9 0 0 .7 3 2.20
7 3 2 0 .043 7 0 .0 0 0 4 .1 0 8 0 4 9 7 4 .6 1 chum 0 .0 1 5 0.110 0 .3 7 2.68
7 3 2 0 .0 4 3 1 0 0 .0 0 0 5 .8 6 8 5 7 1 0 6 .5 9 chum 0 .0 3 0 0.100 0 .7 3 2 .4 4
7 3 2 0 .0 4 3 2 0 0 .0 0 0 11 .7371 1 4 2 1 3 .1 7 annular 0 .0 4 0 0 .0 5 0 0 .9 8 1.22
7 3 2 0 .0 4 3 3 0 0 .0 0 0 1 7 .6 0 5 6 2 1 3 1 9 .7 6 annular 0 .0 4 5 0 .0 5 0  1 1.10 1.22
7 3 2 0 .0 4 3 4 0 0 .0 0 0 2 3 .4 7 4 2 2 8 4 2 6 .3 5 annular 0 .0 5 5 0 .0 6 5 1 .3 4 1 .5 9
7 3 2 0 .0 4 3 5 0 0 .0 0 0 2 9 .3 4 2 7 3 5 5 3 2 .9 3 annular 0 .0 7 2 0 .0 8 0 1 .7 6 1 .95
7 3 2 0 .0 4 3 6 0 0 .0 0 0 3 5 .2 1 1 3 <+2639.52 annular 0 .0 9 0 0 .0 9 8 2 .2 0 2 .3 9
7 3 2 0 .0 4 3 7 0 0 .0 0 0 4 1 .0 7 9 8 4 9 7 4 6 .1 1 annular 0.110 0 .1 1 6 2 .6 8 2 .8 3
7 3 2 0 .0 4 3 8 0 0 .0 0 0 4 6 .9 4 8 4 5 6 8 5 2 .6 9 mist 0 .1 3 4 0 .1 4 4 3 .2 7 3 .51
7 3 2 0 .0 4 3 9 0 0 .0 0 0 5 2 .8 1 6 9 6 3 9 5 9 .2 8 mist 0 .1 5 4 0 .1 6 2 3 .7 6 3 .9 5
7 3 2 0 .0 4 3 1 0 0 0 .0 0 0 5 8 .6 8 5 4 7 1 0 6 5 .8 7 mist 0 .1 8 8 0 .1 9 7 4 .5 9 4 .81
9 3 6 0 .0 5 5 0.000 0.0000 0 .0 0 - 0 .3 9 6 0 .3 9 6 9 .6 6 9 .6 6
9 3 6 0 .0 5 5 0 .0 3 6 0 .0 0 2 1 2 .5 6 bubble 0 .3 9 2 0 .3 9 2 9 .5 7 9 .5 7
9 3 6 0 .0 5 5 0 .0 7 1 0 .0 0 4 2 5 .0 5 bubble 0 .3 8 8 0 .3 9 4 9 .4 7 9 .61
9 3 6 0 .0 5 5 0 .1 0 3 0 .0 0 6 0 7 .3 2 bubble 0 .3 8 6 0 .3 9 2 9 .4 2 9 .5 7
9 3 6 0 .0 5 5 0 .1 3 2 0 .0 0 7 7 9 .3 8 bubble 0 .3 7 8 0 .3 9 0 9 .2 2 9 .5 2
9 3 6 0 .0 5 5 0 .1 6 2 0 .0 0 9 5 11 .51 bubble 0 .3 7 4 0 .3 8 8 9 .1 3 9 .4 7
9 3 6 0 .0 5 5 0 .1 9 6 0  0 1 1 5 13 .9 3 bubble 0 368 0 .3 8 8 8 .9 8 9 .4 7

' J
VO



Table Al continued
Water 

flow rate
Q water

(ml/min)

Sup. water 
velocity
J  water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
Reair

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)c,5p from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

9 3 6 0 .0 5 5 0 .2 3 5 0 .0 1 3 8 16 .7 0 bubble 0 .3 6 2 0 .3 8 4 8 .8 3 9 .3 7
9 3 6 0 .0 5 5 0 .2 7 3 0 .0 1 6 0 1 9 .4 0 bubble-slug 0 .3 5 2 0 .3 8 1 8 .5 9 9 .3 0
9 3 6 0 .0 5 5 0 .3 0 7 0 .0 1 8 0 2 1 .8 2 bubble-slug 0 .3 4 4 0 .3 7 9 8 .3 9 9 .2 5
9 3 6 0 .0 5 5 0 .3 5 6 0 .0 2 0 9 2 5 .3 0 bubble-slug 0 .3 3 4 0 .3 7 5 8 .1 5 9 .1 5
9 3 6 0 .0 5 5 0 .3 9 5 0 .0 2 3 2 2 8 .0 7 bubble-slug 0 .3 2 6 0 .3 6 7 7 .9 6 8 .9 6
9 3 6 0 .0 5 5 0 .4 5 0 0 .0 2 6 4 3 1 .9 8 bubble-slug 0 .3 1 8 0 .3 6 1 7 .7 6 8.81
9 3 6 0 .0 5 5 0 .5 1 0 0 .0 2 9 9 3 6 .2 4 bubble-slug 0 .3 1 2 0 .3 5 3 7 .61 8.61
9 3 6 0 .0 5 5 0 .5 6 8 0 .0 3 3 3 4 0 .3 7 bubble-slug 0 .3 0 6 อ. 3 4 9 7 .4 7 8 .5 2
9 3 6 0 .0 5 5 0 .6 6 0 0 .0 3 8 7 4 6 .9 0 slug 0 .2 9 6 0 .3 4 3 7 .2 2 8 .3 7
9 3 6 0 .0 5 5 0 .7 2 2 0 .0 4 2 4 51 .31 slug 0 .2 8 6 0 .3 4 9 6 .9 8 8 .5 2
9 3 6 0 .0 5 5 0 .7 8 9 0 .0 4 6 3 5 6 .0 7 slug 0 .2 7 4 0 .3 3 9 6 .6 9 8 .2 7
9 3 6 0 .0 5 5 0 .8 6 7 0 .0 5 0 9 61 .61 slug 0 .2 6 7 0 .3 3 3 6 .5 2 8 .1 3
9 3 6 0 .0 5 5 1 . 0 2 2 0 .0 6 0 0 7 2 .6 3 slug 0 2 5 4 0 .3 4 0 6.20 8 .3 0
9 3 6 0 .0 5 5 2 .3 9 4 0 .1 4 0 5 17 0 .1 3 slug 0 .1 4 0 0 .3 8 0 3 .4 2 9 .2 7
9 3 6 0 .0 5 5 4 .0 0 0 0 .2 3 4 7 2 8 4 .2 6 slug 0 .0 3 0 0 .3 5 0 0 .7 3 8 .5 4
9 3 6 0 .0 5 5 5 .3 2 6 0 .3 1 2 6 3 7 8 .5 0 slug 0.000 0 .3 7 0 0.00 9 .0 3
9 3 6 0 .0 5 5 7 .0 5 8 0 .4 1 4 2 5 0 1 .5 8 slug -0.020 0 .3 3 0 -0 .4 9 8 .0 5
9 3 6 0 .0 5 5 1 0 . 0 0 0 0 .5 8 6 9 7 1 0 .6 6 slug -0 .0 8 0 .2 8 -1 .9 5 6 .8 3
9 3 6 0 .0 5 5 2 0 . 0 0 0 1 .1 7 3 7 1 4 2 1 .3 2 slug-chum -0 .0 4 0.22 -0 .9 8 5 .3 7
9 3 6 0 0 5 5 3 0 .0 0 0 1 .7 6 0 6 2 1 3 1 .9 8 chum 0 0.12 0.00 2 9 3



Table Al continued
Water 

flow rate
Q water

(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
• Reai1.

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

936 0.055 40.000 2.3474 2842.63 chum 0.02 0.15 0.49 3.66
936 0.055 50.000 2.9343 3553.29 chum 0.04 0.13 0.98 3.17
936 0.055 60.000 3.5211 4263.95 chum 0.05 0.11 1.22 2.68
936 0.055 70.000 4.1080 4974.61 chum 0.04 0.11 0.98 2.68
936 0.055 100.000 5.8685 7106.59 chum 0.045 0.105 1.10 2.56
936 0.055 200.000 11.7371 14213.17 annular 0.045 0.061 1.10 1.49
936 0.055 300.000 17.6056 21319.76 annular 0.053 0.061 1.29 1.49
936 0.055 400.000 23.4742 28426.35 annular 0.065 0.071 1.59 1.73
936 0.055 500.000 29.3427 35532.93 annular 0.085 0.091 2.07 2.22
936 0.055 600.000 35.2113 42639.52 annular 0.107 0.113 2.61 2.76
936 0.055 700.000 41.0798 49746.11 annular 0.124 0.135 3.03 3.29
936 0.055 800.000 46.9484 56852.69 mist 0.15 0.159 3.66 3.88
936 0.055 900.000 -52.8169 63959.28 mist 0.175 0.185 4.27 4.51
936 0.055 1000.000 58.6854 71065.87 mist 0.21 0.216 5.12 5.27
1241 0.073 0.000 0.0000 0.00 - 0.394 0.394 9.61 9.61
1241 0.073 0.036 0.0021 2.56 bubble 0.391 0.391 9.54 9.54
1241 0.073 0.071 0.0042 5.05 bubble 0.389 0.393 9.49 9.59
1241 0.073 0.103 0.0060 7.32 bubble 0.387 0.393 9.44 9.59
1241 0.073 0.132 0.0077 9.38 bubble 0.379 0.391 9.25 9.54
1241 0073 0.162 0.0095 11.51 bubble 0.377 0 387 9.20 9.44



Table Al continued
Water 

flow rate
Q water

(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
Reair

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)cxp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

1241 0.073 0.196 -0.0115 13.93 bubble 0.369 0.385 9.00 9.39
1241 0.073 0.235 0.0138 16.70 bubble 0:365 0.381 8.91 9.30
1241 0.073 0.273 0.0160 19.40 bubble 0.357 0.379 8.71 9.25
1241 0.073 0.307 0.0180 21.82 bubble 0.345 0.375 8.42 9.15
1241 0.073 0.356 0.0209 25.30 bubble 0.337 0.369 8.22 9.00
1241 0.073 0.395 0.0232 28.07 bubble-slug 0.329 0.371 8.03 9.05
1241 0.073 0.450 0.0264 31.98 bubble-slug 0.321 0.365 7.83 8.91
1241 0.073 0.510 0.0299 36.24 bubble-slug 0.313 0.375 7.64 9.15
1241 0.073 0.568 0.0333 40.37 bubble-slug 0.305 0.365 7.44 8.91
1241 0.073 0.660 0.0387 46.90 bubble-slug 0.299 0.355 7.30 8.66
1241 0.073 0.722 0.0424 51.31 bubble-slug 0.291 0.359 7.10 8.76
1241 0.073 0.789 0.0463 56.07 slug 0.283 0.351 6.91 8.57
1241 0.073 0.867 0.0509 61.61 slug 0.275 0.339 6.71 8.27
1241 0.073 1.022 0.0600 72.63 slug 0.280 0.340 6.83 8.30
.1241 0.073 2.394 0.1405 170.13 slug 0.150 0.330 3.66 8.05
1241 0.073 4.000 0.2347 284.26 slug 0.100 0.320 1 2.44 7.81
1241 0.073 5.326 0.3126 378.50 slug 0.020 0.360 0.49 8.78
1241 0.073 7.058 0.4142 501.58 slug 0.010 0.300 0.24 7.32
1241 0.073 10.000 0.5869 710.66 slug -0.050 0.290 -1.22 7.08
1241 0.073 20.000 1.1737 1421.32 slug-chum -0.030 0.200 -0.73 4.88



Table A l continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity
J  water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
Reair

Flow
regime Water levels difference in 

manometer, (m)
(*dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

1241 0 .0 7 3 3 0 .0 0 0 1 .7 6 0 6 2 1 3 1 .9 8 churn -0 .0 1 0 0 .1 3 0 -0 .2 4 3 .1 7
1241 0 .0 7 3 4 0 .0 0 0 2 .3 4 7 4 2 8 4 2 .6 3 chum 0 .0 3 0 0 .1 4 0 0 .7 3 3 .4 2
1241 0 .0 7 3 5 0 .0 0 0 2 .9 3 4 3 3 5 5 3 .2 9 chum 0 .0 4 5 0 .1 3 5 1.10 3 .2 9
1241 0 .0 7 3 6 0 .0 0 0 3 .5 2 1 1 4 2 6 3 .9 5 chum 0 .0 5 0 0 .1 4 0  . 1 . 2 2 3 .4 2
1241 0 .0 7 3 7 0 .0 0 0 4 .1 0 8 0 4 9 7 4 .6 1 chum 0 .0 4 0 0 . 1 2 0 0 .9 8 2 .9 3
1241 0 .0 7 3 1 0 0 . 0 0 0 5 .8 6 8 5 7 1 0 6 .5 9 chum 0 .0 5 0 0 . 1 1 0 1 . 2 2 2 . 6 8

1241 0 .0 7 3 2 0 0 . 0 0 0 11 .73 71 1 4 2 1 3 .1 7 annular 0 .0 5 9 0 .0 7 0 1 .4 4 1.71
1241 0 .0 7 3 3 0 0 .0 0 0 1 7 .6 0 5 6 2 1 3 1 9 .7 6 annualr 0 .0 6 8 0 .0 7 4 1 . 6 6 1.81
1241 0 .0 7 3 4 0 0 .0 0 0 2 3 .4 7 4 2 2 8 4 2 6 .3 5 annualr 0 .0 8 7 0 .0 9 3 2 . 1 2 2 .2 7
1241 0 .0 7 3 5 0 0 .0 0 0 2 9 .3 4 2 7 3 5 5 3 2 .9 3 annualr 0 .1 0 8 0 .1 1 6 2 .6 4 2 .8 3
1241 0 .073 6 0 0 .0 0 0 3 5 .2 1 1 3 4 2 6 3 9 .5 2 annualr 0 .1 3 1 0 .1 3 7 3 .2 0 3 .3 4
1241 0 .0 7 3 7 0 0 .0 0 0 4 1 .0 7 9 8 4 9 7 4 6 .1 1 annualr 0 .1 5 7 0 .1 6 2 3 .8 3 3 .9 5
1241 0 .0 7 3 8 0 0 .0 0 0 4 6 .9 4 8 4 5 6 8 5 2 .6 9 mist 0 .1 9 0 0 .1 9 7 4 .6 4 4 .81
1241 0 .0 7 3 9 0 0 .0 0 0 5 2 .8 1 6 9 6 3 9 5 9 .2 8 mist 0 . 2 2 0 0 .2 2 7 5 .3 7 5 .5 4
1241 0 .0 7 3 1 0 0 0 . 0 0 0 5 8 .6 8 5 4 7 1 0 6 5 .8 7 mist 0 .2 7 5 0 .2 8 0 6 .71 6 .8 3
2 0 5 5 0 . 1 2 1 0 . 0 0 0 0 . 0 0 0 0 0 . 0 0 - 0 .3 9 7 0 .3 9 7 9 .6 9 9 .6 9
2 0 5 5 0 . 1 2 1 0 .0 3 6 0 . 0 0 2 1 2 .5 6 bubble 0 .3 9 3 0 .3 9 3 9 .5 9 9  5 9
2 0 5 5 0 . 1 2 1 0 .071 0 .0 0 4 2 5 .0 5 bubble 0 .3 9 0 0 .3 9 0 9 .5 2 9 .5 2
2 0 5 5 0 . 1 2 1 0 .1 0 3 0 .0 0 6 0 7 .3 2 bubble 0 .3 8 9 0 .3 8 9 9 .4 9 9 .4 9
2 0 5 5 0  121 0 .1 3 2 0 .0 0 7 7 9 .3 8 bubble 0 .3 8 6 0 .3 8 6 9 .4 2 9 .4 2



Table Al continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air
air

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

2055 0.121 0.162 0.0095 11.51 bubble 0.382 0.382 9.32 9.32
2055 0.121 0.196 0.0115 13.93 bubble 0.380 0.380 9.27 9.27
2055 0.121 0.235 0.0138 16.70 bubble 0.376 0.376 9.18 9.18
2055 0.121 0.273 0.0160 19.40 bubble 0.369 0.373 9.00 9.10
2055 0.121 0.307 0.0180 21.82 bubble 0.365 0.369 8.91 9.00
2055 0.121 0.356 0.0209 25.30 bubble 0.359 0.365 8.76 8.91
2055 0.121 0.395 0.0232 28.07 bubble 0.352 0.360 8.59 8.78
2055 0.121 0.450 0.0264 31.98 bubble 0.340 0.359 8.30 8.76
2055 0.121 0.510 0.0299 36.24 bubble-slug 0.340 0.360 8.30 8.78
2055 0.121 0.568 0.0333 40.37 bubble-slug 0.331 0.349 8.08 8.52
2055 0.121 0.660 0.0387 46.90 bubble-slug 0.325 0.365 7.93 8.91
2055 0.121 0.722 0.0424 51.31 bubble-slug 0.317 0.353 7.74 8.61
2055 0.121 0.789 0.0463 56.07 bubble-slug 0.309 0.343 7.54 8.37
2055 0.121 0.867 0.0509 61.61 bubble-slug 0.301 0.353 7.35 8.61
2055 0.121 1.022 0.0600 72.63 slug 0.296 0.340 7.22 8.30
2055 0.121 2.394 0.1405 170.13 slug 0.190 0.330 4.64 8.05
2055 0.121 4.000 0.2347 284.26 slug 0.120 0.340 2.93 8.30
2055 0.121 5.326 0.3126 378.50 slug 0.040 0.310 0.98 7.56
2055 0.121 7.058 0.4142 501.58 slug 0.010 0.340 0.24 8.30
2055 0 121 10.000 0.5869 710.66 slug -0.030 0 260 -0.73 634

qo



Table Al continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

0a,r
(1/min)

Sup. air 
velocity

< i >

Reynolds 
number of 

air
air

Flow
regime Water levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

2055 0.121 20.000 1.1737 1421.32 slug-chum -0.020 0.220 -0.49 5.37
2055 0.121 30.000 1.7606 2131.98 chum 0.000 0.200 0.00 4.88
2055 0.121 40.000 2.3474 2842.63 chum 0.020 0.160 0.49 3.90
2055 0.121 50.000 2.9343 3553.29 chum 0.030 0.150 0.73 3.66
2055 0.121 60.000 3.5211 4263.95 chum 0.050 0.140 1.22 3.42
2055 0.121 70.000 4.1080 4974.61 chum 0.060 0.140 1.46 3.42
2055 0.121 100.000 5.8685 7106.59 chum 0.050 0.110 1.22 2.68
2055 0.121 200.000 *11.7371 14213 17 annular 0.070 0.090 171 2.20
2055 0.121 300.000 17.6056 21319.76 annualr 0^096 0.108 2.34 2.64
2055 0.121 400.000 23.4742 28426.35 annualr 0.122 0.132 2.98 3.22
2055 0.121 500.000 29.3427 35532.93 annualr 0.150 0.166 3.66 4.05
2055 0.121 600.000 35.2113 42639.52 annualr 0.182 0.196 4.44 4.78
2055 0.121 700.000 41.0798 49746.11 annualr 0.213 0.221 5.20 5.39
2055 0.121 800.000 46.9484 56852.69 mist 0.251 0.257 6.12 6.27
2055 0.121 900.000 52.8169 63959.28 mist 0.298 0.302 7.27 7.37
2055 0.121 1000.000 58.6854 71065.87 mist 0.322 0.328 7.86 8.00



