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APPENDICES
APPENDIX A

Two-Phase 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= 848 x 10'4kg/m.s; density of water, EV\H’[HZ 995 kg/m3
viscosity of ar, pa,r= 185 x 10'5kg/m.s; density of air, pair= 1.18 kg/m3 _
temperature, T = 31°c (z 1°C); diameter of the pipe, D = 0.019 m; pressure taps difference = 0.4 m

Water ~ Sup. water ~ Air  Sup.air  Reynolds  Flow : : :
flow rate v%locity flow rate vePocity nuer of regime  Water levels ifference in - (-dp/dz)epfrom experiment

veter  J veter 2a.1 Jar air manometer, (m) Minimum ~ Maximum

(rrﬁ/min) %m/? (Umin) (m/? Mg Minimum ~ Maximum  (kPa/m)  (kPa/m)
0.00 0 0000 0.0000 0.0 : 0.400 0.400 9.76 9.76
0.00 0.00 0036 00021 256 bubble 0.400 0.400 9.76 9.76
0.00 0.00 0071 00042 505 bubble 0.395 0.395 9.64 9.64
0.00 0.00 0103 00060  7.32  hbubbleslug  0.393 0.393 9.59 9.59
0.00 0.00 0432 00077 938  hbubble-slug  0.389 0.389 9.49 9.49
0.00 0.00 0162 00095 1151  hbubble-slug  0.385 0.385 9.39 9.39
0.00 0.00 096 00115 1393 bubbleslug  0.380 0.380 9.27 9.27
0.00 0.00 0235 00138 1670 bubbleslug  0.368 0.382 8.9 9.32
0.00 0.00 0273 00160 1940  bubble-slug  0.360 0.378 8.78 9.22
0.00 0.00 0307 00180 2182 Slug 0.353 0.375 861 9.15

0.00 0.00 035% 00209 2530 Slug 0.340 0.370 8.30 9.03



Table Al continued

Water ~ Sup. water ~ Air SuF. ar Reynolds  Flow

flow rate  velocity  flow rate  velocity number of  regime Water levels difference in  (-dp/az)espfrom experiment

manometer, (m)

Quater Jwater ar alr Minimum ~ Maximum
(mlfmin) — (mfs)  (Umin) <"2 Mair Minimum  Maximum  (kPa/m)  (kPa/m)
0.00 0.00 0395 00232  28.07 slug 0.325 0.370 1.93 9.03
0.00 0.00 0450 00264 3198 slug 0.290 0.365 1.08 891
0.00 0.00 0510 00299  36.24 slug 0.285 0.358 6.95 8.74
0.00 0.00 0568 00333  40.37 slug 0.275 0.360 6.71 8.78
0.00 0.00 0660 00387  46.90 slug 0.255 0.365 6.22 891
0.00 0.00 0722 00424 5131 slug 0.235 0.400 5.73 9.76
0.00 0.00 0.789 00463  56.07 Slug 0.215 0.375 5.25 9.15
0.00 0.00 0867 00509 6161 Slug 0.195 0.370 4.76 9.03
224 00131 0000 00000  0.00 : 0.400 0.400 9.76 9.76
224 00131 0036 00021 256 bubble 0.395 0.395 9.64 9.64
224 00131 0071 00042 505 bubble 0.390 0.390 9.52 9.52
224 00131 0103 00060 732 bubble 0.387 0.387 9.44 9.44
224 00131 0132 00077 938  bubble-slug  0.384 0.384 9.37 9.37
224 00131 0162 00095 1151  bubblesluy  0.376 0.380 9.18 9.27
224 00131 019 00115 1393  bubbleslug 0370 0.374 9.03 9.13
224 00131 023 00138 1670 bubble-slug 0361 0.367 8.81 8.96
224 00131 0273 - 00160 1940 bubble-slug  0.355 0.362 8.66 8.83
224 00131 0307 00180  21.82  bubbleslug 0348 0.358 8.49 8.74
224 00131 035 00209  25.30 slug 0.340 0.350 8.30 8.54

224 00131 03% 00232  28.07 Slug 0.329 0.343 .03 8.31



Table Al continued

Water ~ Sup. water  Air Sulo ar Reynolds  Flow

flwrate  velocity  flow rate  velocity number of  regime Water levels difference in  (-dpldz)esp from experiment

manometer, (m)

Weter  J water ar ar Minimum ~ Maximum
(mlfmin) — (mfs)  (Umin) ,1;, Regr Minimum ~ Maximum  (kPa/m)  (kPa/m)
224 00131 0450 00264 3198 Slug 0.321 0.334 1.83 8.15
224 00131 0510 00299  36.24 slug 0.312 0.330 161 8.05
224 00131 0568 00333 4037 Slug 0.297 0.340 1.25 8.30
224 00131 0660  0.0387  46.90 slug 0.290 0.335 7.08 8.17
224 00131 0722 00424 5131 Slug 0.277 0.347 6.76 8.47
224 00131 0789 . 0.0463  56.07 Slug 0.262 0.348 6.39 8.49
224 00131 0867 00509 6161 slug 0.255 0.345 6.22 8.42
224 0.0131 102 00600 7263 Slug 0.250 0.310 6.10 1.56
224 00131 2394 01405 17013 Slug 0.020 0.300 0.49 1.32
224 00131 4000 02347  284.26 Slug 0.000 0.320 0.00 181
224 00131 532 03126 37850 slug-chum  -0.080 0.260 -1.95 6.34
224 00131 7.058 04142 50158 slug-chum  -0.040 0.240 0.98 5.86
224 0.0131 10 05869 71066 slug-chum  -0.050 0.240 -1.22 5.86
224 0.0131 20 11737 142132 chum -0.020 0.130 049 317
224 0.0131 30 17606 213198 chum 0.025 0.120 0.61 2.93
224 0.0131 40 2.3474 284263 chum 0.030 0.125 0.73 3.05
224 0.0131 50 29343 355329  chum 0.050 0.115 1.22 281
224 0.0131 60 35211 426395  chum 0.040 0.100 0.98 2.44
224 0.0131 10 41080 497461  chum 0.055 0.095 1.3 2.32

224 0.0131 100 58685 710659  chum 0.040 0.080 0.98 19



Table Al continued

Water ~ Sup.water ~ Air  Sup.air Reynolds  Flow . _— :
fowrte velocity flowrde velocity numberof regime  \ter levels diference in - (-dpidzjapirom experiment

: manometer, (m - .
Qwater  Jwater Q ar alr (m) Minimum  Maximum

(mlfmin) — (mfs)  (Umin) Sm/s; RAair Minimum  Maximum  (kPa/m)  (kPa/m)
224 0.0131 200 11731 1421317 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 234742 2842635  annular 0.030 0.040 0.73 0.98
224 0.0131 500 29.3427 3553293  annular 0.040 0.046 0.98 112
224 0.0131 600 352113 4263952  annular 0.051 0.057 124 1.39
224 0.0131 700 410798 4974611  annular 0.070 0.070 171 171
224 0.0131 800  46.9484 5685269  mist 0.091 0.091 2.22 2.22
224 0.0131 900 528169 63959.28  mist 0.109 0.109 2.6 2.66
224 0.0131 1000  58.6854 71065.87  mist 0.134 0.134 3.2 3.21
325 00090 0000  0.0000 0.0 - 0.400 0.400 9.76 9.76
325 00091 0036 00021 256 bubble 0.395 0.395 9.64 9.64
325 00091 0071 00042 505 bubble 0.390 0.390 9.52 9.52
325 00091 0103 00060 732 bubble 0.388 0.388 9.47 9.47
325 00091 0132 00077 938  bubble-slug  0.385 0.388 9.39 9.47
325 00091 0162 00095 1151  bubble-slug 0376 0.386 9.18 9.42
325 00091 019 00115 1393  bubble-slug  0.371 0.384 9.05 0.37
325 00091 0235 00138 1670 bubble-slug  0.366 0.379 8.93 9.25
325 00091 0273 00160 1940 bubble-slug  0.359 0.374 8.76 9.13
325 00091 0307 00180 21.82  hbubble-slug  0.351 0.366 8.57 8.93

325 00091  035% 00209 2530 bubble-slug  0.343 0.370 8.31 9.3



Table Al continued

Water ~ Sup. water  Ar SuF. ar Reynolds  Flow

flowrae  velocity flowrate velocity numberof regime  \Vater levels difference in ~ (-dp/dz)epfrom experiment

manometer, (m)

Queer  J vater Q ar 3 dir alr Minimum ~ Maximum
(mifmin) — (mfs)  (Umin)  (mfs) Rear Minimum ~ Maximum  (kPa/m) (kPa/m)
325 00191  03% 00232 2807 Slug 0.324 0.365 191 891
325 00191 0450 0024 3198 slug 0.314 0.367 1.66 8.96
325 00191 0510 00299  36.24 slug 0.302 0.361 1.37 881
325 00191 0568 00333 4037 Slug 0.292 0.358 1.13 8.74
325 00191 0660 00387  46.90 slug 0.283 0.350 6.91 8.54
325 00191 0722 00424 5131 slug 0.270 0.346 6.59 8.44
325 00191 0789 00463  56.07 slug 0.260 0.344 6.34 8.39
325 00191 0867 00509 616l slug 0.251 0.340 6.12 8.30
325 0.0191 102 00600 7263 Slug 0.150 0.340 3.66 8.30
325 00191 2394 01405 17013 slug 0.080 0.330 195 8.05
325 00191 4000 02347  284.26 slug 0.020 0.320 0.49 181
325 00191 5326 03126 37850 slug -0.020 0.310 049 1.56
325 00191 7058 04142 50158 slug-churn  -0.040 0.250 -0.98 6.10
325 00191 10000 05869 71066  Slug-rchum  -0.040 0.180 0.98 4.39
325 00191 20000 11737 142132 chum -0.050 0.170 -1.22 4.15
325 00191 30000 17606 213198  chum -0.020 0.140 -0.49 342
325 00191 40000 23474 284263  chum 0.000 0.120 0.00 2.93
325 00191 50000 29343 355329  chum 0.040 0.100 0.98 2.44
325 00191 60000 35211 426395  chum 0.030 0.100 0.73 2.44

325 00191 70000 41080 497461  chum 0.040 0.090 0.98 2.20



Table Al continued

Water ~ Sup. water ~ Air  Sup.ar Reynolds  Flow

flowrate velocity flow rate velocity numberof — regime Watea]lgxgrlTs]e(géfrfea%r;ce i (dpldzlepfrom experiment

veter  J veter ar alr ( Minimum ~ Maximum
(ml/min) — (mfs)  (Umin)  (ms) Rear Minimum  Maximum  (kPa/m)  (kPa/m)
325 00191 100000 58685 710659  chum 0.040 0.090 0.98 2.20
325 00191  200.000 17371 1421317  annular 0.031 0.039 0.76 0.95
325 00191  300.000 17.6056 21319.76  anrtular 0.031 0.037 0.76 0.90
325 00191  400.000 234742 2842635  annular 0.039 0.047 0.9 115
325 00191 500000 29.3427 35532.93  annular 0.047 0.055 115 1.34
325 00191  600.000 352113 4263952  annular 0.055 0.065 134 159
325 00191  700.000 41.0798 49746.11  annular 0.071 0.075 173 183
325 00191  800.000 46.9484 15685269  mist 0.087 0.097 2.12 2.3
325 00191  900.000 528169 63959.28  mist 0.105 0.113 2.56 2.76
325 00191  1000.000 58.6854 71065.87  mist 0.121 0.125 2.95 3.05
421 00251 0000 0.0000 000 - 0.400 0.400 9.76 9.76
421 00251 0036 00021 256 bubble 0.396 0.396 9.66 9.66
421 0051 0071 00042 505 bubble 0.392 0.392 9.57 9.57
421 0051 0103 00060 732 bubble 0.390 0.390 9.52 9.52
421 0051 0132 00077 938 bubble 0.384 0.390 9.37 9.52
421 0051 0162 00095 1151  bubble-slig 0378 0.388 9.22 9.47
421 0051 019 100115 1393  bubble-slug 0373 0.387 9.10 9.44
421 0051  023% 00138 1670  bubble-slg  0.365 0.384 891 9.37
421 0051 0273 00160 1940 bubble-slug  0.359 0.380 8.76 9.2

421 0051 0307 00180 2182  bubble-slug  0.350 0.377 8.54 9.20



Table Al continued

Water ~ Sup.water ~ Air  Sup.ar Reynolds  Flow

flowrate velocity flow rate velocity number of  regime Wate{nlaer\]/ngTs]e(ggfe(rﬁ]r;ce in - (-dpldz)epfrom experiment

veter 7 water air ar Minimum ~ Maximum
(n(ﬁ/min) (mfs)  (Umin)  (mis) Redr Minimum  Maximum  (kPa/m)  (kPa/m)
421 0051  035% 00209 2530 bubble-slug  0.340 0.374 8.30 9.13
421 0051  03% 00232 2807 hubbleslug.  0.329 0.368 8.03 8.98
421 00251 0450 0024 3198 slug 0.317 0.366 1.74 8.93
421 0051 0510 0029  36.24 Slug 0.310 0.361 1.56 8.81
427 00251 0568 00333 4037 Slug 0.302 0.359 1.37 8.76
427 00251 0660 100387 4690 slug 0.288 0.352 1.03 8.59
427 0051 072 00424 5131 Slug 0.272 0.348 6.64 8.49
421 0051 0789 00463  56.07 slug 0.267 0.358 6.52 8.74
421 0051 0867 00509  6L6l slug 0.255 0.342 6.22 8.35
421 0.0251 102 00600 7263 slug 0.250 0.320 6.10 181
AT 0051 2394 01405  170.13 slug 0.090 0.290 2.20 1.08
ATI 00251 4000 02347  284.26 slug 0.000 0.310 0.00 1.56
AT 0051 5326 03126 37850 slug -0.020 0.300 -0.49 1.32
421 0051 708 04142 50158 slug -0.040 0.280 -0.98 6.83
427 00251 10000 05869  710.66  Slug-chum  -0.090 0.260 -2.20 6.34
427 00251 20000 11737 142132 slug-chum  -0.040 0.180 -0.98 4.39
421 00251 30000 .7606 2131.98  slug-chum 0.000 0.150 0.00 3.66
427 00251 40000 23474 284263  chum 0.020 0.120 0.49 2.93
AT 0051 50000 29343 355329  chum 0.050 0.110 122 2.68