Table A2 Determination of flow regimes and the pressure gradients as measured by a manometer in each flow regime 
Physical properties of air and (50 vor/o glycerol + 50 vol% water) solution used in the experiments: 
viscosity of glycerol solution, (̂ solution =ใ 4.48 X  10'3 kg/m.s; density of glycerol solution, Psoiution = 1121 kg/m3 
viscosity of ฟ r, p.air = 1.85 X  10‘5 kg/m.s; density of air, P a i r =  1.18 kg/m3
temperature, T = 3 l°c (± 1°C); diameter of the pipe, D = 0.019 m; pressure taps difference = 0.4 m

Solution 
flow rate
Q ร olution

(ml/min)

Sup. solution 
velocity
J solution
(m/s)

Air
flow rate

£a ir
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
Reair

Flow
regime Solution levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

0 0.0000 0.000 0.0000 0 . 0 0 - 0 .4 0 0 0 .4 0 0 1 1 . 0 0 1 1 . 0 0

0 0.0000 0 .0 3 6 0 . 0 0 2 1 2 .5 6 bubble 0 .3 9 7 0  3 9 7 10.91 10 .91
0 0.0000 0.071 0 .0 0 4 2 5 .0 5 bubble 0 .3 9 5 0 .3 9 5 1 0 . 8 6 1 0 . 8 6

0 0.0000 0 .1 0 3 0 .0 0 6 0 7 .3 2 bubble 0 .3 8 9 0 .3 8 9 1 0 .6 9 1 0 .6 9
0 0.0000 0 .1 3 2 0 .0 0 7 7 9 .3 8 bubble 0 .3 8 1 0 .3 8 1 1 0 .4 7 1 0 .4 7
0 0.0000 0 .1 6 2 0 .0 0 9 5 11.51 bubble 0 .3 7 3 0 .3 7 7 10 25 1 0 .3 6
0 0.0000 0 .1 9 6 0 .0 1 1 5 13 .93 bubble-slug 0 .3 6 5 0 .3 7 3 10 .03 10 .2 5
0 0.0000 0 .2 3 5 0 .0 1 3 8 1 6 .7 0 bubble-slug 0 .3 5 5 ' 0 3 6 5 9 .7 6 10  03
0 0.0000 0 .2 7 3 0 .0 1 6 0 1 9 .4 0 bubble-slug 0 .3 4 7 0 .3 6 7 9 .5 4 1 0 .0 9
0 0.0000 0 .3 0 7 0 .0 1 8 0 2 1 .8 2 bubble-slug 0 .331 0 .3 5 5 9 .1 0 9 .7 6
0 0.0000 0 .3 5 6 0 .0 2 0 9 2 5 .3 0 bubble-slug 0 .3 1 9 0 .3 4 9 8 .7 7 9 .5 9
0 0.0000 0 .3 9 5 0 .0 2 3 2 2 8 .0 7 bubble-slug 0 .3 0 9 0 .3 5 5 8 .5 0 9 .7 6
0 0.0000 0 .4 5 0 0 .0 2 6 4 3 1 .9 8 slug 0 .2 9 9 0 .3 2 7 8 . 2 2 8 .9 9
0 0.0000 0 .5 1 0 0 .0 2 9 9 3 6 .2 4 slug 0 .2 8 7 0 .3 2 5 7 .8 9 8 .9 4



Table A2 continued
Solution 
flow rate
Q ร olution

(ml/min)

Sup. solution 
velocity
J solution
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
Reair

Flow
regime Solution levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

0 0.0000 0.568 0.0333 40.37 slug 0.277 ' 0.325 7.62 8.94
0 0.0000 0.660 0.0387 46.90 slug 0.267 0.319 7.34 8.77
0 0.0000 0.722 0.0424 51.31 slug 0.255 0.305 7.01 8.39
0 0.0000 0.789 0.0463 56.07 slug 0.245 0.305 6.74 8.39
0 0.0000 0.867 0.0509 61.61 slug 0.233 0.315 6.41 8.66

358 0.0210 0.000 0.0000 0.00 - 0.398 0.398 10.94 10.94
358 0.0210 0.036 0.0021 2.56 bubble 0.395 0.395 10.86 10.86
358 0.0210 0.071 0.0042 5.05 bubble 0.390 0.390 10.72 10.72
358 0.0210 0.103 0.0060 7.32 bubble 0.385 0.385 10.58 10.58
358 0.0210 0.132 0.0077 9.38 bubble 0.381 0.381 10.47 10.47
358 0.0210 0.162 0.0095 11.51 bubble 0.373 0.377 10.25 10.36
358 0.0210 0.196 0.0115 13.93 bubble 0.367 0.373 10.09 10.25
358 0.0210 0.235 0.0138 16.70 bubble-slug 0.360 0.370 9.90 10.17
358 0.0210 0.273 0.0160 19.40 bubble-slug 0.352 0.360 9.68 9.90
358 0.0210 0.307 0.0180 21.82 bubble-slug 0.342 0.354 9.40 9.73
358 0.0210 0.356 0.0209 25.30 bubble-slug 0.340 0.350 9.35 9.62
358 0.0210 0.395 0.0232 28.07 bubble-slug 0 320 0.344 8.80 9.46
358 0.0210 0.450 0.0264 31.98 bubble-slug 0.314 0.340 8,63 9.35
358 0.0210 0.510 0.0299 36.24 bubble-slug 0.304 0.334 8.36 9.18
358 0.0210 0.568 0.0333 40.37 slug 0.294 0.330 8.08 9.07



Table A2 continued
Solution 
flow rate
Q ร olution

(ml/min)

Sup. solution 
velocity
J solution
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
Reair

Flow
regime Solution levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

358 0.0210 0.660 0.0387 46.90 slug 0.286 0.324 7.86 8.91
358 0.0210 0.722 0.0424 51.31 slug 0.278 0.310 7.64 8.52
358 0.0210 0.789 0.0463 56.07 slug 0.272 0.310 7.48 8.52
358 0.0210 0.867 0.0509 61.61 slug 0.264 0.310 7.26 8.52
358 0.0210 1.022 0.0600 •72.63 slug 0.254 0.300 6.98 8.25
358 0.0210 2.394 0.1405 170.13 slug 0.150 0.250 4.12 6.87
358 0.0210 4.000 - 0.2347 284.26 slug 0.050 0.210 1.37 5.77
358 0.0210 5.326 0.3126 378.50 slug 0.030 0.230 0.82 6.32
358 0.0210 7.058 0.4142 501.58 slug-chum 0.020 0.210 0.55 5.77
358 0.0210 10.000 0.5869 710.66 slug-chum 0.030 0.150 0.82 4.12
358 0.0210 20.000 1.1737 1421.32 chum 0.020 0.120 0.55 3.30
358 0.0210 30.000 1.7606 2131.98 chum 0.035 0.095 0.96 2.61
358 0.0210 40.000 2.3474 2842.63 chum 0.047 0.085 1.29 2.34
358 0.0210 50.000 2.9343 3553.29 chum 0.035 0.090 0.96 2.47
358 0.0210 60.000 3.5211 4263.95 chum 0.050 0.085 1.37 2.34
358 0.0210 70.000 4.1080 4974.61 chum 0.058 0.082 1.59 2.25
358 0.0210 100.000 5.8685 7106.59 chum 0.055 0.085 1.51 2.34
358 0.0210 200.000 ‘ 11.7371 14213.17 annular 0.048 0.053 1.32 1.46
358 0.0210 300.000 17.6056 21319.76 annular 0 .0 5 6 0.056 1.54 1.54
358 0.0210 400.000 23.4742 28426.35 annular 0.069 0.069 1.90 1.90



Table A2 continued
Solution 
flow rate
Q ร olution

(ml/min)

Sup. solution 
velocity
J solution
(m/s)

Air
flow rate

0 a,r
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
Reair

Flow
regime Solution levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

358 0.0210 500.000 29.3427 35532.93 annular 0.090 0.090 2.47 2.47
358 0.0210 600.000 35.2113 42639.52 annular 0.108 0.108 2.97 2.97
358 0.0210 700.000 41.0798 49746.11 annular 0.133 0.133 3.66 3.66
358 0.0210 800.000 46.9484 56852.69 mist 0.169 0.169 4.65 4.65
545 0.0320 0.000 * 0.0000 0.00 - 0.397 0.397 10.91 10.91
545 0.0320 0.036 0.0021 2.56 bubble 0.393 0.393 10.80 10.80
545 0.0320 0.071 0.0042 5.05 bubble 0.388 0.388 10.67 10.67
545 0.0320 0 103 0.0060 7.32 bubble 0.384 0.384 10.56 10.56
545 0.0320 0.132 0.0077 9.38 bubble 0.379 0.379 10.42 10.42
545 0.0320 0.162 0.0095 11.51 bubble 0.374 0.374 10.28 10.28
545 0.0320 0.196 0.0115 13.93 bubble 0.368 0.370 10.12 10.17
545 0.0320 0.235 0.0138 16.70 bubble 0.364 0.368 10.01 10.12
545 0.0320 0.273 0.0160 19.40 bubble 0.354 0.362 9.73 9.95
545 0.0320 0.307 0.0180 21.82 bubble-slug 0.346 0.356 9.51 9.79
545 0.0320 0.356 0.0209 25.30 bubble-slug 0.340 0.350 9.35 9.62
545 0.0320 0.395 0.0232 28.07 bubble-slug 0.335 0.351 9.21 9.65
545 0.0320 0.450 0.0264 31.98 bubble-slug 0.322 0.342 8.85 9.40
545 0.0320 0.510 0.0299 36.24 bubble-slug 0.314 0.338 8.63 9.29

■ 545 0.0320 0.568 0.0333 40.37 bubble-slug 0.306 0.326 8.41 8.96
545 0.0320 0.660 0.0387 46.90 bubble-slug 0.294 0.322 ' 8.08 8.85



Table A2 continued
Solution 
flow rate
Q  3 olution

(ml/min)

Sup. solution 
velocity
J solution 

(ท ใ /ร )

Air
flow rate

£ a i r
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number of 

air 
R ô a ir

Flow
regime Solution levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

545 0.0320 0.722 0.0424 51.31 slug 0.290 0.318 7.97 8.74
545 0.0320 0.789 0.0463 56.07 slug 0.278 0.318 7.64 8.74
545 0.0320 0.867 0.0509 61.61 slug 0.270 0.310 7.42 8.52
545 0.0320 1 . 0 2 2 0.0600 72.63 slug 0.262 0.310 7.20 8.52
545 0.0320 2.394 0.1405 170.13 slug 0.168 0.240 4.62 6.60
545 0.0320 4.000 0.2347 284.26 slug 0.120 0.200 3.30 5.50

■ 545 0.0320 5.326 0.3126 378.50 slug 0.080 0.180 2.20 4.95
545 0.0320 7.058 0.4142 501.58 slug-chum 0.060 0.150 ' 1.65 4.12
545 0.0320 1 0 . 0 0 0 0.5869 710.66 slug-chum 0.050 f 0.132 1.37 3.63
545 0.0320 2 0 . 0 0 0 1.1737 1421.32 slug-chum 0.030 0.100 0.82 2.75
545 0.0320 30.000 1.7606 2131.98 chum 0.030 0.095 0.82 2.61
545 0.0320 40.000 2.3474 2842.63 chum 0.040 0.095 1.10 2.61
545 0.0320 50.000 2.9343 3553.29 chum 0.050 0.095 1.37 2.61
545 0.0320 60.000 3.5211 4263.95 chum 0.055 0.083 1.51 2.28
545 0.0320 70.000 4.1080 4974.61 chum 0.061 0.085 1.68 2.34
545 0.0320 1 0 0 . 0 0 0 5.8685 7106.59 chum 0.060 0.080 1.65 2.20
545 0.0320 200.000 11.7371 14213.17 annular 0.055 0.064 1.51 1.76
545 0.0320 300.000 17.6056 21319.76 annular 0.065 0.069 1.79 1.90
545 0.0320 400.000 23.4742 28426.35 annular 0.082 0.082 2.25 2.25
545 0 0320 500.000 29.3427 35532 93 annular 0 109 0 109 3.00 3.00



Table A2 continued
Solution 
flow rate
Q ร olution

(ml/min)

Sup. solution 
velocity
J solution
(m/s)

Air
flow rate

0 air
(1/min)

Sup. air 
velocity

(เท/ร)

Reynolds 
number of 

air 
Reair

Flow
regime Solution levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Minimum
(kPa/m)

Maximum
(kPa/m)Minimum Maximum

545 0.0320 600.000 35.2113 42639.52 annular 0.129 0.129 3.55 3.55
545 0.0320 700.000 41.0798 49746.11 annular 0.153 0.153 4.21 4.21
545 0.0320 800.000 46.9484 56852.69 mist 0.193 0.193 5.31 5.31
705 0.0414 0.000 0.0000 0.00 - 0395 0.395 10.86 10.86
705 0.0414 0.036 0.0021 2.56 bubble 0.391 0.391 10.75 10 75
705 0.0414 0.071 0.0042 5.05 bubble 0.387 0.387 10.64 10.64
705 0.0414 0.103 0.0060 7.32 bubble 0.384 0.384 10.56 10.56
705 0.0414 0.132 0.0077 9.38 bubble 0.38 0.38 10.45 10.45
705 0.0414 0.162 0.0095 11.51 bubble 0.376 0.376 10.34 10.34
705 0.0414 0.196 0.0115 13.93 bubble 0.37 0.374 10.17 10.28
705 0.0414 0.235 0.0138 16.70 bubble 0.364 0.371 10.01 10.20
705 0.0414 0.273 0.0160 19.40 bubble 0.358 0.364 9.84 10.01
705 0.0414 0.307 0.0180 •21.82 bubble-slug 0.348 0.356 9.57 9.79
705 0.0414 0.356 0.0209 25.30 bubble-slug 0.34 0.352 9.35 9.68
705 0.0414 0.395 0.0232 28.07 bubble-slug 0.335 0.349 9.21 9.59
705 0.0414 0.450 0.0264 31.98 bubble-slug 0.329 0.343 9.05 9.43
705 0.0414 0.510 0.0299 36.24 bubble-slug 0.321 0.337 8.83 9.26
705 0.0414 0.568 0.0333 40.37 bubble-slug 0.315 0.335 8.66 9.21
705 0.0414 0.660 0.0387 46.90 bubble-slug 0.305 0.325 8.39 8.94
705 0.0414 0.722 0.0424 51.31 bubble-slug 0301 0.321 8.28 8.83



Table A2 continued
Solution 
flow rate

Sup. solution 
velocity

Air
flow rate

Sup. air 
velocity

Reynolds 
number of

Flow
regime Solution levels difference in 

manometer, (m)
(-dp/dz)exp from experiment

Q  ร olution J solution Q  air J air air Minimum Maximum
(ml/min) (m/s) (1/min) (m/s) ' R®air Minimum Maximum (kPa/m) (kPa/m)

705 0.0414 0 .7 8 9 0.0463 56.07 slug 0.293 0.321 8.06 8.83
705 0.0414 0.867 - 0.0509 61.61 slug 0.285 0.311 7.84 8.55
705 0.0414 1 . 0 2 2 0.0600 72.63 slug 0.265 0.305 7.29 8.39
705 0.0414 2.394 0.1405 170.13 slug 0.19 0.23 5.22 6.32
705 0.0414 4.000 0.2347 284.26 slug 0.13 0.2 3.57 5.50
705 0.0414 5.326 0.3126 378.50 slug 0.08 0.18 2.20 4.95
705 0.0414 7.058 0.4142 501.58 slug 0.06 0.16 1.65 4.40
705 0.0414 1 0 . 0 0 0 0.5869 710.66 slug-chum 0.05 0.13 1.37 3.57
705 0.0414 2 0 . 0 0 0 1.1737 1421.32 slug-chum 0.03 0.14 0.82 3.85
705 0.0414 30.000 1.7606 2131.98 chum 0.03 0.1 0.82 2.75
705 0.0414 40.000 2.3474 2842.63 chum 0.045 0.105 1.24 2.89
705 0.0414 50.000 2.9343 3553.29 chum 0.05 0.1 1.37 2.75
705 0.0414 60.000 - 3.5211 4263.95 chum 0.06 0.1 1.65 2.75
705 0.0414 70.000 4.1080 4974.61 chum 0.07 0.094 1.92 2.58
705 0.0414 1 0 0 . 0 0 0 5.8685 7106.59 chum 0.065 0.095 1.79 2.61
705 0.0414 200.000 11.7371 14213.17 annular 0.059 0.075 1.62 2.06
705 0.0414 300.000 17.6056 21319 76 annular 0.068 0.076 1.87 2.09
705 0.0414 400.000 23.4742 28426.35 annular 0.087 0.097 2.39 2.67
705 0.0414 500.000 29.3427 35532.93 annular 0.111 0.115 3.05 3.16
705 0.0414 600.000 35.2113 42639.52 annular 0.133 0.133 3.66 3.66



Table A2 continued
Solution 
flow rate
Q ร olution

(ml/min)

Sup. solution 
velocity
J solution

(m/s)

Air
flow  rate

Q  air
(1/m in)

Sup. air 
velocity

(m/s)

Reynolds 
num ber o f 

air 
Reair

Flow
regime Solution levels difference in 

m anom eter, (m)
(-dp/dz)cxp from  experim ent

M inim um
(kPa/m)

M axim um
(kPa/m )M inim um M axim um

705 0.0414 700.000 41.0798 49746,11 annular 0.16 0.16 4.40 4.40
705 0.0414 800.000 46.9484 56852.69 mist 0.195 0.195 5.36 5 36

1 1 0 2 0.0647 0 . 0 0 0 0 . 0 0 0 0 0 . 0 0 - 0.398 0.398 10.94 10.94
1 1 0 2 0.0647 0.036 0 . 0 0 2 1 2.56 bubble 0.396 0.396 10.89 10.89
1 1 0 2 0.0647 0.071 0.0042 5.05 bubble 0.394 0.394 10.83 10.83
1 1 0 2 0.0647 0.103 0.0060 7.32 bubble 0.393 0.393 10.80 10.80
1 1 0 2 0.0647 0.132 0.0077 9.38 bubble 0.391 0.391 10.75 10.75
1 1 0 2 0.0647 0.162 0.0095 11.51 bubble 0.388 0.388 10.67 10.67
1 1 0 2 0.0647 0.196 0.0115 13.93 bubble 0.384 0.384 10.56 10.56
1 1 0 2 0.0647 0.235 0.0138 16.70 bubble 0.38 0.38 10.45 10.45
1 1 0 2 0.0647 0.273 0.0160 19.40 bubble 0.374 0.376 10.28 10.34
1 1 0 2 0.0647 0.307 0.0180 21.82 bubble 0.366 0.368 10.06 1 0 . 1 2
1 1 0 2 0.0647 0.356 0.0209 25.30 bubble-slug 0.36 0.364 9.90 1 0 . 0 1
1 1 0 2 0.0647 0.395 0.0232 28.07 bubble-slug 0.35 0.356 1 9.62 9.79
1 1 0 2 0.0647 0.450 0.0264 31.98 bubble-slug 0.338 0.346 9.29 9.51
1 1 0 2 0.0647 0.510 0.0299 36.24 bubble-slug 0.333 0.341 9.16 9.37
1 1 0 2 0.0647 0.568 0.0333 40.37 bubble-slug 0 3 2 8 0 3 4 2 9.02 9.40
1 1 0 2 0.0647 0.660 0.0387 46.90 bubble-slug 0.318 0.334 8.74 9.18
1 1 0 2 0.0647 0.722 0.0424 51.31 bubble-slug 0.308 0.332 8.47 9.13
1 1 0 2 0.0647 0.789 0.0463 56.07 bubble-slug 0.302 0.322 8.30 8  85



Table A2 continued
Solution 
flow rate
Q ร olution

(ml/min)

Sup. solution 
velocity
J  solution

(m/s)

Air
flow rate

Q  air
o/m in)

Sup. air 
velocity

(เท ่/ร)

Reynolds 
num ber o f 

air 
Reair

Flow
regime Solution levels difference in 

manometer, (m)
(-dp/dz)eXp from  experim ent

M inim um
(kPa/m)

M axim um
(kPa/m)M inim um M axim um

11 02 0 .0 6 4 7 0 .8 6 7 0 .0 5 0 9 61 .61 slug 0 .2 9 8 0 .3 1 8 8 .1 9 8 .7 4
1102 0 .0 6 4 7 1 .022 0 .0 6 0 0 7 2 .6 3 slug 0 .2 8 6 ' 0 .3 1 4 7 .8 6 8 .63
11 02 0 .0 6 4 7 2 .3 9 4 0 .1 4 0 5 17 0 .1 3 slug 0 .2 0 .2 5 5 .5 0 6 .8 7
11 02 0 .0 6 4 7 4 .0 0 0 0 .2 3 4 7 2 8 4 .2 6 slug 0 .1 4 0 .2 2 3 .8 5 6 .0 5
11 02 0 .0 6 4 7 5 .3 2 6 0 .3 1 2 6 3 7 8 .5 0 slug 0 .0 7 5 0 .1 9 2 .0 6 5 .2 2
11 02 0 .0 6 4 7 7 .0 5 8 0 .4 1 4 2 5 0 1 .5 8 slug 0 .0 6 0 .1 9 1 .65 5 .2 2
11 02 0 .0 6 4 7 1 0 .0 0 0 0 .5 8 6 9 7 1 0 .6 6 slug-chum 0 .0 5 5 0 .1 5 5 1.51 4 .2 6
11 02 0 .0 6 4 7 2 0 .0 0 0 1 .1 7 3 7 1 4 2 1 .3 2 slug-chum 0 .0 4 0 .1 2 1 .10 3 .3 0
11 02 0 .0 6 4 7 3 0 .0 0 0 1 .7 6 0 6 2 1 3 1 .9 8 chum 0 .0 3 5 0 .1 1 5 0 .9 6 3 .1 6
11 02 0 .0 6 4 7 4 0 .0 0 0 2 .3 4 7 4 2 8 4 2 .6 3 chum 0 .0 5 0 .11 1 .3 7 3 .0 2
11 02 0 .0 6 4 7 5 0 .0 0 0 2 .9 3 4 3 3 5 5 3 .2 9 chum 0 .0 6 0 .1 0 5 1.65 2 .8 9
1102 0 .0 6 4 7 6 0 .0 0 0 3 .5 2 1 1 4 2 6 3 .9 5 chum 0 .0 7 0 .1 0 5 1 .92 2 .8 9
11 02 0 .0 6 4 7 7 0 .0 0 0 4 .1 0 8 0 4 9 7 4 .6 1 chum 0 .0 7 0 .1 0 5 1 .92 2 .8 9
11 02 0 .0 6 4 7 1 0 0 .0 0 0 5 .8 6 8 5 7 1 0 6 .5 9 chum 0 .0 6 5 0 . 1 1 .79 2 .7 5
11 0 2 0 .0 6 4 7 2 0 0 .0 0 0 11 .73 71 1 4 2 1 3 .1 7 annular 0 .0 7 0 .0 9 1 .92 2 .4 7
11 02 0 .0 6 4 7 3 0 0 .0 0 0 1 7 .6 0 5 6 2 1 3 1 9 .7 6 annular 0 .0 8 8 0 .0 9 8 2 .4 2 2 .6 9
11 0 2 0 .0 6 4 7 4 0 0 .0 0 0 2 3 .4 7 4 2 2 8 4 2 6 .3 5 annular 0.11 0 .1 1 8 3 .0 2 3 2 4
11 02 0 .0 6 4 7 5 0 0 .0 0 0 2 9 .3 4 2 7 3 5 5 3 2 .9 3 annular 0 .13 0 .1 3 8 3 .5 7 3 .7 9
11 02 0 .0 6 4 7 6 0 0 .0 0 0 3 5 .2 1 1 3 4 2 6 3 9 .5 2 annular 0 .1 6 0 .1 6 2 4 .4 0 4 .4 5
11 02 0 .0 6 4 7 7 0 0 .0 0 0 4 1 .0 7 9 8 4 9 7 4 6 .1 1 annular 0 .1 9 0 .1 9 5 .2 2 5 2 2



Table A2 continued
Solution 
flow rate
Q ร olution

(ml/min)

Sup. solution 
velocity
J solution

(m/s)

Air
flow  rate

Q  air
(1/m in)

Sup. air 
velocity

(เท/ร)

Reynolds 
num ber o f 

air 
Reair

Flow
regime Solution levels difference in 

m anom eter, (m)
(-dp/dz)ejcp from experim ent

M inim um
(kPa/m)

M axim um
(kPa/m)M inim um M axim um

1 1 0 2 0.0647 800.000 46.9484 56852.69 mist 0.233 0.233 6.41 6.41
1560 0.0915 0 . 0 0 0 0 . 0 0 0 0 0 . 0 0 - 0.4 0.4 1 1 . 0 0 1 1 . 0 0

1560 0.0915 0.036 0 . 0 0 2 1 2.56 bubble 0.397 0.397 10.91 10.91
1560 0.0915 0.071 0.0042 5.05 bubble 0.395 0.395 1 0 . 8 6 1 0 . 8 6
1560 0.0915 0.103 0.0060 7.32 bubble 0.394 0.394 10.83 10.83
1560 0.0915 0.132 0.0077 • 9.38 bubble 0.392 0.392 10.78 10.78
1560 0.0915 0.162 0.0095 11.51 bubble 0.388 0.388 10.67 10.67
1560 0.0915 0.196 ' 0.0115 13.93 bubble 0.382 0.386 10.50 10.61
1560 0.0915 0.235 0.0138 16.70 bubble 0.378 0.382 10.39 10.50
1560 0.0915 0.273 0.0160 19.40 bubble 0.374 0.378 10.28 10.39
1560 0.0915 0.307 0.0180 21.82 bubble 0.37 0.376 10.17 10.34
1560 0.0915 0.356 0.0209 25.30 bubble 0.366 0.372 10.06 10.23
1560 0.0915 0.395 0.0232 28.07 bubble-slug 0.36 0.368 9.90 1 0 . 1 2
1560 0.0915 0.450 0.0264 31.98 bubble-slug 0.354 0.364 9.73 1 0 . 0 1
1560 0.0915 0.510 0.0299 36.24 bubble-slug 0.346 0.358 9.51 9.84
1560 0.0915 0.568 0.0333 40.37 bubble-slug 0.34 0.354 9.35 9.73
1560 0.0915 0.660 0.0387 46.90 bubble-slug 0.334 0 355 9.18 9 76
1560 0.0915 0.722 0.0424 51.31 bubble-slug 0.325 0.349 8.94 9.59
1560 0.0915 0.789 - 0.0463 56.07 bubble-slug 0.319 0.339 8.77 9.32
1560 0.0915 0.867 0.0509 61.61 bubble-slug 0.313 0.335 8.61 9.21



Table A2 continued
Solution 
flow rate
Q ร olution

(ml/min)

Sup. solution 
velocity
J  solution

(m/s)

Air
flow rate

<2 air
(1/m in)

Sup. air 
velocity

(เท่/ร)

Reynolds 
num ber o f 

air 
Reair

Flow
regime Solution levels difference in 

m anom eter, (m)
(-dp/dz)cxp from  experim ent

M inim um
(kPa/m)

M axim um
(kPa/m )M inim um M axim um

1560 0.0915 1 . 0 2 2 0.0600 72.63 slug 0.305 0.325 8.39 8.94
1560 0.0915 2.394 0.1405 170.13 slug 0 . 2 2 0.26 6.05 7.15
1560 0.0915 4.000 0.2347 284.26 slug 0.16 0 . 2 4.40 5.50
1560 0.0915 5.326 0.3126 378.50 slug 0 . 1 1 0.18 3.02 4 95
1560 0.0915 7.058 0.4142 501.58 slug 0.09 0.16 2.47 4.40
1560 0.0915 1 0 . 0 0 0 0.5869 710.66 slug-chum 0.008 0.15 0 . 2 2 4.12
1560 0.0915 2 0 . 0 0 0 1.1737 1421.32 slug-chum 0.06 0.125 1.65 3.44
1560 0.0915 30.000 1.7606 2131.98 chum 0.04 0 . 1 1 1 . 1 0 3.02
1560 0.0915 40.000 2.3474 2842.63 chum 0.065 0 . 1 2 1.79 3.30
1560 0.0915 50.000 2.9343 3553.29 chum 0.08 0.13 2 . 2 0 3.57
1560 0.0915 60.000 3.5211 4263.95 chum 0.085 0 . 1 2 2.34 3.30
1560 0.0915 70.000 4.1080 4974.61 chum 0.085 0 . 1 2 2.34 3.30
1560 0.0915 1 0 0 . 0 0 0 5.8685 7106.59 chum 0.07 0.115 1.92 3.16
1560 0.0915 2 0 0 . 0 0 0 11.7371 14213.17 annular 0.09 0 . 1 1 2.47 3.02
1560 0.0915 300.000 17.6056 21319.76 annular 0 . 1 1 0.125 3.02 3.44
1560 0.0915 400.000 23.4742 28426.35 annular 0.14 0.154 3.85 4.23
1560 0.0915 500.000 29.3427 35532.93 annular 0.161 0.171 4.43 4 70
1560 0.0915 600.000 35.2113 42639.52 annular 0.183 0.192 5.03 5.28
1560 0.0915 700.000 41.0798 49746.11 annular 0 . 2 1 2 0.217 5.83 5.97
1560 0.0915 800.000 46.9484 56852.69 mist 0.252 0.252 6.93 6.93



Table A2 continued
Solution 
flow rate
Q ร olution

(ml/min)

Sup. solution 
velocity
J solution

(m/s)

Air
flow rate

Q  air
(l/'min)

Sup. air 
velocity

(m/s)

Reynolds 
num ber o f 

air
R®air

Flow
regime Solution levels difference in 

m anom eter, (m)
(-dp/dz)exp from  experim ent

M inim um
(kPa/m)

M axim um
(kPa/m)M inim um M axim um

17 94 0 .105 3 0 . 0 0 0 0 . 0 0 0 0 0 .0 0 - 0 .3 9 7 0 .3 9 7 10.91 10.91
17 94 0 .1 0 5 3 0 .0 3 6 0 .0 0 2 1 2 .5 6 bubble 0 .3 9 5 0 .3 9 5 1 0 .8 6 1 0 .8 6
17 94 0 .105 3 0 .071 0 .0 0 4 2 5 .0 5 bubble 0 .3 9 4 0 .3 9 4 10 .83 10 .83
17 94 0 .1 0 5 3 0 .1 0 3 0 .0 0 6 0 7 .3 2 bubble 0 .3 9 2 0 .3 9 2 1 0 .7 8 1 0 .7 8
17 94 0 .1 0 5 3 0 .1 3 2 0 .0 0 7 7 9 .3 8 bubble 0 .3 8 9 0 .3 8 9 1 0 .6 9 1 0 .6 9
1794 0 .105 3 0 .1 6 2 0 .0 0 9 5 11 .51 bubble 0 .3 8 5 0 .3 8 5 10 .5 8 1 0 .5 8
17 94 0 .1 0 5 3 0 .1 9 6 0 .0 1 1 5 13 .93 bubble 0 .3 8 3 0 .3 8 3 10 .53 10 .53
17 9 4 0 .1 0 5 3 0 .2 3 5 0 .0 1 3 8 1 6 .7 0 bubble 0 .3 7 8 0 .3 8 2 1 0 .3 9 1 0 .5 0
17 9 4 0 .105 3 0 .2 7 3 0 .0 1 6 0 1 9 .4 0 bubble 0 .3 7 4 0 .3 7 6 1 0 .2 8 1 0 .3 4
17 94 0 .105 3 0 .3 0 7 0 .0 1 8 0 2 1 .8 2 bubble 0 .3 7 1 0 .3 7 5 1 0 .2 0 10 .31
17 9 4 0 .105 3 0 .3 5 6 0 .0 2 0 9 2 5 .3 0 bubble 0 .3 6 5 0 .371 10 03 1 0 .2 0
17 94 0 .105 3 0 .3 9 5 0 .0 2 3 2 2 8 .0 7 bubble 0 .3 6 0 .3 6 6 9 .9 0 1 0 .0 6
17 9 4 0 .1 0 5 3 0 .4 5 0 0 .0 2 6 4 3 1 .9 8 bubble-slug 0 .3 5 6 ' 0 .3 6 2 9 .7 9 9 .9 5
17 94 0 .105 3 0 .5 1 0 0 .0 2 9 9 3 6 .2 4 bubble-slug 0 .3 5 0 .3 6 9 .6 2 9 .9 0
17 9 4 0 .105 3 0 .5 6 8 0 .0 3 3 3 4 0 .3 7 bubble-slug 0 .3 4 6 0 .3 5 6 9.51 9 .7 9
17 9 4 0 .105 3 0 .6 6 0 0 .0 3 8 7 4 6 .9 0 bubble-slug 0 .3 4 0 .3 5 2 9 .3 5 9 .6 8
1794 0 .1053 0 .7 2 2 0 .0 4 2 4 5 1 .3 1 bubble-slug 0 .3 3 2 0 .3 4 6 9 .13 9  51
17 9 4 0 .105 3 0 .7 8 9 0 .0 4 6 3 5 6 .0 7 bubble-slug 0 .3 2 6 0 .3 4 2 8 .9 6 9 .4 0
17 9 4 0 .1053 0 .8 6 7 0 .0 5 0 9 6 1 .6 1 bubble-slug 0 .3 2 0 .3 4 8 .8 0 9 .3 5
17 94 0 .1053 1 .0 2 2 0 .0 6 0 0 7 2 .6 3 bubble-slug 0 .3 0 6 0 .3 2 6 8.41 8 .9 6



Table A2 continued
Solution 
flow rate

Sup. solution 
velocity

Air
flow rate

Sup. air 
velocity

Reynolds 
num ber o f

Flow
regime Solution levels difference in 

m anom eter, (m)
(-dp/dz)exp from  experim ent

Q ร olution J solution Q  air J  air air M inim um M axim um
(ml/min) (m/s) (1/min) (m/s) RSair M inim um M aximum' (kPa/m) (kPa/m)

1794 0.1053 2.394 0.1405 170.13 slug 0.23 , 0.27 6.32 7.42
1794 0.1053 4.000 0.2347 284.26 slug 0.17 0.24 4.67 6.60
1794 0.1053 5.326 0.3126 378.50 slug 0.14 0 . 2 1 3.85 5.77
1794 0.1053 7.058 0.4142 501.58 slug 0.09 0.19 2.47 5.22
1794 0.1053 1 0 . 0 0 0 0.5869 710.66 slug-chum 0.08 0.17 2 . 2 0 4.67
1794 0.1053 2 0 . 0 0 0 1.1737 1421.32 slug-chum 0.05 0.15 1.37 4.12
1794 0.1053 30.000 1.7606 2131.98 slug-chum 0.045 0.14 1.24 3.85
1794 0.1053 40.000 2.3474 2842.63 chum 0.06 0.13 1.65 3.57
1794 0.1053 50.000 2.9343 3553.29 chum 0.08 0.13 2 . 2 0 3.57
1794 0.1053 60.000 3.5211 4263.95 chum 0.09 0.13 2.47 3.57
1794 0.1053 70.000 4.1080 4974.61 chum 0 . 1 0.13 2.75 3.57
1794 0.1053 1 0 0 . 0 0 0 5.8685 7106.59 chum 0.08 0 . 1 2 2 . 2 0 3.30
1794 0.1053 2 0 0 . 0 0 0 11.7371 14213.17 annular 0 . 1 0 . 1 1 2.75 3.02
1794 0.1053 300.000 17.6056 21319.76 annular 0.125 0.133 3.44 3.66
1794 0.1053 400.000 23.4742 28426.35 annular 0.157 0.163 4.32 4.48
1794 0.1053 500.000 29.3427 35532.93 annular 0.184 0.189 5.06 5.20
1794 0.1053 600.000 35.2113 42639.52 annular 0.198 0.204 5.44 5.61
1794 0.1053 700.000 41.0798 49746.11 annular 0.214 0 . 2 2 2 5.88 6 . 1 0
1794 0.1053 800.000 46.9484 56852.69 m ist 0.252 0.252 6.93 6.93
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Bubble

g u re  A1 P ressure  gradient data for air-pure w ater m ixture.

Figure A2 Pressure gradient data for air-pure water mixture.
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Bubble

g u re  A 3 P ressure gradient data for air-pure w ater m ixture.

Air Reynolds number, Rea11.

Figure A4 Pressure gradient data for air-pure water mixture.
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Bubble

F igure A 5 Pressure gradient data for air-pure w ater mixture.

Bubble

Air reynolds number, Reajj-

Figure A6 Pressure gradient data for air-pure water mixture.
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Bubble

F igure A 7 Pressure gradient data for air-pure w ater m ixture.

Air Reynolds number, Reaj1.

Figure A8 Pressure gradient data for air-pure water mixture.
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Air Reynolds number, Realr

gure A 9 Pressure gradient data for air-pure w ater m ixture.
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Conditions for glycerol solution: 
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Figure A10 Pressure gradient data for air-50 vol% glycerol solution mixture.
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gure A l l  P ressure  gradient data for air-50 vol%  glycerol so lu tion  m ixture.