AT 00251  60.000 35211 426395  chum 0.050 0.105 122 2.56



Table Al continued

Water ~ Sup. water ~ Air SuF. ar Reynolds  Flow
flow rate  velocity  flow rate  velocity number of  regime
Q Water J Wieter 2a,r J ar dir

Water levels difference in ~ (-dp/dz)eq from experiment
manometer, (m) - .
Minimum  Maximum

(mmin) — (m/s)  (Umin)  (mls) RAair Minimum ~ Maximum  (kPa/m)  (kPa/m)
Al 00251 70000 41080 497461  chum 0.060 0.095 146 2.32
427 00251 100000 58685 710659  chum 0.040 0.090 0.98 2.20
427 00251 200000 117371 1421317  annular 0.035 0.050 0.85 1.22
427 00251 300000 *17.6056 21319.76  annular 0.040 0.048 0.98 117
427 00251  400.000 234742 2842635  annular 0.053 0.057 1.29 1.39
Al 00251  500.000 29.3427 3553293  annular 0.066 0.070 161 171
Al 00251 600000 352113 4263952  annular 0.085 0.089 2.07 217
Al 00251  700.000 41.0798 49746.11  annular 0.101 0.109 2.46 2.66
Al 00251 800000 46.9484 56852.69  mist 0.120 0.128 2.93 312
Al 00251 900000 528169 63959.28  mist 0.140 0.151 342 3.68
Al 00251  1000.000 58.6854 71065.87  mist 0.170 0.180 4.15 4.39
529 00311 0000  0.0000 0.0 - 0.400 0.400 9.76 9.76
529 00311 0036 00021 256 bubble 0.395 0.395 9.64 9.64
529 00311 0071 00042 505 bubble 0.392 0.392 9.57 9.57
529 00311 0103 00060 732 bubble 0.390 0.390 9.52 9.52
529 00311 0132 00077  9.38 bubble 0.386 0.390 9.42 9.52
529 00311 0162  0009% 1151 bubble 0.381 0.388 9.30 9.47
529 00311 019 00115 1393  bubbleslug 0373 0.387 9.10 9.44
529 00311  023% 00138 1670 bubbleslug  0.366 0.386 8.93 9.42

529 00311 0273 00160 1940  bubble-slug  0.360 ' 0.381 8.78 9.30



Table Al continued

Water ~ Sup. water ~ Air Sui). ar Reynolds  Flow

fowrate velocity flow rate velocity numberof regime  VVALEr Ievels difference in (-dpldz)eg from experiment

manometer, (m)

Quaer  Jveter ar ar Minimum ~ Maximum
(mimin) — (mf) ~ (Umin) 1 ;) Regr Minimum ~ Maximum  (kPa/m)  (kPa/m)
529 00311 0307 00180  21.82  bubble-slug  0.352 0.379 8.59 9.25
529 0.0311 0.356  0.0209 2530 bubble-slug  0.344 0.372 8.39 9.08
529 0.0311 0.395 00232  28.07 bubble-slug  0.333 0.368 8.13 8.98
529 0.0311 0450 00264  31.98 Dbubble-slug  0.324 0.363 7.91 8.86
529 0.0311 0510  0.0299  36.24 slug 0.311 0.357 7.59 8.71
529 00311 0568 00333 4037 Slug 0.306 0.352 . 7.4 8.59
529 00311 0660 00387  46.90 Slug 0.293 0.346 7.15 8.44
529 0.0311 0722 0.0424 5131 Slug 0.285 0.344 6.95 8.39
529 0.0311 0.789  0.0463  56.07 Slug 0.272 0.360 6.64 8.78
529 0.0311 0.867  0.0509 6161 slug 0.265 0.339 6.47 8.27
529 0.0311 1022 0.0600 7263 slug 0.250 0.320 6.10 7.81
529 00311  2.394 01405 17013 slug 0.100 0.360 2.44 8.78
529 00311 4000 02347  284.26 Slug -0.010 0.400 -0.24 9.76
529 00311 5326 03126  378.50 Slug -0.050 0.380 1,22 9.7
529 0.0311 7.058 04142 50158 slug -0.060 0.320 1.4 781
529 00311 10000 05869  710.66  Slug-chum  -0.080 0.260 -1.95 6.34
529 00311 20000 11737 142132 slug-chum  -0.040 0.160 -0.98 3.90
529 00311  30.000 17606 2131.98  chum -0.020 0.140 -0.49 3.42
529 00311 40.000  2.3474 284263  chum 0.000 0.140 0.00 3.42

529 0.0311 50.000  2.9343  3553.29 chum 0.040 0.130 0.98 3.17



Table Al continued

Water ~ Sup. water  Air Sulo. ar  Reynolds  Flow

fowrate velocity flowrate velocity numberof regime  VVeterlevels differencein  (dpldz)eprom experiment

manometer, (M)

veter  J veter Q ar alr Minimum  Maximum
(rr(ﬁ/min) (ms) — (Umin)  (mis) Rear Minimum ~ Maximum  (kPa/m)  (kPa/m)
529 00311 60000 35211 426395  chum 0.020 0.100 0.49 244
529 00311 70000 41080 497461  churn 0.050 0.100 1.22 2.44
529 00311  100.000 58685 710659  chum 0.040 0.100 0.98 2.44
529 00311 200000 117371 1421317  annular 0.036 0.050 0.88 1.22
529 00311  300.000 17.6056 21319.76  annular 0.038 0.046 0.93 112
529 00311  400.000 234742 2842635  annular 0.050 0.056 1.2 137
529 00311  500.000 29.3427 35532.93  annular 0.061 0.069 149 1.68
529 00311  600.000 352113 4263952  annular 0.073 0.085 1.78 2.07
529 00311  700.000 41.0798 49746.11  annular 0.093 0.099 2.21 242
529 00311  800.000 46.9484 5685269  mist 0.111 0.117 2.71 2.86
529 00311  900.000 52.8169 63959.28  mist 0.125 0.135 3.05 3.29
529 00311  1000.000 586854 7106587  mist 0.150 0.167 3.66 4,08
132 0.043 0.000  0.0000  0.00 - 0.398 0.398 9.71 9.71
132 0.043 0036 00021 256 bubble 0.392 0.392 9.57 9.57
132 0.043 0071 '0.0042 505 bubble 0.388 0.391 9.47 9.54
132 0.043 0103 00060  7.32 bubble 0.382 0.392 9.32 9.57
132 0.043 0132 00077 938 bubble 0.379 0.391 9.25 9.54
132 0.043 0162  0009% 1151  bubble 0.369 0.390 9.00 9.52
132 0.043 0196 00115 1393  hubble 0.362 0.391 8.83 9.54

132 0.043 0235 00138 1670 bubbleslug 0357 0.386 871 9.42



Table Al continued

Water ~ Sup.water ~ Air  Sup.ar Reynolds  Flow : —_— :
flowrte velocity flowrae velogity numberof regime  VWater levels differencein - (-dpldzjepfrom experiment

: ma » .
Q Water 7 vieter Oair alr nometer, (m) Minimum ~ Maximum

(mmin) — (mis)  (Umin) (/) Rear Minimum ~ Maximum  (kPa/m)  (kPa/m)
732 0.043 0.273 0160 1940  bubble-slug  0.347 0.383 8.47 9.35
732 0.043 0.307 00180  21.82  Dbubble-slug  0.338 0.380 8.25 9.27
732 0.043 0.356  *0.0209 2530  bubble-slug  0.326 0.375 7.96 9.15
732 0.043 0395  0.0232  28.07 Dbubble-slug  0.320 0.360 7.81 8.78
732 0.043 0450  0.0264 3198  Dbubble-slug  0.305 0.365 7.44 8.91
732 0.043 0510 0.0299  36.24  bubble-slug  0.297 0.357 7.25 8.71
732 0.043 0568  0.0333 4037 bubble-slug  0.285 0.353 6.95 8.61
732 0.043 0.660  0.0387  46.90 slug 0.275 0.366 6.71 8.93
732 0.043 0722 0.0424 5131 slug 0.271 0.354 6.61 8.64
732 0.043 0.789  0.0463  56.07 slug 0.250 0.360 6.10 8.78
732 0.043 0.867  0.0509 6161 slug 0.255 0.360 6.22 8.78
732 0.043 1022 0.0600  72.63 slug 0.260 0.350 6.34 8.54
732 0.043 2394 0.1405  170.13 slug 0.100 0.360 2.44 8.78
732 0.043 4000 02347 284.26 slug -0.020 0.360 -0.49 8.78
732 0.043 5326 0.3126 37850 slug 0.040 0.360 -0.98 8.78
732 0.043 7.058  0.4142 50158 slug 10.060 0.340 -1.46 8.30
732 0.043 10.000 05869  710.66 slug -0.100 0.300 -244 7.32
732 0043 20000 11737 142132 slug-chum  -0.080 0.160 1.95 3.90
732 0.043  30.000 17606  2131.98  chum 0,040 ' 0,140 0.98 3.4

732 0.043 40.000 23474 2842.63 chum 0.020 0.140 0.49 3.42



Table Al continued

Water ~ Sup.water ~ Air  Sup.ar  Reynolds  Flow - (L i
flowrate  velocity  flow rate velocity numberof — regime Water levels differencein ~ (-dpldzjop from experinent

: manometer, (m . .
Vel 3 weter air ar (m) Minimum  Maximum

(mlfmin) ~— (ms) ~ (Umin)  (mfs) Rear Minimum ~ Maximum  (kPa/m)  (kPa/m)
732 0.043 50.000  2.9343  3553.29 chum 0.040 0.120 0.98 2.93
732 0.043 60.000  3.5211  4263.95 chum 0.030 0.090 0.73 2.20
732 0.043 70.000  4.1080  4974.61 chum 0.015 0.110 0.37 2.68
732 0.043 100.000  5.8685  7106.59 chum 0.030 0.100 0.73 2.44
732 0.043  200.000 117371 14213.17  annular 0.040 0.050 0.98 1.22
732 0.043 300.000 17.6056 21319.76  annular 0.045 0.050 1 1.10 1.22
732 0.043  400.000 23.4742 28426.35  annular 0.055 0.065 1.34 1.59
732 0.043 500,000 29.3427 35532.93  annular 0.072 0.080 1.76 1.95
732 0.043 600.000 352113 <+2639.52  annular 0.090 0.098 2.20 2.39
732 0.043 700.000 41.0798 49746.11  annular 0.110 0.116 2.68 2.83
732 0.043 800.000 46.9484 56852.69 mist 0.134 0.144 3.27 3.51
732 0.043  900.000 52.8169 63959.28 mist 0.154 0.162 3.76 3.95
732 0.043  1000.000 58.6854 71065.87 mist 0.188 0.197 459 4.81
936 0.055 0000  0.0000 0.00 : 0.396 0.396 9.66 9.66
936 0.055 0.036  0.0021 2.56 hubble 0.392 0.392 9.57 9.57
936 0.055 0071 0.0042 5.05 bubble 0.388 0.394 9.47 9.61
936 0.055 0.103  0.0060 7.32 hubble 0.386 0.392 9.42 9.57
936 0.055 0.132  0.0077 9.38 hubble 0.378 0.390 9.22 9.5
936 0.055 0.162  0.0095 1151 hubble 0.374 0.388 9.13 9.47

936 0,055 0196 00115 13.93 bubble 0368 0.388 8.98 9.47



Table Al continued

Water ~ Sup. water ~ Air ~ Sup. ar Reynolds  Flow - (L i
flwrate velocity flow rate velocity numberof — regime Water levels difference in ~ (-dp/dz)cfrom experiment

: ter, (m w .
Q water J Water Q ar alr manometer, () Minimum ~ Maximum

(Mmin) — (mis)  (Umin)  (ms) Rear Minimum  Maximum  (kPa/m)  (kPa/m)
936 0.055 0235 00138  16.70 bubble 0.362 0.384 8.83 9.37
936 0.055 0273 00160 1940  bubble-slug  0.352 0.381 8.59 9.30
936 0.055 0.307 00180  21.82  bubbleslug  0.344 0.379 8.39 9.25
936 0.055 0.356  0.0209 2530  bubbleslug  0.334 0.375 8.15 9.15
936 0.055 0395 00232  28.07 hubbleslug  0.326 0.367 7.96 8.96
936 0.055 0450  0.0264  31.98  Dbubble-slug  0.318 0.361 7.76 8.81
936 0.055 0510 00299 3624  bubbleslug 0312 0.353 7.61 8.61
936 0.055 0568  0.0333  40.37  Dbubble-slug  0.306 349 7.47 8.52
936 0.055 0.660  0.0387  46.90 slug 0.296 0.343 7.2 8.37
936 0.055 0722 00424 5131 slug 0.286 0.349 6.98 8.52
936 0.055 0.789  0.0463  56.07 slug 0.274 0.339 6.69 8.2
936 0.055 0.867  0.0509 6161 slug 0.267 0.333 6.52 8.13
936 0.055 1022 00600 72,63 slug 0254 0.340 6.20 8.30
936 0.055 2394 01405 17013 slug 0.140 0.380 3.42 9.2
936 0.055 4,000 0.2347  284.26 slug 0.030 0.350 0.73 8.54
936 0.055 5326 03126 378.50 slug 0.000 0.370 0.00 9.03
936 0.055 7.058 04142 50158 slug -0.020 0.330 -0.49 8.05
936 0055 10000 05869  710.66 slug 0.08 0.28 1.95 6.83
936 0.055 20000 11737 142132 slug-chum -0.04 0.22 -0.98 5.37

936 0055 30.000  1.7606  2131.98 chum 0 0.12 0.00 293



Table Al continued

Water ~ Sup. water  Alr SuF. ar Reynolds  Flow

flwrate  velocity flow rate velocity numberof  regime Water levels difference in - (-dp/dz)eprom experiment

manometer, (m)

weter J vater Q ar alr Minimum ~ Maximum
(rr(ﬁ/min) (mfs)  (Umin)  (m/s)  <Real Minimum  Maximum  (kPa/m)  (kPa/m)
936 005 40000 23474 284263  chum 0.02 0.15 0.49 3.66
936 0055 50000 29343 355329  chum 0.04 0.13 0.98 317
936 0055 60000 35211 426395  chum 0.05 0.11 1.2 2.68
936 0055 70000 41080 497461  chum 0.04 0.11 0.98 2.68
936 0055 100000 58685 710659  chum 0.045 0.105 110 2.56
936 005 200000 117371 1421317  annular 0.045 0.061 1.10 149
936 0055 300000 17.6056 21319.76  annular 0.053 0.061 1.29 149
936 005 400000 234742 28426.35  annular 0.065 0.071 159 173
936 0055 500000 29.3427 3553293  annular 0.085 0.091 2.07 2.22
936 0055 600000 352113 4263952  annular 0.107 0.113 261 2.76
936 005  700.000 41.0798 49746.11  annular 0.124 0.135 3.03 3.29
936 0055  800.000 46.9484 5685269  mist 0.15 0.159 3.66 3.88
936 0055 900000 -52.8169 63959.28  mist 0.175 0.185 4.21 451
936 0055 1000000 58.6854 71065.87  mist 0.21 0.216 5.12 5.2
1241 0073 0000  0.0000  0.00 - 0.394 0.39%4 9.61 9.61
1241 0073 0036 00021 256 bubble 0.391 0.391 9.54 9.54
1241 0073 0071 00042 505 bubble 0.389 0.393 9.49 9.59
1241 0073 0103 00060  7.32 bubble 0.387 0.393 9.44 9.59
1241 0073 0132 00077  9.38 bubble 0.379 0.391 9.25 9.54

1241 0073 0162 00095 1131 bubble 0.377 0387 9.20 9.44



Table Al continued

Water ~ Sup. water ~ Ar Sulo. ar Reynolds  Flow

flowrte velocity flowrate velocity numberof regime  VVterlevels differencein - (-dpldzjopfrom experiment

manometer, (m)

owaEr  Jveter 0 dr alr Minimum ~ Maximum
(mmin) — (ms) ~ (Umin) ~ (mis) Rear Minimum ~ Maximum  (kPa/m)  (kPa/m)
1241 0.073 0196 00115 1393  hubble 0.369 0.385 9.00 9.39
1241 0.073 0235 00138 1670  bubble 0:365 0.381 891 9.30
1241 0.073 0273 00160 1940  bubble 0.357 0.379 8.71 9.25
1241 0.073 0307 00180 2182 hubble 0.345 0.375 8.42 9.15
1241 0.073 035 00209 2530  hubble 0.337 0.369 8.2 9.00
1241 0.073 039 00232 2807 bubble-slug  0.329 0.3711 8.03 9.05
1241 0.073 0450 00264 3198 bubble-slug 0321 0.365 1.83 8.91
1241 0.073 0510 00299 3624 bubbleslug 0313 0.375 1.64 9.15
1241 0.073 0568 00333 4037 bubble-slug  0.305 0.365 144 8.91
1241 0.073 0660 00387  46.90 bubble-slug 0299 0.355 1.30 8.6
1241 0.073 0722 00424 5131 bubbleslug  0.291 0.359 1.10 8.76
1241 0.073 0.789  0.0463  56.07 slug 0.283 0.351 6.91 8.57
1241 0.073 0867 00509 6161 slug 0.275 0.339 6.71 8.21
1241 0.073 102 00600 7263 slug 0.280 0.340 6.83 8.30
1241 0.073 2.394 01405  170.13 slug 0.150 0.330 3.66 8.05
1241 0.073 4000 02347  284.26 slug 0.100 0320 1 2.44 181
1241 0.073 0.326 03126 37850 slug 0.020 0.360 0.49 8.78
1241 0.073 7058 04142 50158 slug 0.010 0.300 0.24 1.32
1241 0073 10000 05869  710.66 slug -0.050 0.290 -1.22 1.08

1241 0073 20000 11737 142132 slug-chum  -0.030 0.200 -0.73 488



Table Al continued

Water ~ Sup.water ~ Air  Sup.ar Reynolds  Flow : S -
flowrate  velocity flow rate velocity number of  regime Wateltnlgr\]/grlTs]e?éife{g]r;ce in-~ (*dploz)eq from experiment

veter 3 vter Q ar ar Minimum  Maximum
(n(ﬁ/min) (mfs)  (Umin)  (mfs) Redr Minimum ~ Maximum  (kPa/m)  (kPa/m)
1241 0.073 30.000 17606  2131.98 churn -0.010 0.130 -0.24 3.17
1241 0.073 40.000  2.3474  2842.63 chum 0.030 0.140 0.73 3.42
1241 0.073 50000  2.9343  3553.29 chum 0.045 0.135 1.10 3.29
1241 0.073 60.000 35211  4263.95 chum 0.050 0.140 . 122 3.42
1241 0.073 70.000  4.1080 497461 chum 0.040 0.120 0.98 2.93
1241 0.073 100.000 508685  7106.59 chum 0.050 0.110 122 2.68
1241 0073 200000 117371 14213.17  annular 0.059 0.070 1.44 1711
1241 0.073  300.000 17.6056 21319.76  annualr 0.068 0.074 166 1.81
1241 0.073  400.000 23.4742 2842635  annualr 0.087 0.093 2.12 2.27
1241 0.073  500.000 29.3427 35532.93  annualr 0.108 0.116 2.64 2.83
1241 0.073  600.000 352113 42639.52  annualr 0.131 0.137 3.20 3.34
1241 0.073  700.000 41.0798 49746.11  annualr 0.157 0.162 3.83 3.95
1241 0.073  800.000 46.9484 56852.69 mist 0.190 0.197 4.64 4.81
1241 0.073  900.000 52.8169 63959.28 mist 0.220 0.227 5.37 5.54
1241 0.073  1000.000 58.6854 71065.87 mist 0.275 0.280 6.71 6.83
2055 0.121 0.000 0.0000 0.00 : 0.397 0.397 9.69 9.69
2055 0.121 0036  o0.0021 2.56 hubble 0.393 0.393 9.59 9 59
2055 0.121 0.071 0.0042 5.05 bubble 0.390 0.390 9.5 9.52
2055 0.121 0.103  0.0060 7.32 hubble 0.389 0.389 9.49 9.49

2055 0 121 0.132  0.0077 9.38 bubble 0.386 0.386 9.42 9.42



Table Al continued

Water ~ Sup. water A SuF. ar  Reynolds  Flow

flowrate  velocity flowrate velocity numberof regime  VVAET levels difference in - (-dp/dz)epfrom experiment

manometer, (m)

weter J veter Qar ar Minimum ~ Maximum
(rr(ﬁ/min) (mfs)  (Umin)  (mis) ar Minimum ~ Maximum  (kPa/m)  (kPa/m)
2055 0.121 0162 0009 1151 bubble 0.382 0.382 9.32 9.32
2055 0.121 0196 00115 1393  bubble 0.380 0.380 9.2 9.27
2055 0.12 023% 00138 1670  hubble 0.376 0.376 9.18 9.18
2055 0.121 0273 00160 1940  hubble 0.369 0.373 9.00 9.10
2055 0.121 0307 00180  21.82  bubble 0.365 0.369 891 9.00
2055 0.121 035 00209 2530  bubble 0.359 0.365 8.76 891
2055 0.121 0395 00232 2807  hubble 0.352 0.360 8.59 8.78
2055 0.121 0450 00264 3198  hubble 0.340 0.359 8.30 8.76
2055 0.121 0510 00299 3624 bubbleslug  0.340 0.360 8.30 8.78
2055 0.121 0568 00333 4037  bubble-slug 0331 0.349 8.08 8.52
2055 0.121 0660 00387 4690 bubbleslug 0325 0.365 1.93 891
2055 0.121 0722 00424 5131  bubbleslug 0317 0.353 1.74 8,61
2055 0.121 0789 00463  56.07 bubble-slug  0.309 0.343 1.54 8.37
2055 0.121 0867 00509 6161  bubbleslug 0301 0.353 1.35 8,61
2055 0.121 102 00600 7263 slug 0.296 0.340 1.22 8.30
2055 0.121 2.394 01405  170.13 slug 0.190 0.330 4.64 8.05
2055 0.121 4000  0.2347  284.26 slug 0.120 0.340 2.93 8.30
2055 0.121 5326 03126 37850 slug 0.040 0.310 0.98 1.56
2055 0.121 7058 04142 50158 slug 0.010 0.340 0.24 8.30

2055 0122 10000 05869  710.66 Slug -0.030 0260 0.73 634



Table Al continued

Water ~ Sup. water  Air Sulo. ar  Reynolds  Flow
flow rate  velocity ~ flow rate velocity numberof — regime
%vw_}r J ey Oa,r . r
(mifmin) — (mfs)  (Umin) <> '

Water levels difference in ~ (-dp/dz)eq from experiment

”manometer, (m) Minimum  Maximum
Minimum — Maximum  (kPa/m)  (kPa/m)

dr
2055 0121 20000 11737 142132 slug-chum  -0.020 0.220 0.49 5.3
2055 0121 30000 L7606 213198  chum 0.000 0.200 0.00 4.88
2055 0121 40000 23474 284263  chum 0.020 0.160 0.49 3.90
2055 0121 50000 29343 355329  chum 0.030 0.150 0.73 3.66
2005 0121  60.000 35211 426395  chum 0.050 0.140 122 342
2055 0121 70000 41080 497461  chum 0.060 0.140 146 342
2005 0121 100000 58685 710659  chum 0.050 0.110 122 2.68
2055 0121 200000 *11.7371 14213 17 annular 0.070 0.090 171 2.20
2055 0121 300000 17.6056 21319.76  annualr 0°0% 0.108 2.34 2.64
2055 0121 400000 234742 28426.35  annualr 0.122 0.132 2.98 3.2
2055 0121 500000 29.3427 35532.93  annualr 0.150 0.166 3.66 4,05
2055 0121 600000 352113 4263952  annualr 0.182 0.196 4.44 4.8
2055 0121 700000 410798 49746.11  annualr 0.213 0.221 5.20 5.39
2055 0121 800.000 46.9484 5685269  mist 0.251 0.257 6.12 6.2
2055 0121 900000 528169 63959.28  mist 0.298 0.302 1.2 1.31

2055 0121 1000000 58.6854 7106587  mist 0.322 0.328 1.86 8.00



Table A2 Determination of flow regimes and the pressure gradients as measured by amanometer 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, (olutin = 4.48 x 103kg/m.s; density of glycerol solution, Psoiution = 1121 kg/m3
viscosity of 1, par=1.85x 10%kg/m.s; density of air, s+ir- 118 kg/m3

temperature, T=31°C (£ 1°C); diameter of the pipe, D = 0.019 m; pressure taps difference = 0.4 m

Solution  Sup. solution ~ Air ~ Sup. air - Reynolds ~ Flow : : _ -
flowrate  velocity flow rate  velocity numberof  regime Solution levels difference in  (-dp/dz)epfrom experiment

manometer, (m - :
Q oduion  J solution £air alr (m) Minimum  Maximum

(ml/min) — (mls) (Umin) — (mls) Rear Minimum ~ Maximum  (kPa/m)  (kPa/m)
0 0.0000 0.000 0.0000 0.00 - 0.400 0.400 11.00 11.00
0 0.0000 003  oo0021 2.56 bubble 0.397 0397 10.91 10.91
0 0.0000 0070 0.0042 505 bubble 0.395 0.395 10.86 10.86
0 0.0000 0103  0.0060  7.32 bubble 0.389 0.389 10.69 10.69
0 0.0000 0132 0.0077  9.38 bubble 0.381 0.381 10.47 10.47
0 00000 0162  0.0095 1151 bubble 0.373 0.377 10 25 10.36
0 0.0000 0196 00115 1393  hubble-slug 0365 0.373 10.03 10.25
0 0.0000 0235 00138 1670 bubbleslug 0355 ' 0365 9.76 10 03
0 0.0000 0273  0.0160 1940 bubbleslug 0347 0.367 9.54 10.09
0 0.0000 0.307  0.0180 2182 bubble-slug 0331 0.355 9.10 9.76
0 00000 035  0.0209 2530 bubblesluy 0319 0.349 8.77 9.59
0 0.0000 0395 00232  28.07 bubbleslug 0309 0.355 8.50 9.76
0 00000 0450  0.0264 3198 Slug 0.299 0.327 8.22 8.99
0 0.0000 0510 0.0299  36.24 slug 0.287 0.325 7.89 8.94



Table A2 continued

Solution Sup. solution ~ Air  Sup. ar Reynolds  Flow

flowrate velocity flow rate velocity number of  regime Solutionr]gﬁgre}lgtg;ff(er;e)nce in - (-dpldz)epfrom experiment