Bubble Conditions for glycerol solution: 
ŝolution = 545 ml/min 

./solution = 0 032 m/s 
resolution “ '32

10 100 1000 10000 90000
Air Reynolds number, Reajr

Bubble- Slug : Slug- Chum Annular... „ Mist
" ^ " 8 : Churn

4 :
1 i  I*„ éi4  I *f • &... y y P

ะ L  \

Resolution I ร ฺ

Figure A12 Pressure gradient data for air-50 vol% glycerol solution mixture.
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C onditions for glycerol solution: 
^ so lu tio n  = 705 m l/m in 
./so lu tion  = 0 0414 m/s 
R esolution  = 197

10 100 1000 10000 90000
A ir  R eynolds num ber, R eajr
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Figure A13 P re ssu re  g ra d ie n t d a ta  fo r  a ir-5 0  v o l%  g ly ce ro l so lu tio n  m ix tu re .
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C onditions for glycerol solution: 
^ so lu tio n  = 1102 ml/min 

./solution = 0 0647 m/s 
^ esulution = 307

10 100 1000 10000 90000
A ir R eynolds num ber, R ea jr

Figure A14 Pressure gradient data for air-50 vol% glycerol solution mixture.
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Figure A15 P re ssu re  g rad ien t d a ta  fo r  a ir-5 0  v o l%  g ly ce ro l so lu tio n  m ix tu re .

Conditions for glycerol solution: 
ŝolution = 1794 ml/min 

./solution = 0.1053 m/s 
Resolution = 500

10 100 1000 10000 90000
Air Reynolds number, Rea;r

10 

I  8ร 8

6 -

2 -

-2 -

Bubble Bubble- Slug Slug- Chum Annular «ร̂ ,. Slug Churn Mist

\  +

' '  Resolution = 500

Figure A16 Pressure gradient data for air-50 vol% glycerol solution mixture.
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A PP E N D IX  B

C ritical R eynolds N um bers o f  A ir  in T w o-P hase Flow

Table B1 D eterm ination o f critical Reynolds num ber o f  air in air-pure water 
m ixture
Physical properties o f  air and w ater used in the experim ents : 
viscosity o f  water, Pwater = 8.48 X 10'4 kg/m.s; density o f  water, p water= 995 kg/m 3 
viscosity o f  air, Pair = 1.85 X 10’5 kg/m.s; density o f  air, pajr=  1.18 kg/m 3 
tem perature, T = 31°c (± 1°C); diam eter o f the pipe, D =  0.019 m

W ater 
flow  rate

Q  water
(ml/m in)

Sup. w ater 
velocity

J  water
(m /s)

Reynolds 
num ber of 

water 
R ^ w ater

Air
flow rate 

Q  air 
(1/min)

Sup. air 
velocity

(m /s)

Critical 
Reynolds 

num ber o f  air
air) critical

Flow  regim e

224 0.0131 293 0.132 0.0770 9 bubble-slug
224 0.0131 293 0.356 0.3126 25 slug
224 0.0131 293 5.326 0 3126 378 - slug-chum
224 0.0131 293 20 1.1737 1421 chum
224 0.0131 293 200 11.7370 14213 annular
224 0.0131 293 800 46.9484 56853 m ist
325 0.0191 427 0.132 0.0077 9 bubble-slug
325 0.0191 427 0.395 0.0232 28 slug
325 0.0191 427 7.058 0.4142 502 slug-chum
325 0.0191 427 20 1.1737 1421 chum
325 0.0191 427 200 11.7371 14213 annular
325 0.0191- 427 800 46.9484 56853 m ist
427 0.0251 560 0.162 0.0095 12 bubble-slug
427 0.0251 560 0.450 0.0264 32 slug
427 0.0251 560 10 0.5869 711 slug-churn
427 0.0251 560 30 1.7606 21*2 churn
427 0.0251 560 200 11.7370 14213 annular
427 0.0251 560 800 46.9484 56853 m ist
529 0.0311 694 0.196 0.0115 14 bubble-slug
529 0.0311 694 0.510 0.0299 36 slug
529 0.0311 694 10 0 5869 711 slug-chum
529 0.0311 694 30 1.7606 2132 churn
529 0 0311 694 200 11.7371 14213 annular
529 0.0311 694 800 46.9484 56853 m ist
732 0.043 961 0.235 0.0138 17 bubble-slug
732 0.043 961 0 660 0.0387 47 slug
732 0.043 961 20 1.1737 1421 slug-chum
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T able B1 continued
W ater Sup. water Reynolds Air Sup. air Critical Flow  regim e

flow  rate velocity num ber o f flow  rate velocity Reynolds
Q  water J  water water Q  air J  air num ber o f air

(ml/min) (m /s) พ ater (1/min) (m/s) (R ^ a ir)c r itic a l
732 0.043 961 40 2.3474 2843 chum
732 0.043 961 200 11.7371 14213 annular
732 0.043 961 800 46.9484 56853 m ist
936 0.055 1228 0.235 0.0138 17 bubble-slug
936 0 0 5 5 1228 0.660 0.0387 47 slug
936 0.055 1228 20 1.1737 1421 slug-chum
936 0.055 1228 30 1.7606 2132 chum

0.936 0 0 5 5 1228 200 11.7371 14213 annular
0 9 3 6 0.055 1228 800 46.9484 56853 m ist
1241 0.073 1628 0.395 0.0232 28 bubble-slug
1241 0 0 7 3 1628 0.789 0.0463 56 slug
1241 0.073 1628 20 1 1737 1421 slug-chum
1241 0.073 1628 30 1.7606 2132 chum
1241 0 0 7 3 1628 200 11.7371 14213 annular
1241 0.073 1628 800 46.9484 56853 m ist
2055 0.121 2696 0.510 0.0299 36 bubble-slug
2055 0.121 2696 1.022 0.0600 73 slug
2055 0.121 2696 20 1.1737 1421 slug-chum
2055 0.121 2696 30 1.7606 2132 chum
2055 0.121 2696 200 11.7371 14213 annular
2055 0.121 2696 800 46.9484 56853 m ist



T able B2 Determ ination o f critical Reynolds num ber o f  air in air-50 vol%  glycerol 
solution mixture
Physical properties o f  air and 50 vol%  glycerol solution used in the experiments:
viscosity o f glycerol solution, (isolation = 4.48 X 10'3 kg/m.s
density o f glycerol solution, psolution = 1121 kg/m 3
v isco sity  o f  air, (ia,1. = 1 .8 5  X 10*5 k g /m .s; density  o f  air, p ajr =  1.18 k g /m 3
tem perature, T =  31°c (± 1 °C); diam eter of the pipe, D = 0.019 m

Solution Sup. Soln- Reynolds Air Sup. air Critical Flow  regim e
flow  rate velocity num ber o f flow rate velocity Reynolds
Q  solution J  solution solution Q  air J  air num ber o f air

(ml/m in) (m/s) R eso lu tion (1/min) (m/s)
358 0.021 100 0.235 0.0138 17 bubble-slug
358 0.021 100 0.568 0.0333 40 slug
358 0.021 100 7.058 0 4 1 4 2 502 slug-chum
358 0.021 100 20.01)0 1.1737 1421 chum
358 0.021 100 200.000 11.7371 14213 annular
358 0.021 100 800.000 4 6 9 4 8 4 56853 m ist
545 0.032 152 0.307 0.0180 22 bubble-slug
545 0.032 152 0 722 0.0424 51 slug
545 0 032 152 7.058 0.4142 502 slug-chum
545 0.032 152 30.000 1 7606 2132 chum
545 0.032 152 200.000 11.7371 14213 annular
545 0.032 152 800.000 46.9484 56853 m ist
705 0.0414 197 0.307 0.0180 22 bubble-slug
705 0.0414 197 0.789 0.0463 56 slug
705 0.0414 197 10.000 0.5869 711 slug-churn
705 0.0414 197 30.000 1 7606 2132 churn
705 0 0 4 1 4 197 200.000 11.7371 14213 annular
705 0.0414 197 800.000 46.9484 56853 m ist

1102 0.0647 307 0.356 0.0209 25 bubble-slug
1102 0.0647 307 0.867 0.0509 62 slug
1102 0.0647 307 10.000 0.5869 711 slug-chum
1102 0.0647 307 30.000 1.7606 2132 churn
1102 0.0647 307 200.000 11.7371 14213 annular
1102 0.0647 307 800 000 46.9484 56853 m ist
1560 0.0915 435 0.395 0.0232 28 bubble-slug
1560 0 0 9 1 5 435 1.022 0.0600 73 slug
1560 0.0915 435 10.000 0.5869 711 slug-chum
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T able B2 continued
Solution Sup. Sol" Reynolds Air Sup. air Critical Flow  regim e
flow  rate velocity num ber of flow  rate velocity Reynolds
Q  solution J  solution solution Q  air J  air num ber o f air

(ml/min) (m/s) ^•^solution (1/min) (m/s) (R ^ a ir)c r itic a l
1560 0.0915 435 30.000 1.7606 2132 chum
1560 0.0915 435 200.000 11.7371 14213 annular
1560 0.0915 435 800 000 46.9484 56853 m ist
1794 0.1053 500 0.450 0.0264 32 bubble-slug
1794 0.1053 500 2.394 0.1405 170 slug
1794 0.1053 500 10.000 0.5869 711 slug-chum
1794 0.1053 500 40.000 2 3 4 7 4 2843 chum
1794 0.1053 500 200.000 11.7371 14213 annular
1794 0.1053 500 800 000 46.9484 56853 m ist
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Flow pattern regimes for 50 vol% glycerol solution

Figure B1 Flow  pattern  regim es for air-pure w ater m ixture.

Flow pattern regimes for pure water

1 10 100 1000 10000 100000

Air Reynolds number, Rejjj

Figure B2 Flow pattern regimes for air-50 vol% glycerol solution mixture.
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♦  bubble-slug 
® slug
A  slug-chum 
xchum 
X annular
• mist

Critical Reynolds number of air, Rea11

F igure B3 C ritical R eynolds num bers o f  air at d ifferent flow  regim es in air-pure 
w ate r system.
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F igure B4 Critical R eynolds num bers o f  air at d ifferent flow  regim es in air-50 vol%  
glycerol solution system.



A P P E N D IX  c

C om parison between Theory and E xperim ental Data for Pressure G radient

Table C l Determination of pressure gradients from theory and experiment in bubble flow regime
Physical properties of air and water used in the experiments:
viscosity of water, 1 tcT = 8.48 X  10'4 kg/m.s; density of water, Pwat0.= 995 kg/m3
viscosity of air, p.air = 1.85 X  1 O'5 kg/m.s; density of air, pair= 1.18 kg/m3
temperature, T = 31°c (± 1°C); diameter of the pipe, D = 0.019 m; pressure taps difference =,0.4 m

Water 
flow rate

Q  water
(ml/min)

Sup. water 
velocity

J  water 
(m/s)

Air
flow rate

0 a.r
(1/min)

Sup. air 
velocity

( ^ )

Flow
regime

Void 
fraction 

from theory 
ร

(-dp/dz)^1 
from theory

(kPa/m)

Reynolds 
number 

of air
air

(-dp/dz)cxp from experiment
Minimum

(kPa/m)
Maximum

(kPa/m)
0 0.0000 0.036 0.0021 bubble 0.0138 9.63 2.56 9.76 9.76
0 0.0000 0.071 0.0042 bubble 0.0268 9.50 5.05 9.64 9.64

224 0.0131 0.036 0.0021 bubble 0.0127 9.64 2.56 9.64 9.64
224 0.0131 0.071 0.0042 bubble 0.0247 9.52 5.05 9.52 9.52
224 0.0131 0.103 0.0060 bubble 0.0355 9.41 7.32 9.44 9.44
325 0.0191 0.036 0.0021 bubble 0.0123 9.64 2.56 9.64 9.64
325 0.0191 0.071 0.0042 bubble 0.0239 9.53 5.05 9.52 9.52
325 0.0191 0.103 0.0060 bubble 0.0343 9.43 7.32 9.47 9.47
427 0.0251 0.036 0.0021 bubble 0.0119 9.64 2.56 9.66 9.66
427 0.0251 0.071 0.0042 bubble 0.0231 9.54 5.05 9.57 9.57
427 0.0251 0.103 0.0060 bubble 0.0332 9.44 7.32 9.52 9.52
427 0.0251 0.132 0.0077 bubble 0.0421 9.35 9.38 9.37 9.52



Table C l continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

7  water
(m/s)

Air
flow rate 

Q  air 
(1/min)

Sup. air 
velocity

(m/s)

Flow
regime

Void 
fraction 

from theory
E

(-dp/dz)ca 1 
from theory

(kPa/m)

Reynolds 
number 
of air 
Reair

(-dp/dz)exp from experiment
Minimum

(kPa/m)
Maximum

(kPa/m)
529 0.031 ใ 0.036 0 . 0 0 2 1 bubble 0.0115 9.65 2.56 9.64 9.64
529 0.0311 0.071 0.0042 bubble 0.0224 9.54 5.05 9.57 9.57
529 0.0311 0.103 0.0060 bubble 0.0321 9.45 7.32 9.52 9.52
529 0.0311 0.132 0.0077 bubble 0.0408 9.36 9.38 9.42 9.52
529 0.0311 0.162 0.0095 bubble 0.0496 9.28 11.51 9.3 9.47
732 0.0430 0.036 0 . 0 0 2 1 bubble 0.0108 9.66 2.56 9.57 9.57
732 0.0430 0.071 0.0042 bubble 0 . 0 2 1 9.56 5.05 9.47 9.54
732 0.0430 0.103 0.0060 bubble 0.0302 9.47 7.32 9.32 9.57
732 0.0430 0.132 0.0077 bubble 0.0384 9.39 9.38 9.25 9.54
732 0.0430 0.162 0.0095 bubble 0.0467 9.31 11.51 9 9.52
732 0.0430 0.196 0.0115 bubble 0.056 9.21 13.93 8.83 9.54
936 0.0550 0.036 0 . 0 0 2 1 bubble 0 . 0 1 0 1 9.66 2.56 9.57 9.57
936 0.0550 0.071 0.0042 bubble 0.0198 9.57 5.05 9.47 9.61
936 0.0550 0.103 0.0050 bubble 0.0285 9.48 7.32 9.42 9.57
936 0.0550 0.132 0.0077 bubble 0.0362 9.41 9.38 9.22 9.52
936 0.0550 0.162 0.0095 bubble 0.0441 9.33 11.51 9.13 9.47
936 0.0550 0.196 0.0115 bubble 0.0529 9.24 13.93 8.98 9.47
936 0.0550 0.235 0.0138 bubble 0.0627 9.15 16.70 8.83 9.37



Table C l continued
Water 

flow rate
Q water

(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

Q air
(1/min)

Sup. air 
velocity

i )

Flow
regime

Void 
fraction 

from theory 
8

(-dp/dz)ca 1 
from theory

(kPa/m)

Reynolds 
number 
of air 
Reair

(-dp/dz)eXp from experiment
Minimum

(kPa/m)
Maximum

(kPa/m)
1241 0.0729 0.036 0 . 0 0 2 1 bubble 0.0093 9.67 2.56 9.54 9.54
1241 0.0729 0.071 0.0042 bubble 0.0183 9.58 5.05 9.49 9.59
1241 0.0729 0.103 0.0060 bubble 0.0263 9.50 7.32 9.44 9.59
1241 0.0729 0.132 0.0077 bubble 0.0334 9.43 9.38 9.25 9.54
1241 0.0729 0.162 0.0095 bubble 0.0407 9.36 11.51 9.2 9.44
1241 0.0729 0.196 0.0115 bubble 0.0489 9.28 13.93 9 9.39
1241 0.0729 0.235 0.0138 bubble 0.058 9.19 16.70 8.91 9.3
1241 0.0729 0.273 0.0160 bubble 0.0668 9.11 19.40 8.71 9.25
1241 0.0729 0.307 # 0.0180 bubble 0.0745 9.03 21.82 8.42 9.15
1241 0.0729 0.356 0.0208 bubble 0.0853 8.93 25.30 8 . 2 2 9
2055 0 . 1 2 1 0.036 0 . 0 0 2 1 bubble 0.0077 9.69 2.56 9.59 9.59
2055 0 . 1 2 1 0.071 0.0042 bubble 0.0151 9.61 5.05 9.52 9.52
2055 0 . 1 2 1 0.103 0.0060 bubble 0.0218 9.55 7.32 9.49 9.49
2055 0 . 1 2 1 0.132 0.0077 bubble 0.0277 9.49 9.38 9.42 9.42
2055 0 . 1 2 1 0.162 0.0095 bubble 0.0338 9.43 11.51 9.32 9.32
2055 0 . 1 2 1 0.196 0.0115 bubble 0.0406 9.36 13.93 9.27 9.27
2055 0 . 1 2 1 0.235 0.0138 bubble 0.0483 9.29 16.70 9.18 9.18
2055 0 . 1 2 1 0.273 0.0160 bubble 0.0557 9.22 19.40 9 9.1
2055 0 . 1 2 1 0.307 0.0180 bubble 0 . 0 6 2 2 9.15 21.82 8.91 9



Table C l continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

( พ ; ,

Flow
regime

Void 
fraction 

from theory 
8

(-dp/dz) c a 1 

from theory

(kPa/m)

Reynolds 
number 
of air 
R ^ a ir

(-dp/dz)exp from experiment
Minimum

(kPa/m)
Maximum

(kPa/m)
2055 0 . 1 2 1 0.356 0.0208 bubble 0.0714 9.06 25.30 8.76 8.91
2055 0 . 1 2 1 0.395 0.0232 bubble 0.0786 8.99 28.07 8.59 8.78
2055 0 . 1 2 1 0.45 0.0264 bubble 0.0886 8.90 31.98 8.3 8.76

Note; Superficial water velocity, j wa1er = Q wa,er
A

Superficial air velocity, j air =
A

Qmx =  volumetric flow rate of air; Q water= volumetric flow rate o f water; A  = cross-sectional area of the pipe



Table C2 Determination of pressure gradients from theory and experiment in slug flow regime
Physical properties of air and water used in the experiments:
viscosity of water, = 8.48 X 10' 4 kg/m.s; density of water, pwater= 995 kg/m3

viscosity of air, Pair = 1.85 X 10‘ 5 kg/m.s; density of dr, pair= 1.18 kg/m3

temperature, T = 3 l°c (± 1°C); diameter of the pipe, D = 0.019 m; pressure taps difference = 6.4 m

Water 
flow rate

Q  water
(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number 
of air 
R C air

Flow
regime

Void 
fraction 
from 

theory, 8

Mean liq. 
velocity 

น1 
m/s

Reynolds 
number of 
liquid slug

R® slug

Fanning
friction
factor

/ f

(-dp/dz) c a1 

from 
theory 

(kPa/m)

(-dp/dz)exp from 
experiment

Minimum
(kPa/m)

Maximum
(kPa/m)

0 0 . 0 0 0 0.307 0.0180 21.82 slug 0.1043 0.0180 401 0.0399 8.74 8.61 9.15
0 0 . 0 0 0 0.356 0.0208 25.30 slug 0.1186 0.0208 464 0.0345 8.60 8.30 9.03
0 0 . 0 0 0 0.395 0.0232 28.07 slug 0.1296 0.0232 517 0.0309 8.50 7.93 9.03
0 0 . 0 0 0 0.450 0.0264 31.98 slug 0.1445 0.0264 589 0.0272 8.35 7.08 8.91
0 0 . 0 0 0 0.510 0.0299 36.24 slug 0.1600 0.0299 667 0.0240 8 . 2 0 6.95 8.74
0 0 . 0 0 0 0.568 0.0334 40.37 slug 0.1744 0.0334 745 0.0215 8.06 6.71 8.78
0 0 . 0 0 0 0.660 0.0388 46.90 slug 0.1960 0.0388 865 0.0185 7.85 6 . 2 2 8.91
0 0 . 0 0 0 0.722 0.0424 51.31 slug 0.2098 0.0424 945 0.0169 7.72 5.73 9.76
0 0 . 0 0 0 0.789 0.0463 56.07 slug 0.2240 0.0463 1032 0.0155 7.58 5.25 9.15
0 0 . 0 0 0 0.867 0.0508 61.61 slug 0.2398 0.0508 1133 0.0141 7.42 4.76 9.03