Q oin  J solution air ar Minimum ~ Maximum
(mifmin) — (mls) (Umin) — (mis) Rear Minimum ~ Maximum  (kPa/m)  (kPa/m)
0 ooooo 0568 00333 4037 Slug 0.277 ' 0325 1.62 8.94
0 oooco 0660 00387  46.90 Slug 0.267 0.319 1.34 8.77
0 ooooo 0722 00424 5131 Slug 0.255 0.305 7,01 8.39
0 oooco 0789 00463  56.07 Slug 0.245 0.305 6.74 8.39
0 oooco 0867 00509 6161 Slug 0.233 0.315 6.41 8.66
358 00210 o000  o0.0000  0.00 - 0.398 0.398 10.94 10.94
358 00210 0036 00021 256 bubble 0.395 0.395 10.86 10.86
358 00210 0071 00042 505 bubble 0.390 0.390 10.72 10.72
358 00210 0103 00060 732 bubble 0.385 0.385 10.58 10.58
358 00210 013 00077 938 bubble 0.381 0.381 10.47 1047
358 00210 0162 00095 1151  hubble 0.373 0.377 10.25 10.36
358 00200 019 00115 1393  bubble 0.367 0.373 10.09 10.25
358 00210  02% 00138 1670 bubblesluy  0.360 0.370 9.90 10.17
358 00200 0273 00160 1940  bubble-slug  0.352 0.360 9.68 9.90
358 00210 0307 00180 2182  bubble-slug  0.342 0.354 9.40 9.73
358 00210  03% 00209 2530 bubbleslug  0.340 0.350 9.35 9.62
358 00210  03% 00232 2807 bubble-slug 0320 0.344 8.80 9.46
358 00210 0450 00264 3198  bubble-slug 0314 0.340 8,63 9.35
358 00210 0510 00299 3624 bubbleslug  0.304 0.334 8.36 9.18

358 00210 0568 00333 4037 Slug 0.294 0.330 8.08 9.07



Table A2 continued

Solution Sup. solution ~ Air  Sup.air Reynolds ~ Flow - : _— -
flowrate velocity flowrate velocity numberof  regime Solut|0£gﬁgﬁqlgtg}ff(e$nce i (-dploz)epTrom experiment

Q duin I solution 0 air ar _ Minimum  Maximum
(mlfmin) — (mls) (Umin) — (m/s) Rear Minimum  Maximum (kPa/m)  (kPa/m)
358 00210 0660 00387  46.90 slug 0.286 0.324 1. 91
358 00210 0722 00424 5131 slug 0.278 0.310 1.64 8.52
358 00210 0789 00463  56.07 slug 0.272 0.310 1.48 8.52
358 00210 0867 00509 6161 Slug 0.264 0.310 1.26 8.52
358 0.0210 102 00600 7263 slug 0.254 0.300 6.98 8.25
358 00210 2394 01405  170.13 Slug 0.150 0.250 412 6.87
358 00210 4000 - 02347  284.26 Slug 0.050 0.210 137 0.7
358 00210 5326 03126 37850 slug 0.030 0.230 0.82 6.32
358 00210 7058 04142 50158  slug-chum 0.020 0.210 0.55 B.17
358 00210 10000 05869  710.66  slug-chum 0.030 0.150 0.82 4.12
358 00210 20000 11737 142132 chum 0.020 0.120 0.55 3.30
358 00210 30000 17606 213198  chum 0.035 0.095 0.96 2,61
358 00210  40.000 23474 284263  chum 0.047 0.085 1.29 2.34
358 00210  50.000 29343 355329 chum 0.035 0.090 0.96 24T
358 00210 60000 35211 426395  chum 0.050 0.085 137 2.34
358 00210 70000 41080 497461  chum 0.058 0.082 159 2.25
358 00210 100000 58685 7106.59  chum 0.055 0.085 151 2.34
358 00210  200.000 ‘1173711 1421317  annular 0.048 0.053 132 146
358 00210  300.000 176056 21319.76  annular 0.056 0.056 154 154

338 00210 400000 234742 28426.35  annular 0.069 0.069 190 190



Table A2 continued

Solution  Sup. solution  Air SuF. ar Reynolds  Flow

flowrate  velocity  flow rate velocity numberof — regime Solution levels difference in - (-dp/dz)egfrom experiment

manometer, (m)

Q ouion I oluion 0 ar ar N _ Minimum  Maximum
(mlfmin) — (mls) (Umin) — (mls) Rear Minimum  Maximum  (kPa/m)  (kPa/m)
358 00210 500000 29.3427 35532.93  annular 0.090 0.090 247 247
358 00210 600000 352113 4263952  annular 0.108 0.108 2.97 2.97
358 00210 700000 410798 49746.11  annular 0.133 0.133 3.66 3.66
358 00210  800.000 46,9484 5685269  mist 0.169 0.169 4,65 4,65
545 00320 0000 *0.000 0.0 - 0.397 0.397 10.91 10.91
545 00320 0036 00021 256 bubble 0.393 0.393 10.80 10.80
545 00320 0071 00042 505 bubble 0.388 0.388 10.67 10.67
545 00320 0103 00060 732 bubble 0.384 0.384 10.56 10.56
545 00320 0132 00077 938 bubble 0.379 0.379 10.42 10.42
545 00320 0162 0009% 1151 bubble 0.374 0.374 10.28 10.28
545 00320 0196 00115 1393  hubble 0.368 0.370 10.12 10.17
545 00320  023% 00138 1670  bubble 0.364 0.368 10.01 10.12
545 00320 0273 00160 1940  hubble 0.354 0.362 0.73 9.95
545 00320 0307 00180 2182  bubble-slug  0.346 0.356 951 9.79
545 00320 035 00209 2530 bubbleslug  0.340 0.350 9.35 9.62
545 00320  03% 00232 2807 bubble-slug 0335 0.351 9.2 9.65
545 00320 0450 00264 3198 bubble-slug  0.322 0.342 8.85 9.40
545 00320 0510 00299 3624 Dbubbleslug 0314 0.338 8.63 9.29
155 00320 0568 00333 4037 bubble-slug  0.306 0.326 841 8.96

545 00320 0660 00387 4690 bubbleslug  0.29% 0322 ° 8.08 8.85



Table A2 continued

Solution Sup. solution ~Air Sup. ar  Reynolds  Flow - : L -
flowrate  velocity flow rate velocity numberof  regime Solution levels difference in ~ (-dp/dz)epfrom experiment

: manometer, (m .. .
Q 3olution J solution £air alf (m) Minimum — Maximum

(mlfmin) ¢ 1) (Umin) — (mis) Roair Minimum  Maximum  (kPa/m)  (kPa/m)
545 00320 072 00424 5131 slug 0.290 0.318 197 8.74
545 00320 0789 00463  56.07 slug 0.278 0.318 1.64 8.74
545 00320 0867 00509 6161 Slug 0.270 0.310 1.42 8.52
545 00320 1022 00600 7263 slug 0.262 0.310 1.20 8.52
545 00320 2394 01405  170.13 slug 0.168 0.240 4,62 6.60
545 00320 4000 02347  284.26 slug 0.120 0.200 3.30 5.50
155 00320 5326 03126 37850 slug 0.080 0.180 2.20 4.95
545 00320 7058 04142 50158 slug-chum  0.060 0.150 ° 165 4.12
545 00320 10000 05869  710.66 slug-chum  0.050 f 0132 137 363
545 00320 20000 L1737 142132 slug-chum  0.030 0.100 0.82 2.15
545 00320 30000 17606 213198  chum 0.030 0.095 0.82 261
545 00320 40000 23474 284263  chum 0.040 0.095 110 261
545 00320 50000 29343 355329  chum 0.050 0.095 137 261
545 00320  60.000 35211 426395  chum 0.055 0.083 151 2.28
545 00320 70000 41080 497461  chum 0.061 0.085 168 2.34
545 00320 100000 58685 710659  chum 0.060 0.080 165 2.20
545 00320 200000 117371 1421317  annular 0.055 0.064 151 176
545 00320  300.000 17.6056 21319.76  annular 0.065 0.069 179 1.90
545 00320 400000 234742 28426.35  annular 0.082 0.082 2.25 2.25

545 00320 500000 29.3427 3553293  annular 0 109 0 109 3.00 3.00



Table A2 continued

Solution Sup. solution ~Air Sup. air  Reynolds  Flow : : _— -
flowrae  velocity flowrate velocity numberof regime  Slution levels difference n (-dpldz)egfrom experiment

: manometer, (m - .
Q olution J solution 0 ar ar (m) Minimum — Maximum

(mlfmin) - (mls) (Lmin) E() /2 Rear Minimum ~ Maximum  (kPaim)  (kPa/m)
545 00320 600000 352113 42639.52  annular 0.129 0.129 3.5 3.55
545 00320  700.000 410798 49746.11  annular 0.153 0.153 421 421
545 00320  800.000 46.9484 56852.69  mist 0.193 0.193 531 531
705 00414 0000 00000 000 - 0395 0.395 10.86 10.86
705 00414 0036 00021 256 bubble 0.391 0.391 10.75 1075
705 00414 0071 00042 505 bubble 0.387 0.387 10.64 10.64
705 00414 0103 00060 732 bubble 0.384 0.384 10.56 10.56
705 00414 0132 00077 938 bubble 0.38 0.38 10.45 10.45
705 00414 0162 00095 1151  hubble 0.376 0.376 10.34 10.34
705 00414 0196 00115 1393  hubble 0.37 0.374 10.17 10.28
705 00414  02% 00138 1670  hubble 0.364 0.3711 10.01 10.20
705 00414 0273 00160 1940  bubble 0.358 0.364 9.84 10.01
705 00414 0307 00180 2182  bubble-slug 0348 0.356 9.57 9.79
705 00414 035 00209 2530 bubble-slug 0.3 0.352 9.35 9.68
705 00414 0395 00232 2807 bubble-slug  0.335 0.349 9.21 9.59
705 00414 0450 00264 3198 bubbleslug 0329 0.343 9.05 9.43
705 00414 0510 00299 3624 bubbleslug 0321 0.337 8.83 9.26
705 00414 0568 00333 4037 bubble-slug 0315 0.335 8.66 9.21
705 00414 0660 00387 4690 bubble-slug  0.305 0.325 8.39 8.94

105 00414 0722 00424 5131 bubbleslug 0301 0321 8.28 8.83



Table A2 continued

Solution Sup. solution ~ Air ~ Sup. ar  Reynolds  Flow

flowrate velocity flow rate velocity numberof —regime Solution levels difference in - (-dpldz)epfrom experiment

manometer, (m)

Q otion  J olution air J ar ar Minimum ~ Maximum
(ml/min) — (mls) (Umin)  (mfs) " Reair Minimum ~ Maximum  (kPa/m)  (kPa/m)
105 00414 0789 00463  56.07 slug 0.203 0.321 8.06 8.83
105 00414 0867 - 00509 6161 slug 0.285 0311 1.84 8.55
705 0044 1022 00600 7263 slug 0.265 0.305 1.29 8.39
105 00414 2394 01405  170.13 slug 0.19 0.23 5.22 6.32
105 00414 4000 02347  284.26 slug 0.13 0.2 357 5.50
105 00414 5326 03126 37850 slug 0.08 0.18 2.20 4,95
105 0.0414 7058 04142 50158 slug 0.06 0.16 1.65 4.40
105 00414 10000 05869 71066  slug-chum 0.05 0.13 137 357
105 00414 20000 L1737 142132  slug-chum 0.03 0.14 0.82 3.85
105 00414 30000 17606 2131.98  chum 0.03 01 0.82 2.5
705 00414 40000 23474 284263  chum 0.045 0.105 124 2.89
105 00414 50000 29343 355329  chum 0.05 01 137 2.75
105 00414 60000 -35211 426395  chum 0.06 01 165 2.75
105 00414 70000 41080 497461  chum 0.07 0.094 192 2.58
105 00414 100000 58685 710659  chum 0.065 0.09 179 2,61
105 00414 200000 117371 1421317  annular 0.059 0.075 162 2.06
105 00414 300000 17.6056 2131976  annular 0.068 0.076 187 2.09
105 00414 400000 234742 2842635  annular 0.087 0.097 2.39 2,67
705 00414 500000 29.3427 35532.93  annular 0.111 0.115 3.05 3.16

105 00414 600000 352113 42639.52  annular 0.133 0.133 3.66 3.66



Table A2 continued

Solution  Sup. solution  Air Sup. air - Reynolds  Flow

flowrate  velocity  flow rate velocity numberof  regime Solution levels difference in ~ (-dp/dz)opfrom experiment

manometer, (m)

Q olution J solution Q ar air Minimum  Maximum
(ml/min) (m/s) (/min) (m/s) Reair Minimum  Maximum (kPa/m) (kPa/m)
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
1102 0.0647 0.000 0.0000 0.00 - 0.398 0.398 10.94 10.94
1102 0.0647 0.036  o0.0021 2.56 bubble 0.396 0.396 10.89 10.89
1102 0.0647 0071 0.0042 5.05 bubble 0.394 0.394 10.83 10.83
1102 0.0647 0.103  0.0060 1.32 bubble 0.393 0.393 10.80 10.80
1102 0.0647 0132 0.0077 9.38 bubble 0.391 0.391 10.75 10.75
1102 0.0647 0.162 00095 1151 bubble 0.388 0.388 10.67 10.67
1102 0.0647 0196  0.0115 13.93 bubble 0.384 0.384 10.56 10.56
1102 0.0647 023 00138  16.70 bubble 0.38 0.38 10.45 10.45
1102 0.0647 0273  0.0160  19.40 bubble 0.374 0.376 10.28 10.34
1102 0.0647 0307 00180  21.82 bubble 0.366 0.368 10.06 10.12
1102 0.0647 035  0.0209 2530  hubble-slug 0.36 0.364 9.90 10.01
1102 0.0647 0395  0.0232  28.07  bubble-slug 0.35 0.356 1 9.62 9.79
1102 0.0647 0450  0.0264  31.98  bubble-slug 0.338 0.346 9.29 9.51
1102 0.0647 0510 00299  36.24  bubble-slug 0.333 0.341 9.16 9.37
1102 0.0647 0568 00333 4037  bubble-slug 0328 0342 9.02 9.40
1102 0.0647 0660  0.0387  46.90  bubble-slug 0.318 0.334 8.74 9.18
1102 0.0647 0722  0.0424 5131  bubble-slug 0.308 0.332 8.47 9.13