224 0.0131 0.356 0.0208 25.30 slug 0.1088 0.0339 756 0 . 0 2 1 2 8.70 8.30 8.54
224 0.0131 0.395 0.0232 28.07 slug 0.1191 0.0363 809 0.0198 8.60 8.03 8.37
224 0.0131 0.450 0.0264 31.98 slug 0.1330 0.0395 881 0.0182 8.47 7.83 8.15



Table C2 continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number 
of air 
Reair

Flow
regime

Void 
fraction 
from 

theory, 8

Vlean liq. 
velocity

U1
m/s

Reynolds 
number of 
liquid slug

R-e slug

Fanning
friction
factor

/ f

(-dp/dz)ca1 
from 
theory 

(kPa/m)

(-dp/dz)exp from 
experiment

Minimum
(kPa/m)

Maximum
(kPa/m)

224 0.0131 0.510 0.0299 36.24 slug 0.1476 0.0430 959 0.0167 8.32 7.61 8.05
224 0.0131 0.568 0.0334 40.37 slug 0.1611 0.0465 1037 0.0154 8.19 7.21 8.30
224 0.0131 0.660 0.0388 46.90 slug 0.1815 0.0519 1157 0.0138 7.99 7.08 8.17
224 0.0131 0.722 0.0424 51.31 slug 0.1946 0.0555 1237 0.0129 7.86 6.76 8.47
224 0.0131 0.789 0.0463 56.07 slug 0.2082 0.0594 1324 0 . 0 1 2 1 7.73 6.39 8.49
224 0.0131 0.867 0.0508 61.61 slug 0.2232 0.0639 1425 0 . 0 1 1 2 7.59 6 . 2 2 8.42
224 0.0131 1 . 0 2 2 0.0600 72.63 slug 0.2511 0.0731 1630 0.0098 7.31 6 . 1 0 7.56
224 0.0131 2.394 0.1405 170.13 slug 0.4188 0.1536 3424 - - 0.49 7.32
224 0.0131 4.000 0.2347 284.26 slug 0.5233 0.2478 5525 0.0092 4.68 0 . 0 0 7.81
325 0.0191 0.395 0.0232 28.07 slug 0.1149 0.0423 943 0.0170 8.64 7.91 8.91
325 0.0191 0.450 0.0264 31.98 slug 0.1284 0.0455 1014 0.0158 8.51 7.66 8.96
325 0.0191 0.510 0.0299 36.24 slug 0.1456 0.0490 1092 0.0146 8.34 7.37 8.81
325 0.0191 0.568 0.0334 40.37 slug 0.1558 0.0525 1170 0.0137 8.24 7.13 8.74
325 0.0191 0.660 0.0388 46.90 slug 0.1757 0.0579 1291 0.0124 8.05 6.91 8.54
325 0.0191 0.722 0.0424 51.31 slug 0.1885 0.0615 1371 0.0117 7.92 6.59 8.44
325 0.0191 0.789 0.04Ô3 56.07 slug 0.2017 0.0654 1458 0 . 0 1 1 0 7.80 6.34 8.39
325 0.0191 0.867 0.0508 61.61 slug 0.2165 0.0699 1558 0.0103 7.65 6 . 1 2 8.3
325 0.0191 1 . 0 2 2 0.0600 72.63 slug 0.2438 0.0791 1763 0.0091 7.39 5.86 8.3
325 00191 2.394 0.1405 170.13 slug 0.4101 0.1596 3558 - - 1.95 9.03



Table C l  continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

J  water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

(m/s)

Reynolds 
number 
of air 
Reair

Flow
regime

Void 
fraction 
from 

theory, E

Vlean liq. 
velocity

U1
m/s

Reynolds 
number of 
liquid slug 

Reslug

'arming
friction
factor

/ f

(-dp/dz)ca 1 
from 
theory 

(kPa/m)

(-dp/dz)exp from 
experiment

Vlinimum
(kPa/m)

Maximum
(kPa/m)

325 0.0191 4.000 0.2347 284.26 slug 0.5151 0.2538 5658 0.0091 4.76 0.49 8.78
325 0.0191 5.326 0.3126 378.50 slug 0.5693 0.3317 7395 0.0085 4.25 0 8.54
427 0.0251 0.450 0.0264 31.98 slug 0.1241 0.0515 1148 0.0139 8.55 7.74 8.93
427 0.0251 0.510 0.0299 36.24 slug 0.1379 0.0550 1226 0.0130 8.42 7.56 8.81
427 0.0251 0.568 0.0334 40.37 slug 0.1507 0.0585 1304 0.0123 8.29 7.37 8.76
A l l 0.0251 0.660 0.0388 46.90 slug 0.1701 0.0639 1425 0.0112 8.10 7.03 8.59
A l l 0.0251 0.722 0.0424 51.31 slug 0.1826 0.0675 1505 0.0106 7.98 6.64 8.49
A l l 0.0251 0.789 0.0463 56.07 slug 0.1956 0.0714 1592 0.0101 7.86 6.52 8.74
A l l 0.0251 0.867 0.0508 61.61 slug 0.2100 0.0759 1692 0.0095 7.72 6.22 8.35
A l l 0.0251 1.022 0.0600 72.63 slug 0.2369 0.0851 1897 0.0084 7.45 6.1 7.81
A l l 0.0251 2.394 0.1405 170.13 slug 0.4017 0.1656 3692 - - 2.2 7.08
A l l 0.0251 4.000 0.2347 284.26 slug 0.5071 0.2598 5792 0.0091 4.84 0 7.56
A l l 0.0251 5.326 0.3126 378.50 slug 0.5619 0.3377 7529 0.0085 4.32 -0.49 8.54
A l l 0.0251 7.058 0.4142 501.58 slug 0.6107 0.4393 9794 0.0079 3.86 -0.98 6.83
529 0.0311 0.510 0.0299 36.24 slug 0.1335 0.0610 1360 0.0118 8.46 7.59 8.71
529 0.0311 0.568 0.0334 40.37 slug 0.1460 0,0645 1438 0.0111 8.34 7.47 8.59
529 0.0311 0.660 0.0388 46.90 slug 0.1649 0.0699 1558 0.0103 1 8.16 7.15 8.44
529 0.0311 0.722 0.0424 51.31 slug 0.1771 0.0735 1639 0.0098 8.04 6.95 8.39
529 0.0311 0.789 0.0463 56.07 slug 0.1898 00774 1726 0.0093 7.91 6.64 8.78



Table C2 continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity
7 water
(m/s)

Air
flow rate 

Q  air 
(1/min)

Sup. air 
velocity

(ทา/ร)

Reynolds 
number 
of air 
Reair

Flow
regime

Void 
fraction 
from 

theory, e

Vlean liq. 
velocity

U1
m/s

Reynolds 
number of 
liquid slug

R-eslug

Tanning
friction
factor

/ f

(-dp/dz)c
from
theory

(kPa/m)

(-dp/dz)exp from 
experiment

vlinimum
(kPa/m)

Maximum
(kPa/m)

529 0.0311 0.867 0.0508 61.61 slug 0.2040 0.0819 1826 0.0088 7,77 6.47 8.27
529 0.0311 1.022 0.0600 72.63 slug 0.2304 0.0911 2031 0.0079 7.52 6.1 7.81
529 0.0311 2.394 0.1405 170.13 slug 0.3936 0.1716 3826 - - 2.44 8.78
529 0.0311 4.000 0.2347 284.26 slug 0.4994 0.2658 5926 0.0636 5.12 -0.24 9.76
529 0.0311 5.326 0.3126 378.50 slug 0.5547 0.3437 7663 0.0632 4.69 -1.22 9.27
529 0.0311 7.058 0.4142 501.58 slug 0.6043 0.4453 9928 0.0628 4.38 -1.46 7.81
732 0.043 0.660 0.0388 46.90 slug 0.1555 0.0818 1824 0.0088 8.25 6.71 8.93
732 0.043 0.722 0.0424 51.31 slug 0.1671 0.0854 1904 0.0084 8.14 6.61 8.64
732 0.043 0.789 0.0463 56.07 slug 0.1793 0.0893 1991 0.0080 8.02 6.1 8.78
732 0.043 0.867 0.0509 61.63 slug 0.1929 0.0939 2093 - - 6.22 8.78
732 0.043 1.022 0.0600 72.63 slug 0.2184 0.1030 2296 - - 6.34 8.54
732 0.043 2.394 0.1405 170.13 slug 0.3784 0.1835 4091 0.0099 6.09 2.44 8.78
732 0.043 4.000 0.2347 284.26 slug 0.4847 0.2777 6191 0.0089 5.07 -0.49 8,78
732 0.043 5.326 0.3126 378.50 slug 0.5410 0.3556 7928 0.0084 4.53 -0.98 8.78
732 0.043 7.058 0.4142 501.58 slug 0.5920 0.4572 10193 0.0079 4.05 -1.46 8.3
732 0.043 10.000 0.5869 710.66 slug 0.6471 0.6299 14043 0.0073 3.55 -2.44 7.32
936 0.055 0.660 0.0387 46.90 slug 0.1470 0.0937 2089 - - 7.22 8.37
936 0.055 0.722 0.0424 51.31 slug 0.1582 0.0974 2171 - - 6.98 8.52
936 0.055 0.789 0.0463 56.07 slug 0.1699 0.1013 2258 - - 6.69 8.27



Table C2 continued
Water 

flow rate
Q  water

(ml/min)

Sup. water 
velocity

J water
(m/s)

Air
flow rate

Q  air
(1/min)

Sup. air 
velocity

£ >

Reynolds 
number 
of air
R® air

Flow
regime

Void 
fraction 
from 

theory, E

Vlean liq. 
velocity

«1m/s

Reynolds 
number of 
liquid slug

R®slug

Fanning
friction
factor

/ f

(-dp/dz)oa1 
from 
theory 

(kPa/m)

(-dp/dz)exp from 
experiment

vhnimum
(kPa/m)

Maximum
(kPa/m)

936 0.055 0.867 0.0509 61.63 slug 0.1830 0.1059 2361 - - 6.52 8.13
936 0.055 1.022 0.0600 72.63 slug 0.2075 0.1150 2564 - - 6.2 8.3
936 0.055 2.394 0.1405 170.13 slug 0.3643 0.1955 4359 0.0097 6.23 3.42 9.27
936 0.055 4.000 0.2347 284.26 slug 0.4707 0.2897 6459 0.0088 5.21 0.73 8.54
936 0.055 5.326 0.3126 378.50 slug 0.5279 0.3676 8195 0.0083 4.66 0 9.03
936 0.055 7.058 0.4142 501.58 slug 0.5801 0.4692 10460 0.0078 4.17 -0.49 8.05
936 0.055 10.000 0.5869 710.66 slug 0.6370 0.6419 14311 0.0072 3.66 -1.95 6.83
1241 0.073 0.789 0.0463 56.07 slug 0.1575 0.1192 2657 - - 6.91 8.57
1241 0.073 0.867 0.0509 61.63 slug 0.1699 0.1238 2760 - - 6.71 8.27
1241 0.073 1.022 0.0600 72.6300 slug 0.1932 0.1329 2963 - - 6.83 8.3
1241 0.073 2.394 0.1405 170.13 slug 0.3451 0.2134 4758 0.0095 6.42 3.66 8.05
1241 0.073 4.000 0.2347 284.26 slug 0.4513 0.3076 6858 0.0087 5.40 2.44 7.81
1241 0.073 5.326 0.3126 378.50 slug 0.5094 0.3855 8594 0.0082 4.85 0.49 8.78
1241 0.073 7.058 0.4142 501.58 slug 0.5631 0.4871 10859 0.0077 4.35 0.24 7.32
1241 0.073 10.000 0.5869 710.66 slug 0.6225 0.6598 14710 0.0072 3.81 -1.22 7.08
2055 0.121 1.022 0.0600 72.63 slug 0.1631 0.1810 4035 0.0099 8.20 7.22 8.3
2055 0.121 2.394 0.1405 170.13 slug 0.3025 0.2615 5830 0.0090 6.85 4.64 8.05
2055 0.121 4.000 0.2347 284.26 slug 0.4065 0.3557 7930 0.0084 5.86 2.93 8.3
2055 0 121 5.326 0.3126 378.50 slug 0.4659 0.4336 9667 0.0080 5.30 0.98 83



Table C2 continued
Water Sup. water Air Sup. air Reynolds Flow Void Mean liq. Reynolds Fanning (-dp/dz)ca1 (-dp/dz)exp from

flow rate velocity flow rate velocity number regime fraction velocity number of friction from experiment
Q water J  water Q  air ./ air of air from พ/ liquid slug factor theory Vlinimum Maximum

(ml/min) (m/s) (1/min) (m/s) R^air theory, ธ m/s -̂® si น g f v (kPa/m) (kPa/m) (kPa/m)
2 0 5 5 0 .1 2 1 7 .0 5 8 0.4142 5 0 1 .5 8 slug 0 .5 2 2 4 0 .5 3 5 2 1 1 9 3 2 0 .0 0 7 6 4 .7 7 0 .2 4 8 .3
2 0 5 5 0 .1 2 1 1 0 .0 0 0 0 .5 8 6 9 7 1 0 .6 6 slug 0 .5 8 6 8 0 .7 0 7 9 1 5 7 8 2 0 .0 0 7 0 4 .1 9 -0 .7 3 6 .3 4

Note; Superficial water velocity, j wa1er = ^ wa‘er ; Superficial air velocity, j mr = O f -
A A

Mean liquid velocity, น, =  Q air-~ -Q wa,er 

Reynolds number of the liquid slug, Rej;1̂  =
r~water

<2water= volumetric flow rate of water; Q ù r =  volumetric flow rate of air; A  = cross-sectional area of the pipe; 
D = diameter of the pipe



Table C3 Determination of pressure gradients from theory and experiment in annualr and mist flow regimes
Physical properties of air and water used in the experiments:
viscosity of water, PwatCT = 8.48 X 10'4 kg/m.s; density of water, pwatcr = 995 kg/m3
viscosity of air, |0.air= 1.85 X 1 O'5 kg/m.s; density of air, pair= 1.18 kg/m3
temperature, T = 31°c (± 1°C); diameter of the pipe, D = 0.019 m; pressure taps difference = 0.4 m

Water
flow
rate

Q  water
(ml/min

Sup.
water

velocity
J water
(m/s)

Air
flow
rate
Q  air

(1/min)

Sup.
air

velocity

(m/s)

Flow
regime

Reynolds
number

of
water

พatcr

Fanning 
friction 
factor 

of water 
/ f

Reynolds
number

of
air

Reair

Fanning 
friction 
factor 
of air 
/ f

(-dp/dz)oa1 from theory (-dp/dz)^ from 
experiment

w a te r

only
(kPa/m)

air

only
(kPa/m)

two-phase

(kPa/m)

Minimum

(kPa/m)

Maximum

(kPa/m)
224 0.0131 200 11.74 annualr 292 0.0548 14213 0.0072 0.9847 123.80 2.7 0.73 0.93
224 0.0131 300 17.61 annualr 292 0.0548 21320 0.0065 0.9847 251.71 1.43 0.68 0.88
224 0.0131 400 23.47 annualr 292 0.0548 28426 0.0061 0.9847 416.42 0.95 0.73 0.98
224 0.0131 500 29.34 annualr 292 0.0548 35533 0.0058 0.9847 615.36 1.18 0.98 1.12
224 0.0131 600 35.21 annualr 292 0.0548 42640 0.0055 0.9847 846.63 1.5 1.24 1.39
224 0.0131 700 41.08 annualr 292 0.0548 49746 0.0053 0.9847 1108.80 1.87 1.71 1.71
224 0.0131 800 46.95 mist 292 0.0548 56853 0.0051 0.9847 1400.68 2.27 2.22 2.22
224 0.0131 900 52.82 mist 292 0.0548 63959 0.0050 0.9847 1721.30 2.7 2.66 2.66
224 0.0131 1000 58.69 mist 292 0.0548 71066 0.0048 0.9847 2069.81 3.16 3.27 3.27
325 0.0191 200 11.74 annular 426 0.0376 14213 0.0072 1.4357 123.80 2.72 0.76 0.95
325 0.0191 300 17.61 annular 426 0.0376 21320 0.0065 1.4357 251.71 1.46 0.76 0.9
325 0.0191 400 23.47 annular 426 0.0376 28426 0.0061 1.4357 416.42 1.03 0.95 1.15



Table C3 continued
Water
flow
rate

Q  water
(ml/min'

Sup.
water

velocity
J water
(m/s)

Air
flow
rate
Q  air

(1/min)

Sup.
air

velocity

(m/s)

Flow
regime

leynolds
number

of
water
-̂®พater

Fanning 
friction 
factor 
of water 

/ f

Reynolds
number

of
air
-̂® air

'arming 
friction 
factor 
of air 

/ f

(-dp/dz)oa1 from theory (-dp/dz)^ from 
experiment

w a te r

only
( k P a /m )

air

only
(kPa/m)

two-phase

(kPa/m)

Minimum

(kPa/m)

Maximum

(kPa/m)
325 0.0191 500 29.34 annular 426 0.0376 35533 0.0058 1.4357 615.36 1.26 1.15 1.34
325 0.0191 600 35.21 annular 426 0.0376 42640 0.0055 1.4357 846.63 1.59 1.34 1.59
325 0.0191 700 41.08 annular 426 0.0376 49746 0.0053 1.4357 1108.80 1.96 1.73 1.83
325 0.0191 800 46.95 mist 426 0.0376 56853 0.0051 1.4357 1400.68 2.38 2.12 2.37
325 0.0191 900 52.82 mist 426 0.0376 63959 0.0050 1.4357 1721.30 2.83 2.56 2.76
325 0.0191 1000 58.69 mist 426 0.0376 71066 0.0048 1.4357 2069.81 3.3 2.95 3.05
427 0.0251 200 11.74 annular 560 0.0286 14213 0.0072 1.8867 123.80 2.73 0.85 1.22
427 0.0251 300 17.61 annular 560 0.0286 21320 0.0065' 1.8867 251.71 1.49 0.98 1.17
427 0.0251 400 23.47 annular 560 0.0286 28426 0.0061 1.8867 416.42 1.1 1.29 1.39
427 0.0251 500 29.34 annular 560 0.0286 35533 0.0058 1.8867 615.36 1.34 1.61 1.71
427 0.0251 600 35.21 annular 560 0.0286 42640 0.0055 1.8867 846.63 1.66 2.07 2.17
427 0.0251 700 41.08 annular 560 0.0286 49746 0.0053 1.8867 1108.80 2.05 2.46 2.66
427 0.0251 800 46.95 mist 560 0.0286 56853 0.0051 1.8867 1400.68 2.46 2.93 3.12
427 0.0251 900 52.82 mist 560 0.0286 63959 0.0050 1.8867 1721.30 2.94 3.42 3.68
427 0.0251 1000 58.69 mist 560 0.0286 71066 0.0048 1.8867 2069.81 3.43 4.15 4.39
529 0.0311 200 11.74 annular 693 0.0231 14213 0.0072 2.3377 123.80 2.73 0.88 1.22
529 0.0311 300 17.61 annular 693 0.0231 21320 0.0065 2.3377 251.71 1.52 0.93 1.12
529 0.0311 400 23.47 annular 693 0.0231 28426 0.0061 2.3377 416.42 1.16 1.22 1.37