1102 0.0647 0789  0.0463  56.07  bubble-slug 0.302 0.322 8.30 8 85



Table A2 continued

Solution  Sup. solution  Air Sup. air  Reynolds  Flow

flowrate  velocity  flow rate  velocity numberof  regime Solution levels difference in ~ (-dpldz)e from experiment

manometer, (m)

Q oltion J solution Q ar air Minimum  Maximum
(ml/min) (m/s) ofmin) (/) Rear Minimum  Maximum (kPa/m) (kPa/m)
1102 0.0647 0.867 0.0509 61.61 slug 0.298 0.318 8.19 8.74
1102 0.0647 1.022 0.0600 72.63 slug 0.286 " 0314 7.86 8.63
1102 0.0647 2.394 0.1405 170.13 slug 0.2 0.25 5.50 6.87
1102 0.0647 4.000 0.2347 284.26 slug 0.14 0.22 3.85 6.05
1102 0.0647 5.326 0.3126 378.50 slug 0.075 0.19 2.06 5.22
1102 0.0647 7.058 0.4142 501.58 slug 0.06 0.19 1.65 5.22
1102 0.0647 10.000 0.5869 710.66  slug-chum 0.055 0.155 151 4.26
1102 0.0647 20.000 11737 1421.32  slug-chum 0.04 0.12 1.10 3.30
1102 0.0647 30.000 1.7606  2131.98 chum 0.035 0.115 0.96 3.16
1102 0.0647 40.000 2.3474  2842.63 chum 0.05 0.11 1.37 3.02
1102 0.0647 50.000 29343 3553.29 chum 0.06 0.105 1.65 2.89
1102 0.0647 60.000 3.5211  4263.95 chum 0.07 0.105 1.92 2.89
1102 0.0647 70.000 41080  4974.61 chum 0.07 0.105 1.92 2.89
1102 0.0647 100.000  5.8685  7106.59 chum 0.065 0.1 1.79 2.15
1102 0.0647 200.000 117371 14213.17  annular 0.07 0.09 1.92 2.47
1102 0.0647 300.000 17.6056 21319.76  annular 0.088 0.098 2.42 2.69
1102 0.0647 400.000 23.4742 2842635  annular 0.11 0.118 3.02 324
1102 0.0647 500.000 29.3427 3553293  annular 0.13 0.138 3.57 3.79
1102 0.0647 600.000 352113 42639.52  annular 0.16 0.162 4.40 4.45

1102 0.0647 700.000 410798 49746.11  annular 0.19 0.19 5.22 522



Table A2 continued

Solution  Sup. solution  Air Sup. air ~ Reynolds  Flow

flow rate  velocity  flow rate  velocity numberof  regime Solution levels difference in - (-dp/dz)gpfrom experiment

manometer, (m)

Q oltion J solution Q ar air Minimum  Maximum
(ml/min) — (mls) Wmin) (/) Reair Minimum  Maximum (kPa/m) (kPa/m)
1102 0.0647 800.000 46.9484 56852.69 mist 0.233 0.233 6.41 6.41
1560 0.0915 0.000 0.0000 0.00 - 04 0.4 11.00 11.00
1560 0.0915 0.036  o0.0021 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 10.86 10.86
1560 0.0915 0.103 0.0060 1.32 bubble 0.394 0.394 10.83 10.83
1560 0.0915 0132 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 0307 00180  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 10.12
1560 0.0915 0450 00264 3198  bubble-slug 0.354 0.364 9.73 10.01
1560 0.0915 0510  0.0299 3624  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 0660  0.0387  46.90  bubble-slug 0.334 0 355 9.18 976
1560 0.0915 0.722 0.0424 5131 hbubble-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 0867  0.0509  61.61  bubble-slug 0.313 0.335 8.61 9.21



Table A2 continued

Solution  Sup. solution  Air Sup. air  Reynolds  Flow

flowrate  velocity ~ flow rate  velocity numberof  regime Solution levels difference in - (-dp/dz)opfrom experiment

manometer, (m)

Q oluon  J solution < ar air Minimum  Maximum
(ml/min) (m/s) (/min) (1) Rearr Minimum  Maximum (kPa/m) (kPa/m)
1560 0.0915 1022 0.0600  72.63 slug 0.305 0.325 8.39 8.94
1560 0.0915 2394 01405  170.13 slug 0.22 0.26 6.05 1.15
1560 0.0915 4000 02347  284.26 slug 0.16 0.2 4.40 5.50
1560 0.0915 326 03126 37850 slug 0.11 0.18 3.02 4 95
1560 0.0915 7058 04142 501.58 slug 0.09 0.16 247 4.40
1560 0.0915 10.000 05869  710.66  slug-chum 0.008 0.15 0.22 4,12
1560 0.0915 20000 11737 1421.32  slug-chum 0.06 0.125 1.65 3.44
1560 0.0915 30.000  1.7606  2131.98 chum 0.04 0.11 1.10 3.02
1560 0.0915 40.000  2.3474  2842.63 chum 0.065 0.12 1.79 3.30
1560 0.0915 50.000 29343  3553.29 chum 0.08 0.13 2.20 3.57
1560 0.0915 60.000 35211  4263.95 chum 0.085 0.12 2.34 3.30
1560 0.0915 70,000 41080 497461 chum 0.085 0.12 2.34 3.30
1560 00915  100.000 58685  7106.59 chum 0.07 0.115 1.92 3.16
1560 0.0915 200.000 117371 14213.17  annular 0.09 0.11 247 3.02
1560 00915  300.000 17.6056 21319.76  annular 0.11 0.125 3.02 3.44
1560 00915  400.000 23.4742 2842635  annular 0.14 0.154 3.85 4.23
1560 00915  500.000 29.3427 35532.93  annular 0.161 0171 4.43 470
1560 00915  600.000 352113 42639.52  annular 0.183 0.192 5.03 5.28
1560 0.0915  700.000 41.0798 49746.11  annular 0.212 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  Sup. solution  Air Sup. air -~ Reynolds  Flow : . _— :
flow rate  velocity ~ flow rate velocity numberof  regime Solution levels difference in - (-dp/dz)egfrom experiment

: manometer, (m . :
Q olution J solution Q ar alr (m) Minimum  Maximum

(ml/min) — (mls) (I'min) — (mhs) R@®air Minimum  Maximum (kPa/m) (kPa/m)
1794 0.1053 0.000 0.0000 0.00 - 0.397 0.397 1091 1091
1794 0.1053 0.036 0.0021 2.56 bubble 0.395 0.395 10.86 10.86
1794 0.1053 0.071 0.0042 5.05 bubble 0.394 0.394 10.83 10.83
1794 0.1053 0.103 0.0060 7.32 bubble 35 0.392 10.78 10.78
1794 0.1053 0.132 0.0077 9.38 bubble 0.389 0.389 10.69 10.69
1794 0.1053 0.162 0.0095 11.51 bubble 0.385 0.385 10.58 10.58
1794 0.1053 0.196 0.0115 13.93 bubble 0.383 0.383 10.53 10.53
1794 0.1053 0.235 0.0138 16.70 bubble 0.378 0.382 10.39 10.50
1794 0.1053 0.273 0.0160 19.40 bubble 0.374 0.376 10.28 10.34
1794 0.1053 0.307 0.0180 21.82 bubble 0.371 0.375 10.20 10.31
1794 0.1053 0.356 0.0209 25.30 bubble 0.365 0.371 10 03 10.20
1794 0.1053 0.395 0.0232 28.07 bubble 0.36 0.366 9.90 10.06
1794 0.1053 0.450 0.0264 31.98  bubble-slug 0.356 " 0.362 9.79 9.95
1794 0.1053 0.510 0.0299 36.24  bubble-slug 0.35 0.36 9.62 9.90
1794 0.1053 0.568 0.0333 40.37  bubble-slug 0.346 0.356 9.51 9.79
1794 0.1053 0.660 0.0387 46.90  bubble-slug 0.34 0.352 9.35 9.68
1794 0.1053 0.722 0.0424 51.31  Dbubble-slug 0.332 0.346 9.13 951
1794 0.1053 0.789 0.0463 56.07  hubble-slug 0.326 0.342 8.96 9.40
1794 0.1053 0.867 0.0509 61.61  bubble-slug 0.32 0.34 8.80 9.35

1794 0.1053 1.022 0.0600 7263 bubble-slug 0.306 0.326 8.41 8.96



Table A2 continued

Solution  Sup. solution  Air Sup. air ~ Reynolds  Flow

flowrate  velocity  flow rate  velocity numberof  regime Solution levels difference in - (-dp/dz)eprom experiment

manometer, (m)

Q oluon  J solution Q ar J dr air Minimum  Maximum
(ml/min) (mls) (Umin)  (mls) RSair Minimum  Maximum' (kPa/m) (kPa/m)
1794 0.1053 2394 01405  170.13 slug 0.23 . 0.27 6.32 142
1794 0.1053 4000  0.2347  284.26 slug 0.17 0.24 4.67 6.60
1794 0.1053 5326 03126  378.50 slug 0.14 0.21 3.85 5.17
1794 0.1053 7058  0.4142 50158 slug 0.09 0.19 2.47 5.22
1794 0.1053 10.000 05869  710.66  slug-chum 0.08 0.17 2.20 4.67
1794 0.1053 20.000 11737 1421.32  slug-chum 0.05 0.15 1.37 4.12
1794 0.1053 30.000 17606 213198  slug-chum 0.045 0.14 1.24 3.85
1794 0.1053 40.000 23474 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 2.20 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 100.000 58685  7106.59 chum 0.08 0.12 2.20 3.30
1794 0.1053 200,000 117371 14213.17  annular 0.1 0.11 2.15 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 352113 4263952  annular 0.198 0.204 5.44 5.61
1794 0.1053 700.000 41.0798 49746.11  annular 0.214 0.222 5.88 6.10

1794 0.1053  800.000 46.9484 56852.69 mist 0.252 0.252 6.93 6.93
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Figure A12 Pressure gradient data for air-50 vol% glycerol solution mixture.



105

Bubble Bubble: U8 churn Apnutar . Conditions for glycerol solution:
0@ = e Churn MISI nsolution =705 miimin
B Jsolution = 00414 m/s
G 8 Resolution = 197
‘ \
Cl ®
1 4 i .
7,
0
2 H
mResolution = 197
10 100 1000 10000 90000

AirReynolds number, Reajr

Figure A13 Pressure gradient data for air-50 vol% glycerol solution mixture.

12 . :
?B&ubbleBubble- Slug - Slug- Chum  Annular Misg COnditions for glycerol solution:
— “%&%Zug Chum : Asolution = 1102 ml/min
. &%{; : ./solut|gn = 00647 m/s
3 81 Mesulution = 307
vy
J 6 % ¥
w. &
El “ 'é:-.ﬁ
. 2 3
GO
0 4
-2 4
#  Regolution =307

D iy 100 1000 Q00

Air Reynolds number, Reajr

Figure A14 Pressure gradient data for air-50 vol% glycerol solution mixture.
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Figure AL5 Pressure gradient data for air-50 vol% glycerol solution mixture.
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Figure A16 Pressure gradient data for air-50 vol% glycerol solution mixture.
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APPENDIX B
Critical Reynolds Numbers of Air in Two-Phase Flow

Table B1 Determination of critical Reynolds number of air in air-pure water

mixture

Physical properties of air and water used in the experiments :
viscosity of water, Pueter= 8.48 X 10'4kg/m.s; density of water, pwater= 995 kg/m3
viscosity of air, Pair= 1.85 X10%5kg/m.s: density of air, paj= 1.18 kg/m3
temperature, T = 31°¢ (£ 1°C); diameter of the pipe, D = 0.019 m

Water  Sup. water Reynolds  Air Sup. air ~ Critical ~ Flow regime
flow rate  velocity numberof flow rate velocity -~ Reynolds

Water J water water ail number of air

(mlfmin) ~ (m/s)  Rawater ~ (Umin)  (m/s) air)critical

224 0 0131 293 0.132  0.0770 9 bubble-slug
224 0.0131 293 0356 0.3126 25 slug
224 0.0131 293 5326 03126 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 mist
325 0.0191 427 0.132  0.0077 9 bubble-slug
325 0.0191 427 0395  0.0232 28 slug
325 0.0191 427 1058  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 mist
427 0.0251 560 0.162  0.0095 12 bubble-slug
427 0.0251 560 0450  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 mist
529 0.0311 694 0.196  0.0115 14 bubble-slug
529 0.0311 694 0510  0.0299 36 slug
529 0.0311 694 10 0 5869 711 slug-chum
529 0.0311 694 30 1.7606 2132 churn
529 00311 694 200 11.7371 14213 annular
529 0.0311 694 800  46.9484 56853 mist
132 0.043 961 0235  0.0138 17 bubble-slug
132 0.043 961 0660  0.0387 47 slug

132 0.043 961 20 1.1737 1421 slug-chum



Table B1 continued

Water
flow rate
Q water
(ml/min)
7132
132
732
936
936
936
936
0.936
0936
1241
1241
1241
1241
1241
1241
2055
2055
2055
2055
2055
2055

Sup. water Reynolds  Air
velocity number of flow rate

J water water Qair
(m/s) ater (1/min)
0.043 961 40
0.043 961 200
0.043 961 800
0.055 1228 0.235
0055 1228 0.660
0.055 1228 20
0.055 1228 30
0055 1228 200
0.055 1228 800
0.073 1628 0.395
0073 1628 0.789
0.073 1628 20
0.073 1628 30
0073 1628 200
0.073 1628 800
0.121 2696 0.510
0.121 2696 1.022
0.121 2696 20
0.121 2696 30
0.121 2696 200
0.121 2696 800

Sup. air
velocity
J air
(m/s)
2.3474
11,7371
46.9484
0.0138
0.0387
1.1737
1.7606
11,7371
46.9484
0.0232
0.0463
11737
1.7606
11,7371
46.9484
0.0299
0.0600
11737
1.7606
11,7371
46.9484

Critical

Reynolds
number of air
(RAair)critical

2843
14213
56853
17
AT
1421
2132
14213
56853
28
56
1421
2132
14213
56853
36
13
1421
2132
14213
56853

Flow regime

chum
annular
mist
bubble-slug
slug
slug-chum
chum
annular
mist
bubble-slug
slug
slug-chum
chum
annular
mist
bubble-slug
slug
slug-chum
chum
annular
mist
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Table B2 Determination of critical Reynolds number of air in air-50 vol% glycerol

solution mixture
Physical properties of air and 50 vol% glycerol solution used in the experiments:

viscosity of glycerol solution, (1Sdldion= 4.48 X 10'3kg/m.s

density of glycerol solution, psolution = 1121 kg/m3
viscosity of air, (ia1=1.85 X10*5kg/m.s; density of air, pajr= 1.18 kg/m3
temperature, T = 31°C (¢ 1°C); diameter of the pipe, D =0.019 m

Solution  Sup. Soln- Reynolds Air
flow rate  velocity numberof flow rate
Q solution ~J solution solution Q air
(mlmin)  (M/S)  Resomution ~ (L/min)
358 0.021 100 0.235
358 0.021 100 0.568
358 0.021 100 1.058
358 0.021 100 20.01)0
358 0.021 100 200.000
358 0.021 100 800.000
545 0.032 152 0.307
545 0.032 152 0722
545 0032 152 7.058
545 0.032 152 30.000
545 0.032 152 200.000
545 0.032 152 800.000
705 0.0414 197 0.307
705 0.0414 197 0.789
705 0.0414 197 10.000
705 0.0414 197 30.000
705 00414 197 200.000
705 0.0414 197 800.000
1102 0.0647 307 0.356
1102 0.0647 307 0.867
1102 0.0647 307 10.000
1102 0.0647 307 30.000
1102 0.0647 307 200.000
1102 0.0647 307 800000
1560  0.0915 435 0.395
1560 00915 435 1.022
1560  0.0915 435 10.000

Sup. air
velocity
J air
(m/s)
0.0138
0.0333
04142
11737
11,7371
469484
0.0180
0.0424
0.4142
17606
11.7371
46.9484
0.0180
0.0463
0.5869
17606
11,7371
46.9484
0.0209
0.0509
0.5869
1.7606
11,7371
46.9484
0.0232
0.0600
0.5869

Critical
Reynolds
number of air

17
40
502
1421
14213
56853
22
51
502
2132
14213
56853
22
56
11
2132
14213
56853
25
62
11
2132
14213
56853
28
13
111

Flow regime

bubble-slug
slug
slug-chum
chum
annular
mist
bubble-slug
slug
slug-chum
chum
annular
mist
bubble-slug
slug
slug-churn
churn
annular
mist
bubble-slug
slug
slug-chum
churn
annular
mist
bubble-slug
slug
slug-chum



Table B2 continued

Solution  Sup. Sol" Reynolds
flow rate  velocity number of flow rate

Q solution
(ml/min)
1560
1560
1560
1794
1794
1794
1794
1794
1794

J solution

(m/s
0.0915
0.0915
0.0915
0.1053
0.1053
0.1053
0.1053
0.1053
0.1053

~—

solution

Mensolution
435
435
435
500
500
500
500
500
500

Air

Q air
(L/min)
30.000
200.000
800 000

0.450

2.394

10.000
40.000
200.000
600 000

Sup. air
velocity
J air
(m/s)
1.7606
11.7371
46.9484
0.0264
0.1405
0.5869
23474
11.7371
46.9484

Critical
Reynolds
number of air
(RAair)critical
2132
14213
56853
32
170
711
2843
14213
56853

Flow regime

chum
annular
mist
bubble-slug
slug
slug-chum
chum
annular
mist
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Flow pattern regimes for 50 vol% glycerol solution
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Figure B1 Flow pattern regimes for air-pure water mixture.

Flow pattern regimes for pure water
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Figure B2 Flow pattern regimes for air-50 vol% glycerol solution mixture.
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Figure B3 Critical Reynolds numbers of air at different flow
water system.
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APPENDIX C
Comparison between Theory and Experimental Data for Pressure Gradient

Table CI' 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,  kr=8.48 x 10'4kg/m.s; density of water, Pnatd.= 995 kg/m3

viscosity of air, par=1.85 x 105kg/m.s; density of air, pair= 1.18 kg/m3

temperature, T = 31°c (x 1°C); diameter of the pipe, D =0.019 m; pressure taps difference =,0.4 m

Water ~ Sup. water  Air Sup. air  Flow Void (-dp/dz)*1  Reynolds ] :
flowrate  velocity  flow rate velocity — regime  fraction  from theory nﬁmber (-dpldz)ogpfrom experiment

Wt J wateg 0 & from theory of air Minimum Maximum

(mimin) — (mfs)  (Umin) (") (kPa/m) i (kPa/m) (kPa/m)
0 00000 0036 00021  bubble  0.0138 9.63 2.56 9.76 9.76
0 00000 0071 00042  bubble  0.0268 9.50 5.05 9.64 9.64
224 00131 0036 00021  bubble  0.0127 9.64 2.56 9.64 9.64
224 00131 0071 00042  bubble  0.0247 9.52 5.05 9.52 9.52
224 00131 0103 00060  bubble  0.0355 941 1.32 9.44 9.44
325 00191 0036 00021  bubble  0.0123 9.64 2.56 9.64 9.64
325 00191 0071 00042  bubble  0.0239 9.53 5.05 9.52 9.52
325 00191 0103 00060  bubble  0.0343 9.43 1.32 9.47 9.47
421 0051 0036 00021  bubble 00119 9.64 2.56 9.66 9.66
21 0021 0071 00042  bubble  0.0231 9.54 5.05 9.57 9.57
421 00251 0103 00060  bubble  0.0332 9.44 1.32 9.52 9.52

421 0.0251 0132 00077  bubble 00421 9.35 9.38 9.37 9.52



Table CI continued _
Water ~ Sup. water ~ Air ~ Sup.air  Flow Void  (-dp/dz)a  Reynolds

flowrate  velocity ~flowrate velocity — regime  fraction fromtheory  number (dpldz)epfrom experiment

Q water 7 water Q air from theory of air Minimum Maximum
(mmin) — (mfs)  (/min)  (mls) E (kPa/m) Rear (kPa/m) (kPa/m)
529 0.03L 0036  oo002x  bubble  0.0115 9.65 2.56 9.64 9.64
529 00311 0071 00042  bubble  0.0224 9.54 5.05 9.57 9.57
529 00311 0103 00060  bubble  0.0321 9.45 1.32 9.52 9.52
529 00311 0132 00077  bubble  0.0408 9.36 9.38 9.42 9.52
529 00311 0162 00095  bubble  0.0496 9.28 1151 9.3 9.47
132 00430 0036  o.0021  bubble  0.0108 9.66 2.56 9.57 9.57
132 00430 0071  0.0042  bubble 0.021 9.56 5.05 9.47 9.54
132 00430 0103  0.0060  bubble  0.0302 9.47 132 9.32 9.57
132 00430 0132 00077  bubble  0.0384 9.39 9.38 9.25 9.54
132 00430 0162  0.0095  bubble  0.0467 9.31 1151 9 9.52
132 00430 0196 00115  bubble 0.056 9.21 13.93 8.83 9.54
936 00550 0036 o002 bubble  o.r0n 9.66 2.56 9.57 9.57
936 00550 0071 00042  bubble  0.0198 9.57 5.05 9.47 9.61
936 0.0550 0103  0.0050  bubble  0.0285 9.48 1.32 9.42 9.57
936 00550 0132 00077  bubble  0.0362 9.41 9.38 9.22 9.52
936 00550 0162 00095  bubble  0.0441 9.33 1151 9.13 9.47
936 00550 019 00115  bubble  0.0529 9.24 1393 8.98 9.47

936 00550 0235 00138  bubble  0.0627 9.15 16.70 8.83 9.37



Table Cl continued

Water ~ Sup.water ~ Air ~ Sup.air  Flow Void  (-dp/dz)a  Reynolds

flwrate  velocity flowrate velocity — regime  fraction  fromtheory  number (-dpldz)epirom experiment

?Wm J water Qair from theory of air Minimum Maximum
(mmin) — (mfs)  (/min) b (kPa/m) Rear (kPa/m) (kPa/m)
1241 0.0729 0036  o.0021 bubble  0.0093 9.67 2.56 9.54 9.54
1241 0.0729 0071 00042  bubble  0.0183 9.58 5.05 9.49 9.59
1241 0.0729 0103 00060  bubble  0.0263 9.50 1.32 9.44 9.59
1241 0.0729 0132 00077  bubble  0.0334 9.43 9.38 9.25 9.54
1241 0.0729 0162 00095  bubble  0.0407 9.36 1151 9.2 9.44
1241 0.0729 0196 00115  hubble  0.0489 9.28 13.93 9 9.39
1241 0.0729 0235 00138  bubble 0.058 9.19 16.70 891 9.3
1241 0.0729 0273 00160  hubble  0.0668 9.11 19.40 8.71 9.25
1241 0.0729 0307 #0.0180  hubble  0.0745 9.03 21.82 8.42 9.15
1241 0.0729 035 00208  bubble  0.0853 8.93 25.30 8.22 9
2055 0.121 0.036 0.0021 hubble 0.0077 9.69 2.56 959 9.59
2055 0.121 0071 00042  hbubble 00151 9.61 5.05 9.52 9.52
2055 0.121 0103 00060  bubble  0.0218 9.55 1.32 9.49 9.49
2055 0.121 0132 00077  bubble 00277 9.49 9.38 9.42 9.42
2055 0.121 0162 00095  hubble 00338 943 1151 9.32 9.32
2055 0.121 0196 00115  bubble  0.0406 9.36 13.93 9.27 9.27
2055 0.121 0235 00138  bubble  0.0483 9.29 16.70 9.18 9.18
2055 0121 0273 00160  bubble  0.0557 9.22 19.40 9 9.1

2055 0.121 0307  0.0180  hubble 0.0622 9.15 21.82 8.91 9



Table CI continued

Water ~ Sup. water  Air Sup. air -~ Flow Void  (-dpfdzye  Reynolds

fowrde velocly fowrae veloclty regime  fracion fromtheory number  CCPC@piom experimen

% waer et Qi from theory of air Minimum Maximum
(mlfmin) — (mf)  (min)  ( : (kPa/m)  geair (kPa/m) (kPa/m)
2055 0.121 03% 00208  hbubble  0.0714 9.06 25.30 8.76 891
2055 0.121 039% 00232  hbubble  0.0786 8.99 28.07 8.59 8.78
2055 0.121 045 00264  bubble  0.0886 8.90 31.98 83 8.76

Note; Superficial water velocity, j ver = Quagr
A

Superficial air velocity, j air =
A

omx= volumetric flow rate of air; Qweter= volumetric flow rate of 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, =848 X104 kg/m.s; density of water, pwater= 995 kg/ms

viscosity of air, Par=1.85 X 10 kg/m.s; density of dr, pair= 1.18 kg/ms

temperature, T=31°c (+ 1°C); diameter of the pipe, D= 0.019 m; pressure taps difference = 6.4 m

Water  Sup. water ~ Air  Sup. air Reynolds Flow  Void Meanliq. Reynolds Fanning (-dp/dz)e: (-dp/dz)eqfrom

flowrate velocity flowrate velocity number regime fraction velocity numberof friction  from experiment
Quaer  Jwater Qi of air from 1 liquidslug factor  theory Minimum Maximum

(mlfmin) — (m/s) ~ (/min)  (MfS)  Rcair theory,s  Mis  pestig [ F  (kPaim) (kPa/im) (kPa/m)
0 oo 0307 00180 2182 slug 01043 00180 400 00399 874 86l 915

0 ooco 0356 0028 2530 slug 01186 00208 464 00345 860 830 903
0 o000 03% 00232 2807 slug 01206 00232 517 00309 850 793 9.03
0 oo 0450 00264 3198 slug 01445 0024 589 002712 83 108 891
0 oo 0510 00299 3624 slug 01600 0.0299 667 00240 .2 6.9 8.74
0 oco 0568 00334 4037 slug 01744 00334 745 00215 806 671 8.78
0 oo 0660 00388 4690 slug 0190 00388 865 00185 78 891
0 vooo 0722 00424 5131 slug 02098 00424 945 00169 772 573 916
0 oooo 0789 00463 5607 slug 02240 00463 1032 00155 758 52 915
0 o000 0867 00508 6161 slug 02398 00508 1133 00141 742 416 903
224 00131 03% 0028 2530 slug 01088 00339 756  o.00ic 870 830 854
224 00131 03% 00232 2807 slug 01191 00363 809 00198 860 803 8.37
224 00131 0450 00264 3198 slug 01330 003% 8L 00182 847 783 8.15