Table C3 continued
Water
flow
rate

Q  water
(ml/min'

Sup.
water

velocity
J water
(m/s)

Air
flow
rate
Q  air

(1/min)

Sup.
air

velocity 

(เทโร)

Flow
regime

Reynolds
number

of
water
-̂®!wat er

Fanning 
friction 
factor 
of water 

/ f

leynolds
number

of
air

Rel

7anning 
friction 
factor 
of air 
/ f

(-dp/dz)oa1 from theory (-dp/dz)^ from 
experiment

water
only

(kPa/m) ( £ ,
two-phase

(kPa/m)

Minimum

(kPa/m)

Maximum

(kPa/m)
529 0.0311 500 29.34 annular 693 0.0231 35533 0.0058 2.3377 615.36 1.39 1.49 1.68
529 0.0311 600 35.21 annular 693 0.0231 42640 0.0055 2.3377 846.63 1.73 1.78 2.07
529 0.0311 700 41.08 annular 693 0.0231 49746 0.0053 2.3377 1108.80 2.12 2.27 2.42
529 0.0311 800 46.95 mist 693 0.0231 56853 0.0051 2.3377 1400.68 2.55 2.71 2.86
529 0.0311 900 52.82 mist 693 0.0231 63959 0.0050 2.3377 1721.30 3.02 3.05 3.29
529 0.0311 1000 58.69 mist 693 0.0231 71066 0.0048 2.3377 2069.81 3.53 3.66 4.08
732 0.043 200 11.74 annular 959 0.0167 14213 0.0072 3.2322 123.80 2.74 0.98 1.22
732 0.043 300 17.61 annular 959 0.0167 21320 0.0065 3.2322 251.71 1.58 1.1 1.22
732 0.043 400 23.47 annular 959 0.0167 28426 0.0061 3.2322 416.42 1.26 1.34 1.59
732 0.043 500 29.34 annular 959 0.0167 35533 0.0058 3.2322 615.36 ■ 1.5 1.76 1.95
732 0.043 600 35.21 annular 959 0.0167 42640 0.0055 3.2322 r 846.63 1.84 2.2 2.39
732 0.043 700 41.08 annular 95? 0.0167 49746 0.0053 3.2322 1108.80 2.24 2.68 2.83
732 0.043 800 46.95 mist 959 0.0167 56853 0.0051 3.2322 1400.68 2.69 3.27 3.51
732 0.043 900 52.82 mist 959 0.0167 63959 0.0050 3.2322 1721.30 3.17 3.76 3.95
732 0.043 1000 58.69 mist 959 0.0167 71066 0.0048 3.2322 2069.81 3.7 4.59 4.81
936 0.055 200 11.74 annular 1226 0.0130 14213 0.0072 4.1342 123.80 2.75 1.1 1.49
936 0.055 300 17.61 annular 1226 0.0130 21320 0.0065 4.1342 251.71 1.62 1.29 1.49
936 0.055 400 23.47 annular 1226 0.0130 28426 0.0061 4.1342 416.42 1.34 1.59 1.73



Table C3 continued
Water
flow
rate

Q  water
(ml/min)

Sup.
water

velocity
J water
(m/s)

Air
flow
rate
Q  air

(1/min)

Sup.
air

velocity

(m/s)

Flow
regime

Reynolds
number

of
water
f̂ water

Fanning 
friction 
factor 
of water 

/ f

■ leynolds
number

of
air

Reair

7anning 
friction 
factor 
of ฟr 
/ f

(-dp/dz)oa1 from theory (-dp/dz)CTp from 
experiment

w a te r

only
(kPa/m)

air

only
(kPa/m)

two-phase

(kPa/m)

Minimum

(kPa/m)

Maximum

(kPa/m)
936 0.055 500 29.34 annular 1226 0.0130 35533 0.0058 4.1342 615.36 1.58 2.07 2.22
936 0.055 600 35.21 annular 1226 0.0130 42640 0.0055 4.1342 846.63 1.93 2.61 2.76
936 0.055 700 41.08 annular 1226 0.0130 49746 0.0053 4.1342 1108.80 2.35 3.03 3.29
936 0.055 800 46.95 mist 1226 0.0130 56853 0.0051 4.1342 1400.68 2.8 3.66 3.88
936 0.055 900 52.82 mist 1226 0.0130 63959 0.0050 4.1342 1721.30 3.3 4.27 4.51
936 0.055 1000 58.69 mist 1226 0.0130 71066 0.0048 4.1342 2069.81 3.83 5.12 5.27
1241 0.073 200 11.74 annular 1625 0.0098 14213 0.0072 5.4797 123.80 2.77 1.44 1.71
1241 0.073 300 17.61 annular 1625 0.0098 21320 0.0065 5.4797 251.71 1.69 1.66 1.81
1241 0.073 400 23.47 annular 1625 0.0098 28426 0.0061 5.4797 416.42 1 45 2.12 2.27
1241 0.073 500 29.34 annular 1625 0.0098 35533 0.0058 5.4797 615.36 1.69 2.64 2.83
1241 0.073 600 35.21 annular 1625 0.0098 42640 0.0055 5.4797 846.63 2.05 3.2 3.34
1241 0.073 700 41.08 annular 1625 0.0098 49746 0.0053 5.4797 1108.80 2.48 3.83 3.95
1241 0.073 800 46.95 mist 1625 0.0098 56853 0.0051 5.4797 1400.68 2.95 4.64 4.81
1241 0.073 900 52.82 mist 1625 0.0098 63959 0.0050 5.4797 1721.30 3.47 5.37 5.54
1241 0.073 1000 58.69 mist 1625' 0.0098 71066 0.0048 5.4797 2069.81 4.01 6.71 6.83
2055 0.121 200 11.74 annular 2698 0.0059 14213 0.0072 9.0952 123.80 2.81 1.71 2.2
2055 0.121 300 17.61 น1าทนlar 2698 0.0059 21320 0.0065 9.0952 251.71 1.83 2.34 2.64
2055 0.121 400 23.47 annular 2698 0.0059 28426 0.0061 9.0952 416.42 1.66 2.98 3.22



Table C3 continued
Water
flow
rate

Q  water
(ml/min'

Sup.
water

velocity
J water
(m/s)

Air 
flow 
rate 
Q  air 

(1/min)

Sup.
air

velocity

(m/s)

Flow
regime

Reynolds
number

of
water
R®water

Fanning 
friction 
factor 
of water 

/ f

Reynolds
number

of
air

Reair

Fanning 
friction 
factor 
of air

/ f

(-dp/dz)caifrom theory (-dp/dz)^ from 
experiment

w a t e r
only

(kPa/m)

air
only

(kPa/m)

two-phase

(kPa/m)

Minimum

(kPa/m)

Maximum

(kPa/m)
2055 0.121 500 29.34 annular 2698 0.0059 35533 0.0058 9.0952 615.36 1.92 3.66 4.05
2055 0.121 600 35.21 annular 2698 0.0059 42640 0.0055 9.0952 846.63 2.31 4.44 4.78
2055 0.121 700 41.08 annular 2698 0.0059 49746 0.0053 9.0952 1108.80 2.76 5.2 5.39
2055 0.121 800 46.95 mist 2698 0.0059 56853 0.0051 9.0952 1400.68 3.27 6.12 6.27
2055 0.121 900 52.82 . mist 2698 0.0059 63959 0.0050 9.0952 1721.30 3.81 7.27 7.37
2055 0.121 1000 58.69 mist 2698 0.0059 71066 0.0048 9.0952 2069.81 4.39 7.86 8

Note; Superficial water velocity, j v = ^ wa,er ; Superficial air velocity, j  air - Q a ir

r
Pressure gradient for water, dp

V  J  water only

F pw ater J  water J 1  J  ■  r  d p-------- ---------- ; Pressure gradient for air, -  - J -
D  \  d z  ) air 0nly

2 I f  P a ir  J  air

Pressure gradient for two-phase flow, dp
V  J  two-phase

Ï dp  ̂  
y d z j P a ir  ร

air only



Martinelli parameter, X , void fraction of air, ร , and gas two-phase flow multiplier, <f>g , can be calculated by using the following 
equations:

(l + X 1" f (dpId:) -  * ^ ,'-'น9749เ/ 1 -  --------- - i - -------v ’ l  " X 1 )   ̂ ((l+0.0904X“M,p ๆ

(1 + 0.0904 A' ”5" ) ” 5

<t>,4 + x7")
n i l

ro
oo



T able C3 (continued) Calculation of two-phase pressure gradient by using X ,  
<£>g2, and pressure gradient of air in annular and mist flow regimes

Water 
flow rate

Q  water
(ml/min)

Air
flow rate

Q  air
(1/min)

Martinelli
parameter

X

Void
fraction

e

Gas two-phase 
flow multiplier

Pressure gradient 
for two-phase flow 

(-dp/dz)tp 
(kPa/m)<

224 200 1.7100 0.7241 4.66 21.73 2.70
224 300 04200 0 8571 2 38 5.69 1.43
224 400 0.0830 09376 1 50 2.25 0.95
224 500 0.0520 0.9512 1.38 1 90 1 18
224 600 0.0405 09573 1.33 1.76 1.50
224 700 00340 0.9611 1.29 1.68 1.87
224 800 0.0290 09643 1.27 1 61 227
224 900 0.0257 09665 1.25 _ 1 56 270
224 1000 0.0231 0.9684 1.23 1 52 3 16
325 200 1.72 07234 468 21.87 272
325 300 0.4273 08559 2.40 5.76 1.46

' 325 400 0.1013 0 9307 1.56 2.45 1 03
325 500 0.0636 0.9458 1.43 203 1 26
325 600 0.049 09527 1.36 1 86 1.59
325 700 0.0406 09572 1.33 1.76 1.96
325 800 0.035 09605 1.30 1.69 2.38
325 900 0 031 09630 1.28 1 64 2 83
325 1000 0.0279 0.9650 1 26 1.59 3 30
427 200 1.723 07232 4.68 21.92 2.73
427 300 0.439 0 8540 243 5.88 1.49
427 400 0.117 0.9253 1 62 261 110
427 500 0.074 09413 1.47 2.15 1.34
427 600 0.056 09493 1 39 1.95 1.66
427 700 0.047 0 9538 1.36 1.84 2.05
427 800 0.04 0.9576 1.32 1 75 2.46
427 900 0.036 0 9599 1.30 1.70 2.94
427 1000 0032 0.9623 1 28 1.65 3.43
529 200 1.726 0.7230 4.69 21.96 2.73
529 300 0.451 0.8520 245 6.01 1.52
529 400 0.131 0.9208 1.66 2.76 1.16
529 500 0.0823 0.9379 1.50 2.24 1.39
529 600 0.0631 0 9460 1.42 2.03 1 73
529 700 0 0522 0.9511 1.38 1.90 2.12
529 800 0.0449 09549 135 1.81 2 55
529 900 0 0397 09578 1.32 1.75 3.02
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T able C3 continued
Water 

flow rate
Q  w a te r

(ml/min)

Air
flow rate
Q  a i r  

(1/min)

Martinelli
parameter

X

Void
fraction

8

Gas two-phase 
flow multiplier

Pressure gradient 
for two-phase flow 

(-dp/dz)tp 
(kPa/m)

0
g <

529 1000 0.0357 0.9601 1.30 1.70 3.53
732 200 1.7315 07226 4.69 22.04 2.74
732 300 0.4705 08489 2.49 6.21 1 58
732 400 0.1541 09139 1 73 2.99 1.26
732 500 0 0974 09321 1.55 2.41 1.50
732 600 0.0746 0.9410 1.47 2.16 1.84
732 700 00616 0.9466 1 42 201 2.24
732 800 0.0530 0.9507 1.38 1 91 2.69
732 900 0.0468 09539 1.35 1.84 3.17
732 1000 00420 0.9565 1.33 1.78 3.70
936 200 1.7372 0.7222 4.70 22.12 2.75
936 300 0.4884 08461 2.53 6.40 1.62
936 400 0.1738 09084 1 79 3 19 1 34
936 500 0.1106 09275 1 60 2 54 1.58
936 600 0.0847 0.9369 1 51 2.27 1.93
936 700 0.0699 09430 1.45 2.11 235
936 800 0 0601 09474 1.41 1.99 280
936 900 - 0.0530 09507 1 38 191 3.30
936 1000 00476 09535 1.36 1.85 3.83
1241 200 1 7458 07216 4.72 22.25 277
1241 300 0.5122 0 8425 2 58 6.65 1.69
1241 400 0.1988 0.9019 1.86 3.44 1.45
1241 600 0.1278 0.9218 1.65 2.72 1.69
1241 600 0.0979 0.9320 1.55 2.41 2.05
1241 700 00808 09385 1 49 2.23 248
1241 800 00694 0 9432 1.45 2.10 2.95
1241 900 0.0612 0.9468 1.42 2.01 ' 3.47
1241 1000 0 0549 0.9498 1.39 1.93 4.01
2055 200 1.7682 0.7200 4.75 22.58 2 81
2055 300 0.5647 0.8349 2.69 7.21 1 83
2055 400 02504 0 8897 1.99 3 96 1.66
2055 500 0.1647 0.9109 1.76 3 10 1.92
2055 600 0.1266 0.9222 1 65 2 71 2 31
2055 700 0.1045 0.9296 1.57 2.48 2.76
2055 800 0.0898 0.9350 1.52 2.32 3.27
2055 900 0.0791 09392 1.49 2.21 3.81
2055 1000 00710 09425 1.45 2.12 4 39



Table C4 Determination of pressure gradients from the thoery and experiment in bubble flow regime 
Physical properties of air and (50 vol% glycerol + 50 vol% water) solution used in the experiments: 
viscosity of glycerol solution, (^solution = 4.48 X 10‘3 kg/m.s; density of glycerol solution, Psoiution = 1121 kg/m3 
viscosity of ฟ r, Pair = 1.85 X 10’5 kg/m.s; density of air, pair = 1.18 kg/m3
temperature, T = 3 l°c  (± 1°C); diameter of the pipe, D = 0.019 m; pressure taps difference = 0.4 m

Solution 
flow rate
Q so lu tion

(ml/min)

Sup. Soln 
velocity
J so lu tion
(m/s)

Air
flow rate

Q a ir

(1/min)

Sup. air 
velocity

(m/s)

Flow
regime

Void 
fraction 

from theory 
ร

(-dp/dz)oal
from
theory

(kPa/m)

Reynolds 
number 

of air 
R f i a i r

(-dp/dz)exp from experiment
Minimum

(kPa/m)
Maximum

(kPa/m)
0 0.0000 0.036 0.0021 bubble 0.0138 10.85 2.56 10.91 10.91
0 0.0000 0.071 0.0042 bubble 0.0268 10.70 5.05 10.86 10.86
0 0.0000 0.103 0.0060 bubble 0.0385 10.57 7.32 10.69 10.69
0 0.0000 0.132 0.0077 bubble 0.0488 10.46 9.38 10.47 10.47
0 0.0000 0.162 0.0095 bubble 0.0592 10.35 11.51 10.25 10.36

358 0.0210 0.036 0.0021 bubble 0.0121 10.86 2.56 10.86 10.86
358 0.0210 0.071 w 0.0042 bubble 0.0236 10.74 5.05 10.72 10.72
358 0.0210 0.103 0.0060 bubble 0.0339 10.62 7.32 10.58 10.58
358 0.0210 0.132 0.0077 bubble 0.0431 10.52 9.38 10.47 10.47
358 0.0210 0.162 0.0095 bubble 0.0523 10.42 11.51 10.25 10.36
358 0.0210 0.196 0.0115 bubble 0.0626 10.31 13.93 10.09 10.25
545 0.0320 0.036 0.0021 bubble 0.0114 10.87 2.56 10.8 10.8
545 0.0320 0.071 0.0042 bubble 0.0223 10.75 5.05 10.67 10.67



Table C4 continued
Solution 
flow rate

Q  solution
(ml/min)

Sup. Soln 
velocity
J  solution
(m/s)

Air
flow rate 

Q  air 
(1/min)

Sup. air 
velocity

(m/s)

Flow
regime

Void 
fraction 

from  theory 
ร

(-dp/dz)oai
from
theory

(kPa/m)

Reynolds
number (-dp/dz)eXp from  experiment

o f d r  
Reair

M inim um
(kPa/m)

M axim um
(kPa/m)

545 0.0320 0.103 0.0060 bubble 0.0320 10.65 7.32 10.56 10.56
545 0.0320 0.132 0.0077 bubble 0.0406 10.55 9.38 10.42 10.42
545 0.0320 0.162 0.0095 bubble 0.0494 10.45 11.51 10.28 10.28
545 0.0320 0.196 0.0115 bubble 0.0591 10.35 13.93 10.12 10.17
545 0.0320 0.235 0.0138 bubble 0.0700 10.23 16.70 10.01 10.12
545 0.0320 0.273 0.0160 bubble 0.0805 10.11 19.40 9.73 9.95
705 0.0414 0.036 0.0021 bubble 0.0109 10.88 2.56 10.75 10.75
705 0.0414 0.071 0.0042 bubble 0.0212 10.76 5.05 10.64 10.64
705 0.0414 0.103 0.0060 bubble 0.0304 10.66 7.32 10.56 10.56
705 0.0414 0.132 0.0077 bubble 0.0387 10.57 9.38 10.45 10.45
705 0.0414 0.162 0.0095 bubble 0.0471 10.48 11.51 10.34 10.34
705 0.0414 0.196 0.0115 bubble 0.0564 10.38 13.93 10.17 10.28
705 0.0414 0.235 0.0138 bubble 0.0669 10.26 16.70 10.01 10.20
705 0.0414 0.273 0.0160 bubble 0.0768 10.15 19.40 9.84 10.01
1102 0.0647 0.036 0.0021 bubble 0.0097 10.89 2 .56 10.89 10.89
1102 0.0647 0.071 0.0042 bubble 0.0189 10.79 5.05 10.83 10.83
1102 0.0647 0.103 0.0060 bubble 0.0272 10.70 7.32 10.8 10.8
1102 0.0647 0.132 0.0077 bubble 0.0347 10.62 9.38 10.75 10.75
1102 0.0647 0.162 0.0095 bubble 0.0422 10.53 11.51 10.67 10.67



Table C4 continued
Solution 
flow rate

Q  solution
(ml/min)

Sup. Sol" 
velocity
J  solution
(m/s)

Air
flow rate

£ a i r
(1/min)

Sup. air 
velocity

(ทา/ร)