Table C2 continued
Water  Sup. water  Air  Sup. air Reynolds Flow  Void Veeanlig. Reynolds Fanning (-dp/dz)cl (-dp/dz)epfrom

flowrate velocity flow rate velocity number regime fraction velocity numberof friction  from experiment
Quatr  Jwaer  Qair of air from uy  llquidslug factor  theory  Minimum Maximum
(ml/min) ~ (m/s) ~ (Umin)  (m/s)  Rear theory, 8 m}s

wesg ¢ (Pam) (kPalm)  (kPaim)
24 00131 0510 00299 3624 g 01476 00430 959 00167 83 76l 805
24 00131 0568 00334 4037 g 0611 00465 1087 0015 819 72 80
24 00131 0860 00388 4690 g 01815 00519 1157 00138 799 708 817
24 00131 072 00424 5131 g 01046 00555 1237 00129 786 676 847
24 00131 0789 00463 5607 slug 02082 00594 134  eeinn 773 639 849
24 00131 0867 00508 6161 slug 02232 00839 W5 sene 75 enr 842
24 0031 1o 00600 7263 g 02511 0031 1630 00098 73 sa0 756
24 00131 234 01405 17013 slug 04188 0153 344 S T
24 00131 4000 02347 28426 slug 05233 02478 555 00092 468  oo0 781
250019 0395 00232 2807 g 0149 00423 W3 00170 864 T 89l
25 00191 0450 00264 3198 slug 01284 00455 1014 00158 851 766 895
25 00190 0510 00299 3624 slug 0145 00490 1092 00146 834 737 g8l
25 00191 0568 00334 4037 g 0558 00525 1170 00137 824 713 74
25 00191 0660 00388 4690 g OL757 00579 191 00124 805 691 85
250001 072 0044 513 slg 01885 00615 1371 0017 792 659 844
25 00191 0789 00408 5607 sl 02017 00654 148 eeo 780 634 839
25 00191 0867 00508 6L61 g 02165 00699 1558 00103 765 5.0 83
25 00190 1o 00600 7263 sug 02438 00791 1763 00091 739 586 83
2500191 2304 01405 17013 slg 04101 0156 3558 - 1% 903



Table C1' continued
Water  Sup. water ~ Air - Sup. air Reynolds Flow  Void Vieanliq. Reynolds ‘arming (-dp/dz)el (-dp/dz)epfrom

flowrate velocity flow rate velocity number regime fraction velocity numberof friction  from experiment
Qwar Jwar  Qar of ar from  y;  liquidslug factor theory Vlinimum Maximum
(mlmin) ~ (m/s) ~ (Umin) ~ (m/s)  Rear theory, E ms  Rey /¢ (kPaim) (kPa/m) (kPaim)
35 00191 4000 02347 28426 slug 05151 02538 5658 00091 476 049 878

35 00191 5326 03126 37850 slug 05693 03317 7395 00085 425 0 8.54
27 00251 0450 00264 3198 slug 01241 00515 1148 00139 85 774 893
27 00201 0510 0029 3624 slug 01379 00550 1226 00130 842 75 881
27 00201 0568 00334 4037 slug 01507 00585 1304 00123 829 131 876
Al 00251 0660 00388 4690 slug 01701 00639 1425 00112 810 703 859
At 00281 0722 00424 5131  slug 01826 00675 1505 00106 798 664 849
Al 00251 0789 00463 5607 slug 01956 00714 1592 00101 78 652 874
At 0021 0867 00508 6161 slug 02100 00759 1692 0009%5 772 62 83
Al 00251 102 00600 7263 slug 02369 00851 1897  0.0084 745 6.1 181
Al 00251 2394 01405 17013  slug 04017 01656 3692 - - 2.2 1.08
Al 00251 4000 02347 28426 slug 05071 02598 5792 00091 484 0 1.96
Al 00261 5326 03126 37850 slug 05619 03377 7529 00085 432 049 854
Al 00251 7058 04142 50158 slug 06107 04393 9794 00079 386 098 683
529 00311 0510 00299 3624 slug 01335 00610 1360 00118 846 759 87
529 00311 0568 00334 4037 slug 01460 00645 1438 00111 834 747 859
529 00311 0660 00388 4690 slug 01649 00699 158 00103 1816 715 844
59 00311 072 00424 5131 slug 01771 00735 1639 00098 804 695 839
529 00311 0789 00463 5607 slug 01898 00774 1726 00093 791 664 878



Table C2 continued
Water  Sup. water ~ Air ~ Sup.air Reynolds Flow  Void Meanliq. Reynolds Tanning (-dp/dz)c  (-dp/dz)epfrom

flow rate velocity flowrate velocity number regime fraction velocity numberof friction  from experiment
Qudy  Tvdy  Qar of air from v liquidslug factor  theory  viinimum Maximum
(mlmin) ~ (mis)  (Umin) (/)  Rear theory,e ms  Redg /f (kPaim) (kPaim) (kPa/m)

509 00311 087 00508 6161 slug 02040 00819 1826 00088 7,77 647 827
59 00311 102 00600 7263 slug 02304 00911 2031 00079 752 6.1 181
59 00311 2394 01405 17013 slug 03936 01716 3826 - - 244 878
529 00311 4000 02347 28426 slug 04994 02658 5926 00636 512  -024 976
59 00311 536 03126 37850 slug 05547 03437 7663 00632 469 12 927
59 00311 7058 04142 50158 slug 06043 04453 9928 00628 438  -146 T8l
/2 0043 0660 00388 4690 slug 01555 00818 1824 00088 825 671 8.93
12 0083 072 00424 5131 slug 01671 0084 1904 00084 814 66l 8.64
/2 0043 0789 00463 5607 slug 01793 00893 1991  0.0080  8.02 6.1 8.18
/2 0043 0867 00509 6163 slug 01929 00939 2093 - - 622 818
732 0043 102 00600 7263 slug 02184 01030  22% - - 634 85
2 0048 2394 01405 17013 slug 03784 0183% 4091 00099 609 244 878
/32 0043 4000 02347 28426 slug 04847 02777 6191 00089 507  -049 878
/2 0043 5326 03126 31850 slug 05410 03556 7928 00084 453 098 878
132 0043 708 04142 50158 slug 05920 04572 10193 00079 405  -146 83
/32 0043 10000 05869 71066 slug 06471 06299 14043 00073 355 244 7132
96 0055 0660 00387 4690 slug 01470 00937 2089 - - 122 837
96 0055 072 00424 5131 slug 01582 00974 2171 - - 698 852
936 0055 0789 00463 5607 slug 01699 01013 2258 - - 669 827



Table C2 continued
Water Sup. water ~ Air~ Sup. ar Reynolds Flow ~ Void  Mieanlig. Reynolds Fanning (-dp/dz)el (-dp/dz)epfrom

flow rate velocity flow rate velocity number regime fraction velocity numberof friction  from experiment
Qudr Jwdr  Qar of air from 4  liquidslug factor  theory vhnimum Maximum
(mimin) () (Umn) £>  Rewr theory, E rr?]s

R /f  (kPam) (kPalm) (kPa/m)
9% 0055 0867 00509 6163 slug 01830 01059 2361 - - 652 813
9% 0055 102 00600 7263 slug 02075 01150 2564 - - 6.2 83
9% 0055 2394 01405 17013 slug 03643 01955 4359 00097 623 342 92
9% 0055 4000 02347 28426 slug 04707 02897 6459 00088 520 073 854
9% 0055 5326 03126 37850 slug 05279 03676 8195  0.0083  4.66 0 903
936 0055 7058 04142 50158 slug 05801 04692 10460 00078 417 -049 805
9% 0055 10000 05869 71066 slug 06370 06419 14311 00072 366  -195 683
1241 0013 0789 00463 5607 slug 01575 01192 2657 - - 6.91 8.57
24 00/3 0867 00509 6163 slug 01699 01238 2760 - - 671 827
24 0013 102 00600 726300 slug 01932 04329 2963 - - 683 83
1241 00 2394 01405 17013 slug 03451 02134 4758 00095 642 366 8.05
1241 0073 4000 02347 28426 slug 04513 03076 6858 00087 540 244 181
1241 0073 5326 03126 37850 slug 05094 03855 8594 00082 485 049 878
1240 0073 7058 04142 50158 slug 05631 04871 10859  0.0077 435 0.24 1.32
1241 0073 10000 05869 71066 slug 06225 06598 14710 00072 38 12 7.8
205 0120 102 00600 7263 slug 01631 01810 4035 00099 820 722 83
2095 0120 2394 01405 17013 slug 03025 02615 5830 00090 685 464 805
205 0121 4000 02347 28426 slug 04065 0357 7930 00084 586 293 83
20 0121 536 03126 371850 slug 04659 04336 9667 00080 530 098 83



Table C2 continued
Water  Sup. water ~ Air ~ Sup. air Reynolds Flow  Void Meanlig. Reynolds Fanning (-dp/dz)al (-dp/dz)epfrom

flow rate velocity flow rate velocity number regime fraction velocity number of friction  from experiment
?water J viter Qar  Jar  ofar from ; liquid slug  factor  theory  Vlinimum Maximum
(mlfmin) — (mfs) ~ (Umin) (M) Reair theory, — mls gty (kPalm) (kPa/m) (kPa/m)
2055 0121 7.058 04142 50158 slug 05224 05352 11932 0.0076 477 0.24 8.3

2055 0.121 10.000 0.5869  710.66 S|Ug 0.5868 0.7079 15782 0.0070 4.19 -0.73 6.34

Note; Superficial water velocity, j veer = 7 g » Superficial air velocity, jmr =0 A

Mean liquid velocity, , = Qair-~-Quaer

Reynolds number of the liquid slug, Rejl* =

r~water

<nater= volumetric flow rate of water; qar= 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, RaCT = 8.48 X 10'4kg/m.s; density of water, pwaor= 995 kg/m3
viscosity of air, air= 185 X 10bkg/m.s; density of air, pair= 1.18 kg/m3
temperature, T = 31°¢ (¢ 1°C); diameter of the pipe, D = 0.019 m; pressure taps difference = 0.4 m

Water -~ Sup. ~ Air -~ Sup.  Flow Reynolds Fanning Reynolds Fanning (-dpldz)tfrom theory (-dp/dz)™ from

flw water flow ar regime number friction number friction experiment
rate velocity rate velocity of factor  of factor waer  ar  two-phase Minimum Maximum
Quar Jwdy Qar water ofwater air  ofair only  only

(ml/min-— (m/s) ~ (Umin)  (m/s) gar [f Rear /¢ (kPaim) (kPaim) (kPa/m) (kPa/m) (kPa/m)

224 00131 200 1174 annualr 292 00548 14213 0.0072 09847 12380 2.7 0.73 0.93
224 00131 300 1761 annualr 292 00548 21320 0.0065 09847 25171 143 0.68 0.88
224 00131 400 2347 annualr 292 00548 28426 0.0061 09847 41642 095 0.73 0.98
224 00131 500 2934 annualr 292 00548 35533 0.0058 09847 61536 118 0.98 112
224 00131 600 3521 annualr 292 00548 42640 0.0055 09847 84663 15 124 139
224 00131 700 4108 annualr 292 0.0548 49746 0.0053 09847 110880 187 L7l 171
224 00131 800 4695 mist 292 00548 56853 0.0051 0.9847 140068 227 2.2 2.22
22400131 900 528 mist 292 00548 63959 0.0050 09847 172130 2.7 2.66 2.66
224 00131 1000 5869 mist 292 00548 71066 0.0048 0.9847 2069.81 3.16 3.21 3.21
35 00191 200 1174 annular 426 00376 14213 0.0072 14357 12380 2.72 0.76 0.9
35 00191 300 1761 annular 426 00376 21320 0.0065 14357 25171 146 0.76 0.9
35 00191 400 2347 annular 426 00376 28426 00061 14357 41642 103 0.95 115



Table C3 continued
Water  Sup.  Air  Sup.  Flow leynolds Fanning Reynolds ‘arming (-dp/dz)cetfrom theory (-dp/dz)™ from

flw water flow ar regime number friction number friction experiment
rate velocity rate velocity of factor of factor waer  ar  two-phase Minimum Maximum
Qva Jvdr Qar water ofwater air  ofar only  only

(mlmin* (mfs) ~ (Umin)  (m/s) AOF : S «pam) (kPam) (kPaim) (kPalm) (kPa/m)

I f
325 00191 500 2934 annular 426 0.0376 35533 0.0058 14357 61536 126 115 1.34
35 00191 600 3521 annular 426 0.0376 42640 0.0055 14357 846.63 159 1.34 159
35 00191 700 4108 annular 426 0.0376 49746 0.0053 14357 110880 1.9 173 183
35 00191 800 4695 mist 426 00376 56853 0.0051 14357 140068 2.38 2.12 231
35 00191 900 528 mist 426 00376 63959 0.0050 14357 172130 283 2.56 2.16
35 00191 1000 5869 mist 426 0.0376 71066 0.0048 14357 2069.81 33 2.95 3.05
42100251 200 1174 annular 560  0.0286 14213 00072 18867 12380 273 0.85 1.22
42100251 300 1761 annular 560  0.0286 21320 00065 18867 25171 149 0.98 1.17
42100251 400 2347 annular 560 0.0286 28426 00061 18867 41642 11 1.29 1.39
421 00251 500 2934 annular 560  0.0286 35533 0.0058 18867 61536  1.34 161 L7l
421 00251 600 3521 annular 560  0.0286 42640 00055 18867 84663  1.66 207 217
427 00251 700 41.08 annular 560 0.0286 49746 00053 1.8867 110880 2.05 2.46 2.66
427 00251 800 4695 mist 560 00286 56853 0.0051 18867 140068 246 2.93 3.12
421 00251 900 528 mist 560 0.0286 63959 00050 1.8867 172130 294 342 3.68
427 00251 1000 5869 mist 560 0.0286 71066 00048 18867 2069.81 343 4.15 4.39
59 00311 200 1174 annular 693  0.0231 14213 0.0072 23377 12380 273 0.88 1.22
59 00311 300 1761 annular 693 00231 21320 0.0065 23377 25171 152 0.93 112
529 00311 400 2347 annular 693  0.0231 28426 00061 23377 41642 116 122 1.37