Flow
regime

Void 
fraction 

from theory
E

(-dp/dz)c 81 
from 
theory 

(kPa/m)

Reynolds 
number 

o f air 
R f i a i r

(-dp/dz)eXp from experiment

M inimum
(kPa/m)

M aximum
(kPa/m)

1102 0.0647 0.196 0.0115 bubble 0.0506 10.44 13.93 10.56 10.56
1102 0.0647 0.235 0.0138 bubble 0.0601 10.34 16.70 10.45 10.45
1102 0.0647 0.273 0.0160 bubble 0.0691 10.24 19.40 ' 10.28 10.34
1102 0.0647 0.307 0.0180 bubble 0.0771 10.15 21.82 10.06 10.12
1560 0.0915 0.036 0.0021 bubble 0.0086 10.90 2.56 10.91 10.91
1560 0.0915 0.071 0.0042 bubble 0.0169 10.81 5.05 10.86 10.86
1560 0.0915 0.103 0.0060 bubble 0,0243 10.73 7.32 10.83 10.83
1560 0.0915 0.132 0.0077 bubble 0.0309 10.66 9.38 10.78 10.78
1560 0.0915 0.162 0.0095 bubble 0.0377 10.58 11.51 10.67 10.67
1560 0.0915 0.196 0.0115 bubble 0.0453 10.50 13.93 10.5 10.61
1560 0.0915 0.235 0.0138 bubble 0.0538 10.41 16.70 10.39 10.50
1560 0.0915 0.273 0.0160 bubble 0.0619 10.32 19.40 10.28 10.39
1560 0.0915 0.307 0.0180 bubble 0.0691 10.24 21.82 10.17 10.34
1560 0.0915 0.356 0.0209 bubble 0.0793 10.13 25.30 10.06 10.23
1794 0.1053 0.036 0.0021 bubble 0.0082 10.91 2.56 10.86 10.86
1794 0.1053 0.071 0.0042 bubble 0.0160 10.82 5.05 10.83 10.83
1794 0.1053 0.103 0.0060 bubble 0.0230 10.74 7.32 10.78 10.78
1794 0.1053 0.132 0.0077 bubble 0.0293 10.67 9.38 10.69 10.69
1794 0.1053 0.162 0.0095 bubble 0.0358 10.60 11.51 10.58 10.58



Table C4 continued
Solution 
flow rate

Q  solution
(ml/min)

Sup. Sol" 
velocity
]  solution
(m/s)

Air
flow rate

Q  a ir
(1/min)

Sup. air 
velocity

(m/s)

Flow
regime

Void 
fraction 

from theory 
8

(-dp/dz)ca1 
from 
theory 

(kPa/m)

Reynolds 
number 

of air 
R f ia i r

(-dp/dz)eXp from experiment

M inim um
(kPa/m)

M axim um
(kPa/m)

1794 0.1053 0.196 0.0115 bubble 0.0429 10.52 13.93 10.53 10.53
1794 0.1053 0.235 0.0138 bubble 0.0510 10.44 16.70 10.39 10.50
1794 0.1053 0.273 0.0160 bubble 0.0588 10.35 19.40 10.28 10.34
1794 0.1053 0.307 0.0180 bubble 0.0657 10.27 21.82 10.2 10.31
1794 0.1053 0.356 0.0209 bubble 0.0753 10.17 25.30 10.03 10.20
1794 0.1053 0.395 0.0232 bubble 0.0829 10.09 28.07 9.9 10.06

N ote; Superficial solution velocity, j 50111,,0„ = ^ so,uHon
A

Superficial air velocity, j air = A
<2air = volum etric flow  rate o f  air; ^solution31 volum etric  flow  ra te  o f  glycerol solution; A  =  cross-sectional area o f  the pipe



Table C 5 D eterm ination  o f  pressure  grad ien ts from  the theory  and experim en t in  slug  flow  reg im e 
Physical p roperties o f  air and (50 vol%  glycerol + 50 vol%  w ater) so lu tion  used  in th e  experim ents: 
v iscosity  o f  glycerol so lution, ^ s o l u t i o n  = 4 .48 X  10*3 kg/m .s; density  o f  glycerol so lu tion , Psolution = 1 1 2 1  kg /m 3 
viscosity  o f  air, p air = 1.85 X  10"5 kg/m .s; density  o f  air, P a i r =  1.18 kg /m 3
tem perature, T  =  3 1 °c  (± 1°C); d iam eter o f  the  pipe, D  =  0 .019  m ; pressure  taps d ifference  =  0 .4  m

Solution 
flow  rate 
Q solution 

(m l/m in)

Sup. Sol" 
velocity
J  solution

(m /s)

A ir
flow  rate 

Q air 
(1/min)

Sup. air 
velocity

< £ >

R eynolds 
num ber 

o f  air 
R eair

F low
regim e

V oid 
faraction  

from  
theory ,e

v lean  liq. 
ve locity  

น ,  
m /s

R eynolds 
num ber o f 
liqu id  slug

^-® si น g

"anning
fric tion
facto r

/ f

(-d p /d z)ca 1 
from  

theory  
(kP a/m )

( - d p /d z ) ^  from  
experim en t

Vlinim um
(kP a/m )

M ax im um
(kP a/m )

0 0.0000 0 . 4 5 0 0 . 0 2 6 4 3 1 . 9 8 slug 0 . 1 4 4 5 0 . 0 2 6 4 1 2 5 0 . 1 2 7 6 9 . 4 2 8 . 2 2 8 . 9 9
0 0.0000 0 . 5 1 0 0 . 0 2 9 9 3 6 . 2 4 slug 0 . 1 6 0 0 0 . 0 2 9 9 1 4 2 0 . 1 1 2 5 9 . 2 5 7 . 8 9 8 . 9 4
0 0.0000 0 . 5 6 8 0 . 0 3 3 3 4 0 . 3 7 slug 0 . 1 7 4 4 0 . 0 3 3 3 1 5 8 0 . 1 0 1 1 9 . 0 9 7 . 6 2 8 . 9 4
0 0.0000 0 . 6 6 0 0 . 0 3 8 7 4 6 . 9 0 slug 0 . 1 9 6 0 0 . 0 3 8 7 1 8 4 0 . 0 8 7 0 8 . 8 5 7 . 3 4 8 . 7 7
0 0.0000 0 . 7 2 2 0 . 0 4 2 4 5 1 . 3 1 slug 0 . 2 0 9 8 0 . 0 4 2 4 2 0 1 0 . 0 7 9 5 8 . 7 0 7 . 0 1 8 . 3 9
0 0.0000 0 . 7 8 9 0 . 0 4 6 3 5 6 . 0 7 slug 0 . 2 2 4 0 0 . 0 4 6 3 ' 2 2 0 0 . 0 7 2 7 8 . 5 5 6 . 7 4 8 . 3 9
0 0.0000 0 . 8 6 7 0 . 0 5 0 9 6 1 . 6 1 slug 0 . 2 3 9 8 0 . 0 5 0 9 2 4 2 0 . 0 6 6 2 8 . 3 8 6 . 4 1 8 . 6 6

3 5 8 0 . 0 2 1 0 0 . 5 6 8 0 . 0 3 3 3 4 0 . 3 7 slug 0 . 1 5 4 1 0 . 0 5 4 3 2 5 8 0 . 0 6 2 0 9 . 3 2 8 . 0 8 9 . 0 7
3 5 8 0 . 0 2 1 0 0 . 6 6 0 0 . 0 3 8 7 4 6 . 9 0 slug 0 . 1 7 3 8 0 . 0 5 9 7 2 8 4 0 . 0 5 6 4 9 . 1 1 7 . 8 6 8 . 9 1
3 5 8 0 . 0 2 1 0 0 . 7 2 2 0 . 0 4 2 4 5 1 . 3 1 slug 0 . 1 8 6 5 0 . 0 6 3 4 3 0 1 0 . 0 5 3 2 8 . 9 7 7 . 6 4 8 . 5 2
3 5 8 0 . 0 2 1 0 0 . 7 8 9 0 . 0 4 6 3 5 6 . 0 7 slug 0 . 1 9 9 7 0 . 0 6 7 3 3 2 0 0 . 0 5 0 0 8 . 8 2 7 . 4 8 8 . 5 2
3 5 8 0 . 0 2 1 0 0 . 8 6 7 0 . 0 5 0 9 6 1 . 6 1 slug 0 . 2 1 4 3 0 . 0 7 1 9 3 4 1 0 . 0 4 6 9 8 . 6 6 7 . 2 6 8 . 5 2
3 5 8 0 . 0 2 1 0 1 . 0 2 2 0 . 0 6 0 0 7 2 . 6 3 slug 0 . 2 4 1 6 0 . 0 8 1 0 3 8 5 0 . 0 4 1 6 8 . 3 6 6 . 9 8 8 . 2 5
3 5 8 0 . 0 2 1 0 2 . 3 9 4 0 . 1 4 0 5 1 7 0 . 1 3 slug 0 . 4 0 7 3 0 . 1 6 1 5 7 6 7 0 . 0 2 0 9 6 . 5 6 4 . 1 2 6 . 8 7



Table C5 continued
S olution  
flow  rate
Q solution

(m l/m in)

Sup. Sol" 
velocity
J  solution

(m /s)

A ir
flow  rate 

Q air 
(1/min)

Sup. air 
velocity

« ^ )

R eynolds 
num ber 

o f  air 
R eair

F low
reg im e

V oid  
faraction  

from  
theory ,e

vlean liq. 
velocity

พ/
m /s

R eyno lds 1 
num ber o f 
iqu id  slug

R-®slug

Tanning
fric tion
factor

f v

(-d p /d z )ca1 
from  

theory  
(kP a/m )

(-d p /d z)exp from  
ex perim en t

v lin im um
(kPa/m )

v lax im um
(kP a/m )

3 5 8 0 . 0 2 1 0 4 . 0 0 0 0 . 2 3 4 7 2 8 4 . 2 6 slug 0 . 5 1 2 5 0 . 2 5 5 7 1 2 1 5 0 . 0 1 3 2 5 . 4 1 1 . 3 7 5 . 7 7
3 5 8 0 . 0 2 1 0 5 . 3 2 6 0 . 3 1 2 6 3 7 8 . 5 0 slug 0 . 5 6 6 9 0 . 3 3 3 6 1 5 8 4 0 . 0 1 0 1 4 . 8 2 0 . 8 2 6 . 3 2
5 4 5 0 . 0 3 2 0 0 . 7 2 2 0 . 0 4 2 4 5 1 . 3 1 slug 0 . 1 7 6 3 0 . 0 7 4 4 3 5 3 0 . 0 4 5 3 9 . 0 8 7 . 9 7 8 . 7 4
5 4 5 0 . 0 3 2 0 0 . 7 8 9 0 . 0 4 6 3 5 6 . 0 7 slug 0 . 1 8 9 0 . 0 7 8 3 3 7 2 0 . 0 4 3 0 8 . 9 4 7 . 6 4 8 . 7 4
5 4 5 0 . 0 3 2 0 0 . 8 6 7 0 . 0 5 0 9 6 1 . 6 1 slug 0 . 2 0 3 1 0 . 0 8 2 9 3 9 4 0 . 0 4 0 6 8 . 7 9 7 . 4 2 8 . 5 2
5 4 5 0 . 0 3 2 0 1 . 0 2 2 0 . 0 6 0 0 7 2 . 6 3 slug 0 . 2 2 9 4 0 . 0 9 2 0 4 3 7 0 . 0 3 6 6 8 . 5 0 7 . 2 8 . 5 2
5 4 5 0 . 0 3 2 0 2 . 3 9 4 0 . 1 4 0 5 1 7 0 . 1 3 slug 0 . 3 9 2 4 0 . 1 7 2 5 8 1 9 0 . 0 1 9 5 6 . 7 2 4 . 6 2 6 . 6
5 4 5 0 . 0 3 2 0 4 . 0 0 0 0 . 2 3 4 7 2 8 4 . 2 6 slug 0 . 4 9 8 2 0 . 2 6 6 7 1 2 6 7 0 . 0 1 2 6 5 . 5 7 3 . 3 5 . 5
5 4 5 0 . 0 3 2 0 5 . 3 2 6 0 . 3 1 2 6 3 7 8 . 5 0 slug 0 . 5 5 3 6 0 . 3 4 4 6 1 6 3 7 0 . 0 0 9 8 4 . 9 7 2 . 2 4 . 9 5
7 0 5 0 . 0 4 1 4 0 . 7 8 9 0 . 0 4 6 3 5 6 . 0 7 slug 0 . 1 8 0 6 0 . 0 8 7 7 4 1 7 0 . 0 3 8 4 9 . 0 4 8 . 0 6 8 . 8 3
7 0 5 0 . 0 4 1 4 0 . 8 6 7 0 . 0 5 0 9 6 1 . 6 1 slug 0 . 1 9 4 3 0 . 0 9 2 3 4 3 8 0 . 0 3 6 5 8 . 8 9 7 . 8 4 8 . 5 5
7 0 5 0 . 0 4 1 4 1 . 0 2 2 0 . 0 6 0 0 7 2 . 6 3 slug 0 . 2 1 9 9 0 . 1 0 1 4 4 8 2 0 . 0 3 3 2 8 . 6 1 7 . 2 9 8 . 3 9
7 0 5 0 . 0 4 1 4 2 . 3 9 4 0 . 1 4 0 5 1 7 0 . 1 3 slug 0 . 3 8 0 4 0 . 1 8 1 9 8 6 4 0 . 0 1 8 5 , 6 . 8 6 5 . 2 2 6 . 3 2
7 0 5 0 . 0 4 1 4 4 . 0 0 0 0 . 2 3 4 7 2 8 4 . 2 6 slug 0 . 4 8 6 6 0 . 2 7 6 1 1 3 1 2 0 . 0 1 2 2 5 . 7 0 3 . 5 7 5 . 5
7 0 5 0 . 0 4 1 4 5 . 3 2 6 0 . 3 1 2 6 3 7 8 . 5 0 slug 0 . 5 4 2 8 0 . 3 5 4 0 1 6 8 1 6 . 0 0 9 5 5 . 0 9 2 . 2 4 . 9 5
1 1 0 2 0 . 0 6 4 7 0 . 8 6 7 0 . 0 5 0 9 6 1 . 6 1 slug 0 . 1 7 5 6 0 . 1 1 5 6 5 4 9 0 . 0 2 9 1 9 . 1 0 8 . 1 9 8 . 7 4
1 1 0 2 0 . 0 6 4 7 1 . 0 2 2 0 . 0 6 0 0 7 2 . 6 3 slug 0 . 1 9 9 5 0 . 1 2 4 7 5 9 2 0 . 0 2 7 0 8 . 8 4 7 . 8 6 8 . 6 3
1 1 0 2 0 . 0 6 4 7 2 . 3 9 4 0 . 1 4 0 5 1 7 0 . 1 3 slug 0 . 3 5 3 6 0 . 2 0 5 2 9 7 5 0 . 0 1 6 4 7 . 1 6 5 . 5 6 . 8 7
1 1 0 2 0 . 0 6 4 7 4 . 0 0 0 0 . 2 3 4 7 2 8 4 . 2 6 slug 0 . 4 5 9 9 0 . 2 9 9 4 1 4 2 2 0 . 0 1 1 2 6 . 0 0 3 . 8 5 6 . 0 5
1 1 0 2 0 . 0 6 4 7 5 . 3 2 6 0 . 3 1 2 6 3 7 8 . 5 0 slug 0 . 5 1 7 7 0 . 3 7 7 3 1 7 9 2 0 . 0 0 8 9 5 . 3 8 2 . 0 6 5 . 2 2



Table C5 continued
Solution Sup. Sol" A ir Sup. air R eynolds F low V oid M ean liq. R eynolds 'a n n in g (-d p /d z)ca1 (-d p /d z)exp from
flow  rate velocity flow  rate velocity num ber regim e faraction velocity num ber o f fric tion from ex perim en t

Q  so lu tio n J  so lu tio n Q  a ir J  a ir o f  air from U1 liqu id  slug factor theory M inim um M axim um
(m l/m in) (m /s) (1/min) (m /s) f ^ a i r theory ,e m /s R e s iu g / f (kP a/m ) (kP a/m ) (kP a/m )

1560 0.0915 1 . 0 2 2 0 . 0 6 0 0 72.63 slug 0.1801 0.1515 720 0.0222 ,9.07 8.39 8.94
1560 0.0915 2.394 0.1405 170.13 slug 0.3271 0 .2320 1102 0.0145 7.46 6.05 7.15
1560 0.0915 4.000 0.2347 284.26 slug 0 .4326 0 .3262 1550 6.0103 6.31 4.4 5.5
1560 0.0915 5.326 0 .3126 378.50 slug 0 .4914 0.4041 1919 0.0083 5.67 3.02 4.95
1794 0.1053 2.394 0.1405 170.13 slug 0.315 0.2458 1168 0.0137 7.60 6.32 7.42
1794 0.1053 4.000 0.2347 284.26 slug 0 .4198 0 .3400 1615 0 .0099 6.46 4.67 6.6
1794 0.1053 5.326 0 .3126 378.50 slug 0 .479 0 .4179 1985 0.0081 5.82 3.85 5.77
1794 0.1053 7.058 0.4142 501.58 slug 0 .5348 0.5195 2468 0.0065 5.21 2.47 5.22

Note; Superficial solution velocity, j solution -  ^ * ° 'utionA

M ean liquid velocity, นิ'1 =  Q a,r— Q ° ,'‘tl°n 

R eynolds num ber o f  the liquid slug, R e slug =

; Superficial air velocity, j  air

p  solution™ 1^
p  solution

A

Quit= volum etric flow  rate o f  air; (̂ solution •= volum etric  flow  rate  o f  g lycerol solution; A  =  cross-sectional area o f  the pipe; 
D =  diam eter o f  the pipe



Table C6 Determination o f pressure gradients from  theory and experiment in annualr and mist flow  regimes 
Physical properties of air and (50 vol%  glycerol +  50 vol%  water) solution used in the experiments: 
viscosity o f glycerol solution, Solution = 4.48 X 10'3 kg/m.s; density o f glycerol solution, Psoiution = 1121 kg/m3 
viscosity of air, Pair = 1.85 X 10’5 kg/m.s; density o f air, P a ir=  1.18 kg/m3
temperature, T = 31°c (± 1°C); diameter o f the pipe, D = 0.019 m; pressure taps difference = 0.4 m

Solution
flow
rate

Q  solution
(ml/min)

Sup.
Solution
velocity
J solution

(m/s)

Air
flow
rate
Q  air

(1/min)

Sup.
air

velocity

(m/s)

Flow
regime

Reynolds
num ber

o f
solution

R esolution

Fanning 
friction 

factor of 
solution 

/ f

Reynolds
number

o f
air

R e a ir

Fanning 
friction 
factor 
o f  air 
f v

(-dp/dz)oa1 from  theory (-d p /d z )^  from 
experiment

solution
only

(kPa/m)

air
only

(kPa/m)

two
phase

(kPa/m)

Vlinimum

(kPa/m)

M aximum

(kPa/m)
358 0.0210 200 11.74 annualr 100 0.1604 14213 0.0072 8.3469 123.80 3.35 1.32 1.46
358 0.0210 3 0 0 1 7 . 6 1 annular 100 0.1604 21320 0.0065 8.3469 251.71 2.15 1.54 1.54
358 0.0210 400 2 3 . 4 7 annular 100 0.1604 28426 0.0061 8.3469 416.42 1.75 1.9 1.9
358 0.0210 5 0 0 2 9 . 3 4 annular 100 0.1604 35533 0.0058 8.3469 615.36 1.93 2.47 2.47
358 0.0210 600 3 5 . 2 1 annular 100 0.1604 42640 0.0055 8.3469 846.63 2.3 2.97 2.97
358 0.0210 7 0 0 4 1 . 0 8 annular 100 0.1604 49746 0.0053 8.3469 1108.80 2.74 3.66 3.66
358 0.0210 8 0 0 4 6 . 9 5 mist 100 0.1604 56853 0.0051 8.3469 1400.68 3.23 4.65 4.65
545 0.0320 200 11.74 annualr 152 0.1053 14213 0.0072 12.7192 123.80 3.39 1.51 1.76
545 0.0320 300 17.61 annular 152 0.1053 21320 0.0065 12.7192 251.71 2.28 1.79 1.9
545 0.0320 400 2 3 . 4 7 annular 152 0.1053 28426 0.0061 12.7192 416.42 1.96 2.25 2.25
545 0.0320 500 2 9 . 3 4 annular 152 0.1053 35533 0.0058 12.7192 615.36 2.17 3 3
545 0.0320 600 35.21 annular 152 0.1053 42640 0.0055 12.7192 846.63 2.55 3.55 3.55



Table C6 continued
Solution

flow
rate

Q  solution
(ml/min)

Sup.
Solution
velocity
J  solution

(m/s)

Air
flow
rate
Q  an

(1/min)

Sup.
air

velocity

(m/s)

-Flow
regime

Reynolds
number

of
solution

D pAVCsolution

Fanning 
friction 

factor of 
solution 

/ f

Reynolds
number

o f
air

air

Fanning 
friction 
factor 
o f air 

/ f

(-dp/dz)ca1 from theory (-dp/dz)CTp from 
experiment

solution
only

(kPa/m) < £ »

two
phase

(kPa/m)

Minimum

(kPa/m)

M aximum

(kPa/m)
545 0.0320 700 41.08 annular 152 0.1053 49746 0.0053 12.7192 1108.80 3.02 4.21 4.21
545 0.0320 800 4 6 . 9 5 mist 152 0.1053 56853 0.0051 12.7192 1400.68 3.54 5.31 5.31
705 0.0414 2 0 0 11.74 annualr 197 0.0814 14213 0.0072 16.4554 123.80 3.42 1.62 2.06
705 0.0414 3 0 0 1 7 . 6 1 annular 197 0.0814 21320 0.0065 16.4554 251.71 2.37 1.87 2.09
705 0.0414 400 2 3 . 4 7 annular 197 0.0814 28426 0.0061 16.4554 416.42 2.11 2.39 2.67
705 0.0414 500 2 9 . 3 4 annular 197 0.0814 35533 0.0058 16.4554 615.36 2.33 3.05 3.16
705 0.0414 600 3 5 . 2 1 annular 197 0.0814 42640 0.0055 16.4554 846.63 2.73 3.66 3.66
705 0.0414 700 41.08 annular 197 0.0814 49746 0.0053 16.4554 1108.80 3.22 4.4 4.4
705 0.0414 800 46.95 mist 197 0.0814 56853 0.0051 16.4554 1400.68 3.76 5.36 5.36
1102 0.0647 200 11.74 annualr 307 0.0521 14213 0.0072 25.7165 123.80 3.51 1.92 2.47
1102 0.0647 300 17.61 annular 307 0.0521 21320 0.0065 25.7165 251.71 2.57 2.42 2.69
1102 0.0647 400 23.47 annular 307 0.0521 28426 0.0061 25.7165 416.42 2.41 3.02 3.24
1102 0.0647 5 0 0 2 9 . 3 4 annular 307 0.0521 35533 0.0058 25.7165 615.36 2.67 3.57 3.79
1102 0.0647 600 3 5 . 2 1 annular 307 0.0521 42640 0.0055 25.7165 846.63 3.1 4.4 4.45
1102 0.0647 700 41.08 annular 307 0.0521 49746 0.0053 25.7165 1108.80 3.62 5.22 5.22
1102 0.0647 800 46.95 mist 307 0.0521 56853 0.0051 25.7165 1400.68 4.2 6.41 6.41
1560 0 . 0 9 1 5 200 11.74 annualr 435 0.0368 14213 0.0072 36.3688 123.80 3.6 2.47 3.02
1560 0.0915 300 17.61 annular 435 0.0368 21320 0.0065 36.3688 251.71 2.77 3.02 3.44



Table C6 continued
Solution

flow
rate

Q  solution
(ml/min)

Sup.
Solution
velocity
J  solution

(m/s)

Air 
flow 
rate 
Q  air 

(1/min)

Sup.
air

velocity

(เท/ร)

Flow
regime

Reynolds
num ber

o f
solution
p  Aolulion

Fanning 
friction 

factor of 
solution 

/ f

leynolds
number

o f
air

Reair

Fanning 
friction 
factor 
o f  air
/ f

(-dp/dz)ca1 from theory (-dp/dz)«p from 
experiment

solution

1 ะ , ,

air
only

(kPa/m)

two
phase

(kPa/m)

Minimum

(kPa/m)

M aximum

(kPa/m)
1560 0.0915 400 23.47 annular 435 0.0368 28426 0.0061 36.3688 416.42 2.68 3.85 4.23
1560 0.0915 500 29.34 annular 435 0.0368 35533 0.0058 36.3688 615.36 2.98 4.43 4.7
1560 0.0915 600 35.21 annular 435 0.0368 42640 0.0055 36.3688 846.63 3.44 5.03 5.28
1560 0.0915 700 41.08 annular 435 0.0368 49746 0.0053 36.3688 1108.80 4 5.83 5.97
1560 0.0915 800 46.95 mist 435 0.0368 56853 0.0051 36.3688 1400.68 4.61 6.93 6.93
1794 0.1053 200 11.74 annualr 500 0.0320 14213 0.0072 41.8540 123.80 3.65 2.75 3.02
1794 0.1053 300 17.61 annular 500 0.0320 21320 0.0065 41.8540 251.71 2.86 3.44 3.66
1794 0.1053 400 23.47 annular 500 0.0320 28426 0.0061 41.8540 416.42 2.8 4.32 4.48
1794 0.1053 500 29.34 annular 500 0.0320 35533 0.0058 41.8540 615.36 ' 3.11 5.06 5.2
1794 0.1053 600 35.21 annular 500 0.0320 42640 0.0055 41.8540, 846.63 3.6 5.44 5.61
1794 0.1053 700 41.08 annular 500 0.0320 49746 0.0053 41.8540 1108.80 4.17 5.88 6.1
1794 0.1053 800 46.95 mist 500 0.0320 56853 0.0051 41.8540 1400.68 4.8 6.93 6.93

N ote; Superficial solution velocity, j s01 uti0n =  Q so,ut,on -; Superficial air velocity , j air =

Pressure gradient for solution, d p
d z

=  ร ^ ^ J ^ l s Sss. ; P ressure grad ien t fo r air, f-  ̂ ไ = 2 ^ f P ^  i*r
J  solution only V dz J atr 0niyV V .o



Pressure gradient for tw o-phase flow, r dp'
^  '  tw o -p h a se

r dp'
V dz '  air only

-  P a i r  ร

M artinelli param eter, X , void fraction o f  air, ร , and gas tw o-phase flow  m ultiplier, <f>2 , can be calcu lated  by using  the follow ing
r

equations:

M - r  ((<*>/<*)„ (dp /  dz) 10
x:

f
= 10985.4 1 -

1
V I1 + 0 .0 9 0 4 X 0.548 rl

(l + 0.0904 X '0 548 )282

*>1 = ( ' + ^ "  r
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T able C 6 (continued) C alculation o f  tw o-phase pressure grad ien t by using  X ,  
<£g2, and pressure gradient o f  air in annular and m ist flow  regim es

Solution 
flow  rate
Q solution

(m l/m in)

A ir
flow  rate 

0 .1 , 
(1/min)

M artinelli
param eter

X

V oid
fraction

ร

G as tw o-phase 
flow  m ultip lier

P ressure gradient 
for tw o-phase flow  

(-dp/dz)tp 
(kPa/m )

(pg <

358 200 2.05 0.7012 5.19 26.94 3.35
358 300 0.6821 0.8192 2.92 8.50 2.15
358 400 0 2 7 0 8 0 8 8 5 2 2.04 4 17 1.75
358 500 0.1669 0 9 1 0 3 1 77 3 12 1.93
358 600 0.1253 0 9 2 2 6 1.64 2 7 0 2 3 0
358 700 0 1023 0 9 3 0 4 1.57 2.46 2 7 4
358 800 0.0873 0 9 3 5 9 1 52 2 3 0 3.23
545 200 2 0762 0.6999 5.22 27.28 3 39
545 300 0 7262 0 8137 3.00 8.99 2 2 8
545 400 0 3219 0 8748 2.16 4 6 8 1.96
545 500 0.2048 0 9 0 0 4 1 87 3.51 2.17
545 600 0 1548 0.9137 1.73 3.00 2 55
545 700 0 1266 0.9222 1 65 2.71 3.02
545 800 0.1081 0 9 2 8 4 1 59 2 52 3 54
705 200 2.0942 0 6 9 8 8 5 25 27.57 3.42
705 300 0.7593 0 8097 3 06 9.37 2.37
705 400 0 3 5 7 1 0 8682 2.25 5 04 2 11
705 500 0.2317 0.8939 1 94 3.77 2.33
705 600 0.176 0.9078 1.79 3.21 2.73
705 700 0.1441 0.9168 1 70 2 8 9 3.22
705 800 0.1231 0.9233 1 64 2.67 3 76
1102 200 2.1371 0.6961 5 31 28.25 3 51
1102 300 0 8288 0 8016 3.19 10.17 2 57
1102 400 0 4 2 6 3 0 8561 2 40 5.75 2.41
1102 500 0.2856 0:3821 2.08 4.32 *2.67
1102 600 0 2191 0.8969 1.91 3.65 3.10
1102 700 0.18 0.9067 1.80 3 26 3.62
1102 800 0.154 0 9139 1.73 2.99 4.20
1560 200 2 184 0 6 9 3 3 5.39 29.00 3.60
1560 300 0.8953 0 7 9 4 3 3 31 10.95 2.77
1560 400 0.4886 0.8461 2 53 6.40 2.68
1560 500 0.335 0.8723 2.19 4.82 2 98
1560 600 0 2 5 9 0.8878 2.01 4.05 3 44
1560 700 0.2135 0 8982 1 90 3 59 4 00
1560 800 0.183 0 9060 1.81 3 29 4 61
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T able C 6 continued
Solution 
flow  rate
Q  solution

(m l/m in)

A ir
flow  rate

Q ,  i, 
(I/m in)

M artinelli
param eter

X

Void
fraction

8

Gas tw o-phase 
flow  m ultip lier

P ressure gradient 
for tw o-phase flow  

(-dp/dz)tp 
(kPa/m )

<p g * « 2

1794 200 2.2072 0.6919 5.42 29.37 3.65
1794 300 0 9257 0 7911 3 36 1131 2 8 6
1794 400 0 5163 0 8419 2 59 6.70 2.80
1794 500 0.3572 0.8681 2.25 5 04 3.11
1794 600 0.2771 0.8839 2 06 4 2 3 3 60
1794 700 0.2288 0.8946 1 94 3 75 4.17
1794 800 0 1962 0.9025 1 85 3 42 4.80-
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R-eพ ater = 0

o  dp /dz fro m  experim ent 
------ dp/dz from  theory

Figure C l C om parison betw een theory and experim ental p ressure gradient vs. air 
R eynolds num ber o f  air-pure w ater m ixture.

Rewater = 293

Figure C2 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-pure water mixture.
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R-e w a te r  =  427

F igure C3 Comparison between theory and experimental pressure gradient vs. air 
Reynolds number of air-pure water mixture.

Rewater = 560

ft

Figure C4 Comparison between theory and experimental pressure gradient vs. air
Reynolds number o f air-pure water mixture.
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^ e w a te r  _  69 4

F igure C 5 Comparison between theory and experimental pressure gradient vs. air 
Reynolds number of air-pure water mixture.

-̂ewater ~ 961

Figure C6 Comparison between theory and experimental pressure gradient vs. air
Reynolds number o f  air-pure water mixture.
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R ew a te r  “ 1228

F igure C7 Comparison between theory and experimental pressure gradient vs. air 
Reynolds number of air-pure water mixture.

Rewater = 1628

Figure C8 Comparison between theory and experimental pressure gradient vs. air
Reynolds number o f air-pure water mixture.
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Rewater= 2696

F igure C9 Comparison between theory and experimental pressure gradient vs. air 
Reynolds number o f air-pure water mixture.

Resolution = 0
• dp/dz from experiment ---  dp/dz from theory

Figure CIO Comparison between theory and experimental pressure gradient vs. air
Reynolds number o f  air-50 vol% glycerol solution mixture.
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Resolution = 100

F igure C l l  Comparison between theory and experimental pressure gradient vs. air 
Reynolds number of air-50 vol% glycerol solution mixture.

-̂'Solution ~ * 52

Figure C12 Comparison between theory and experimental pressure gradient vs. air
Reynolds number o f air-50 vol% glycerol solution mixture.
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^solution -  197

F igure C 13 Comparison between theory and experimental pressure gradient vs. air 
Reynolds number o f air-50 vol% glycerol solution mixture.

Resolution = 307

Figure C14 Comparison between theory and experimental pressure gradient vs. air
Reynolds number o f  air-50 vol% glycerol solution mixture.
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Resolution = 4 35

F igure C 15 Comparison between theory and experimental pressure gradient vs. air 
Reynolds number o f air-50 vol% glycerol solution mixture.

Resolution = 5 00

Figure C16 Comparison between theory and experimental pressure gradient vs. air
Reynolds number o f  air-50 vol% glycerol solution mixture.
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Appendix D

Photos o f Different Flow Regimes

Water flow rate, Q w ater = 224 ml/min 
Superficial water velocity,y  w ater = 0.0131 m/s 
Air flow rate, < 2 a ir = 0.071 1/min 
Superficial air velocity,y 'a ir  = 0.0042 m/s 
Flow regime: Bubble

Figure D1 Bubble flow regime for air-water mixture.

Water flow rate, (O u a te r  = 224 ml/min 
Superficial water velocity,y 'w a te r = 0.0131 m/s 
Air flow rate, < 2 a ir = 0.196 1/min 
Superficial air velocity, j a i r  = 0.01 บ  m/s 
Flow regime: Bubble-Slug

Figure D2 Bubble-Slug flow regime for air-water mixture.
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Water flow rate, Qwater= 224 ml/min 
Superficial water velocity, jwater =  0.0131 m/s 
Air flow rate, (9air = 0.395 1/min 
Superficial air velocity,y'air = 0.0232 m/s 
Flow regime: Slug

F igure D3 Slug flow regime for air-water mixture.

Water flow rate, <2water = 224 ml/min 
Superficial water velocity,y'water = 0.0131 m/s 
Air flow rate, (2air = 5.326 1/min 
Superficial air velocity,ÿair = 0.3126 m/s 
Flow regime: Slug-Churn

Figure D4 Slug-Churn flow regime for air-water mixture.
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Water flow rate, (/water =  224 ml/min 
Superficial water velocity, ./water = 0.0131 m/s 
Air flow rate, (/air =  5 0 1/min 
Superficial air velocity,y'air = 2.93 m/s 
Flow regime: Churn

Figure D5 Chum flow regime for air-water mixture.

Water flow rate, (/w a te r = 224 ml/min 
Superficial water velocity, ÿw ater = 0.0131 ทา/ร 
Air flow rate, ( / a i r  = 300 1/min 
Superficial air velocity,ÿ a i r  = 17.61 m/s 
Flow regime: Annular

Figure D6 Annular flow regime for air-water mixture.



155

Water flow rate, <2water = 224 ml/min 
Superficial water velocity, y'water — 0.0131 m/s 
Air flow rate, £2air = 800 1/min 
Superficial air velocity,ÿair = 46.95 m/s 
Flow regime: Mist

F igure D7 Mist flow regime for air-water mixture.

*
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Solution flow rate, (^solution =  1794 ml/min 
Superficial solution velocity,y'soiut.on -  0.1053 m/s 
Air flow rate, (2air — 0.196 1/min 
Sueprficial air velocity,y'air = 0.0115 m/s 
Flow regime: Bubble

F igure D8 Bubble flow regime for air-50 vol% glycerol solution mixture.

Solution flow rate, (/solution = 1794 ml/min 
Superficial solution velocity, ./solution = 0.1053 m/s 
Air flow rate, (7air = 0.450 1/min 
Sueprficial air velocity,ÿair = 0.0264 m/s 
Flow regime: Bubble-Slug

Figure D9 Bubble-Slug flow regime for air-50 vol% glycerol solution mixture.
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Solution flow rate, (/solution = 1794 ml/min 
Superficial solution velocity, ̂ solution = 0.1053 m/s 
Air flow rate, (/air = 2.394 1/min 
Sueprficial air velocity,y'air = 0.141 m/s 
Flow regime: Slug

Figure DIO Slug flow regime for air-50 vol% glycerol solution mixture.

Solution flow rate, (/solution -  1794 ml/min 
Superficial solution velocity, ./solution = 0.1053 m/s 
Air flow rate, Q ak=  10 1/min 
Superficial air velocity,ÿaïr— 0.587 m/s 
Flow regime: Slug-Churn

Figure D l l  Slug-Churn flow regime for air-50 vol% glycerol solution mixture.
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Solution flow rate, (/solution = 1794 ml/min 
Superficial solution velocity, ̂ solution = 0.1053 m/s 
Air flow rate, ( / a i r = 40 1/min 
Sueprficial air velocity,y'air = 2.35 m/s 
Flow regime: Churn

F igure D12 Churn flow regime for air-50 vol% glycerol solution mixture.

Solution flow rate, (/solution = 1794 ml/min 
Superficial solution velocity, ̂ solution = 0.1053 m/s 
Air flow rate, (ฐair = 400 1/min 
Sueprficial air velocity,7air -  23.47 m/s 
Flow regime: Annular

Figure D13 Annular flow regime for air-5o vol% glycerol solution mixture.
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Solution flow rate, ^solution = 1794 ml/min 
Superficial solution velocity, ./solution = 0.1053 m/s 
Air flow rate, (2air = 800 1/min 
Sueprficial air velocity,y'air = 46.95 m/s 
Flow regime: Mist

F igure D 14 Mist flow regime for air-50 vol% glycerol solution mixture.

ft
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A ppendix  E

E xperim ental setup

Figure El Experimental setup: A = air rotameter, B = water rotameter, c = pressure 
taps to measure the pressure gradient, D = two-phase flow testing pipe with diameter 
of 0.019-m, E = over flow pipe with the diameter of 0.054-m.
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Figure E2 Air compressor used in annular and annular-mist flow regimes.
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