Table C3 continued
Water  Sup.  Air  Sup.  Flow Reynolds Fanning leynolds 7anning (-dp/dz)cetfrom theory (-dp/dz)™ from

flw water flow ar regime number friction number friction experiment
rate velocity rate velocity of factor  of factor water two-phase Minimum Maximum
Qvdy Jwdy Qar water ofwater air  ofar  only

(mimin' (ms)  (Umin) () s [ Rel /¢ (kPam) (£, (kPaim) (kPam) (kPam)

59 00311 500 2934 anmnular 693 00231 35533 00058 23377 61536  1.39 149 168
529 00311 600 3521 annular 693 00231 42640 00055 23377 84663 173 178 2.01
59 00311 700 4108 annular 693 00231 49746 0.0053 23377 110880 2.12 2.21 2.42
529 00311 800 469 mist 693 00231 56853 00051 2.3377 140068 255 2.1 2.86
529 00311 900 5282 mist 693 00231 63959 0.0050 23377 172130 3.02 3.05 3.29
59 00311 1000 5869 mist 693 00231 71066 0.0048 23377 2069.81 353 3.66 408
132 0043 200 1174 annular 959 00167 14213 0.0072 32322 12380 274 0.98 122
132 0043 300 1761 annular 959 00167 21320 00065 32322 25171 158 11 122
732 0043 400 2347 annular 959  0.0167 28426 00061 32322 41642 126 1.34 159
132 0043 500 2934 annular 959  0.0167 35533 0.0058 32322 61536 1 15 176 195
132 0043 600 3521 annular 959  0.0167 42640 0.0055 3.2322 r346.63 184 2.2 2.39
132 0043 700 4108 annular 957  0.0167 49746 00053 32322 110880 2.24 2.68 2.83
1320043 800 4695 mist 959 00167 56853 00051 32322 140068 2.69 3.21 351
132 0043 900 528 mist 959 00167 63959 00050 32322 172130 3.17 3.76 3.95
/32 0043 1000 5869 mist 959 00167 71066 00048 32322 206981 3.7 459 481
93 0055 200 1174 annular 1226 00130 14213 0.0072 41342 12380 275 11 149
936 0055 300 1761 annular 1226 00130 21320 0.0065 4.1342 25171 162 129 149
936 0055 400 2347 annular 1226 00130 28426 00061 4.1342 41642 134 159 173



Table C3 continued
Water ~ Sup. ~ Air ~ Sup.  Flow Reynolds Fanning 1 leynols 7anning (-dp/dz)tfrom theory (-dp/dz)Tpfrom

flw water flow ar regime number friction number friction experiment
rate velocity rate velocity of factor of factor waer  ar  two-phase Minimum Maximum
Qudy Jvdr Qar water ofwater air of r only only

(mlimin) (mis)  (Umin)  (mis) fveter /£  Rear /¢ (kPalm) (kPa/m) (kPa/m) (kPa/im) (kPa/m)

936 0055 500 2934 annular 1226 0.0130 35533 0.0058 4.1342 61536 158 2.07 2.22
936 0005 600 3521 annular 1226 00130 42640 0.0055 4.1342 84663 193 261 2.76
936 0055 700 4108 annular 1226 0.0130 49746 00053 4.1342 110880 2.35 303 3.29
936 0055 800 4695 mist 1226 00130 56853 00051 4.1342 140068 28 3.66 3.88
936 0055 900 5282 mist 1226 00130 63959 00050 41342 172130 33 4.21 451
936 0055 1000 5869 mist 1226 00130 71066 0.0048 41342 206981 383 5.12 5.21
1241 0073 200 1174 annular 1625 0.0098 14213 00072 54797 12380 2.77 144 171
1241 0073 300 1761 annular 1625 0.0098 21320 0.0065 54797 25171 169 1.66 181
1241 0073 400 2347 annular 1625 00098 28426 00061 54797 41642 145 2.12 2.2
1241 0073 500 2934 annular 1625 0.0098 35533 0.0058 54797 61536 169 2.64 2.83
1241 0073 600 3521 annular 1625 00098 42640 00055 54797 84663  2.05 3.2 3.34
12410073 700 4108 annular 1625 0.0098 49746 00053 54797 110880 2.48 3.83 3.9
1241 0073 800 4695 mist 1625 00098 56853 00051 54797 140068 2.95 4.64 481
12410073 900 5282 mist 1625 00098 63959 00050 54797 172130 347 5.37 554
1241 0073 1000 5869 mist 1625 0.0098 71066 00048 54797 2069.81  4.01 6./1 6.83
2055 0120 200 1174 annular 2698 00059 14213 0.0072 9.0952 12380 28l 171 2.2
2055 0120 300 1761 1 lar 2698 00059 21320 0.0065 9.0952 25171 183 2.34 2.64
2055 0120 400 2347 annular 2698 0.0059 28426 0.0061 9.0952 41642 166 2.98 3.2



Table C3 continued

Water -~ Sup.  Air - Sup.  Flow Reynolds Fanning Reynolds Fanning : (-dp/dz)” from
flw water flow ar regime number friction number friction (dpidz)cafrom theory experiment
rate velocity rate velocity of factor  of factor water  air  two-phase Minimum Maximum
Qv Jvar oar water ofwater air  ofar only  only

(Mimin" (mfs)  (Umin)  (m/s) Ringr ,+ Rear ¢ (kPaim) (kPa/m) (kPa/m) (kPalm) (kPa/m)
2055 0120 500 2934 annular 2698 0.0059 35533 0.0058 90952 61536 192 3.66 4,05
2055 0120 600 3521 annular 2698 00059 42640 00055 9.0952 84663 231 4.44 4.8
2055 0120 700 4108 annular 2698 0.0059 49746 00053 9.0952 110880 2.76 5.2 5.39
2055 0120 800 4695 mist 2698 00059 56853 00051 9.0952 140068 3.27 6.12 6.27
2055 0120 900 5282 .mist 2698 0.0059 63959 0.0050 90952 172130 381 1.2 1.37
2055 0120 1000 5869 mist 2698 0.0059 71066 0.0048 9.0952 206981  4.39 1.86 8

Note; Superficial water velocity, jv =~ waer ; Superficial air velocity, jair - Q&If

. r . .
Pressure gradient for water, p - Fauater Jvakr - progqre gradlient for air, - -

J water only \
dp [ dp”

J two-phase y d Z) air only

39 2| FPair J air
2 ) air Only

Pressure gradient for two-phase flow,

Pair



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

. N kAL ]
R e N BT,

(L+0.0904 A "5')" 5

4+ T)"



Table C3 (continued) Calculation of two-phase pressure gradient by usingx,
<€¢p, and pressure gradient of air in annular and mist flow regimes

Water ~ Air  Martinelli Void  Gas two-phase  Pressure gradient
flow rate flow rate parameter fraction ~ flow multiplier  for two-phase flow

Qvdy  Qar X e . (~dp/dz)tp
(mlimin) ~ (Umin) (kPa/m)
224 2000 17100 07241 466  2L73 2.70
224 300 04200 0871 238 569 143
224 400 00830 09376 150 225 0.9
224 50 00520 09512 138 190 118
224 600 00405 09573 133 176 150
224 700 00340 09611 129 168 187
224 800 00290 09643 127 161 227
224 900  0.0257 09665 125 _ 136 270
224 1000 00231 09684 123 152 316
325 200 172 07234 468  21.87 272
325 300 04273 08559 240  5.76 146
325 400 01013 09307 156 245 103
325 50 00636 09458 143 203 126
325 600 0049 09527 136 186 159
325 700 00406 09572 133 176 1.96
325 800 003 09605 130 169 2.38
325 90 0031 09630 128 164 283
325 1000 00279 09650 126 159 330
421 200 1723 07232 468 2192 2.13
421 300 0439 08540 243 5.88 149
421 400 0117 09253 162 261 110
421 50 0074 09413 147 215 1.34
421 600 005 09493 139 19 1.66
421 700 0047 09538 136 184 2.05
421 800 004 09576 132 175 2.46
421 900 0036 0999 130 170 2.94
421 1000 0032 09623 128 165 343
529 200 1726 07230 469 2196 2.73
529 300 0451 08520 245 6.0 152
529 400 0131 09208 166 276 116
529 50 00823 09379 150 224 1.39
529 600 00631 09460 142 203 173
529 700 0052 09511 138 190 2.12
529 800  0.0449 09549 135 181 255

529 90 00397 09578 132 175 3.02



Table C3 continued

Water ~ Air  Martinelli - Void

flow rate flow rate parameter fraction
Q water Q air X 8

(mlimin) ~ (L/min)
529 10000 0.0357 09601
132 200 17315 07226
132 300 04705 08489
732 400 01541 09139
732 500 00974 09321
132 600  0.0746  0.9410
132 700 00616  0.9466
132 800  0.0530 0.9507
132 900  0.0468 09539
132 1000 00420  0.9565
936 200 17372 0.7222
936 300 04884 08461
936 400  0.1738 09084
936 500 01106 09275
936 600  0.0847 0.9369
936 700 0.0699 09430
936 800 00601 09474
936 900 -0.0530 09507
936 1000 00476 09535
1241 200 17458 07216
1241 300 05122 08425
1241 400 01988 0.9019
1241 600 01278 0.9218
1241 600  0.0979 09320
1241 700 00808 09385
1241 800 00694 09432
1241 900  0.0612 0.9468
1241 1000 00549 09498
2055 200 17682 0.7200
2055 300 05647 0.8349
2055 400 02504 08897
2055 500  0.1647 09109
2055 600  0.1266 0.9222
2055 700 01045 0929
2055 800  0.0898 0.9350
2055 900  0.0791 09392
2055 1000 00710 09425

(as two-phase

flow multiplier
0 g <
1.30 1.70
469  22.04
2.49 6.21
173 2.99
1.55 241
147 2.16
142 201
1.38 191
1.35 1.84
1.33 1.78
470 2212
253 6.40
179 319
160 254
151 2.27
145 2.11
141 1.99
138 191
1.36 1.85
472 22.25
258 6.65
1.86 3.44
1.65 2.12
1.55 241
149 2.23
145 2.10
142 2.01
1.39 193
4.75 22.58
2.69 1.2
1.99 396
1.76 310
165 211
157 248
152 2.32
1.49 2.21
145 2.12

Pressure gradient
for two-phase flow
(-dpldz)tp

(kPa/m)

3.53
2.74
158
1.26
150
1.84
2.24
2.69
3.17
3.70
2.15
1.62
134
158
193
235
280
3.30
3.83
211
1.69
145
1.69
2.05
248
2.95
347
401
2 81
183
1.66
192
231
2.76
3.21
381
439

130



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°3kg/m.s; density of glycerol solution, psoiution = 1121 kg/m3
viscosity of r, pair = 1.85 X 10 bkg/m.s; density of air, par= 1.18 kg/m3

temperature, T =31°c (£ 1°C); diameter of the pipe, D =0.019 m; pressure taps difference = 0.4 m

Solution  Sup. Soln~ Air Sup. ar  Flow Void (-dpfdz)adl  Reynolds

flwrate velocity flowrate velocity  regime  fraction from number (dpidz)eprom experiment

Qsotstion~J solution Qair fromtheory  theory of air Minimum Maximum
(Mmin) ~— (mf)  (Umin)  (ms) (kPa/m) R fiair (kPa/m) (kPa/m)
0 00000 003 00021  bubble  0.0138 10.85 2.56 1091 10.91
0 00000 0071 00042  bubble 00268 10.70 5.05 10.86 10.86
0 00000 0103 00060  bubble  0.0385 10.57 1.32 10.69 10.69
0 00000 0132  0.0077  bubble  0.0488 10.46 9.38 1047 1047
0 00000 0162 00095  bubble  0.0592 10.35 1151 10.25 10.36
358 00210 003 00021  bubble 00121 10.86 2.56 10.86 10.86
358 00210 0071  w0.0042  bubble  0.0236 10.74 5.05 10.72 10.72
358 00210 0103 00060  bubble  0.0339 10.62 1.32 10.58 10.58
358 00210 0132 00077  bubble 00431 10.52 9.38 1047 1047
358 00210 0162 0009  bubble  0.0523 10.42 1151 10.25 10.36
358 00210 0196 00115  bubble  0.0626 10.31 13.93 10.09 10.25
545 00320 003 00021  bubble 00114 10.87 2.56 10.8 108

545 00320 0071 00042  bubble 00223 10.75 5.05 10.67 10.67



Table C4 continued

Solution ~ Sup. Soln~ Air  Sup.air  Flow Void - (-dpldz)jea Reynolds 47100 from experiment

flowrate  velocity  flowrate  velocity  regime  fraction from number
Q solution J solution Q ai from theory  theory ofdr Minimum Maximum
(mlmin) — (m/s) (L/min) (mls) (kPa/m) Reair (kPa/m) (kPa/m)
545 0.0320 0.103 0.0060  bubble 0.0320 10.65 1.32 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 1151 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 1.32 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 1151 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 1.32 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 0.009  bubble 0.0422 10.53 1151 10.67 10.67



Table C4 continued

Solution  Sup. Sol"  Air Sup. air -~ Flow Void ~ (-dp/dz)  Reynolds (dp/dz)e% from experiment

flowrate  velocity ~ flow rate  velocity ~ regime  fraction from number
Q solution J solution Lair from theory  theory of air Minimum Maximum
(ml/min)  (m/s) (1/min) (1) E (kPa/m) R fiair (kPa/m) (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 1940 ' 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 1091 1091
1560 0.0915 0.071 0.0042  bubble 0.0169 1081 5.05 10.86 10.86
1560 0.0915 0.103 0.0060  bubble 0,0243 10.73 1.32 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 1151 10.67 10.67
1560 0.0915 0.196 00115  bubble 0.0453 10.50 13.93 105 10.61
1560 0.0915 0.235 0.0138  bubble 0.0538 1041 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 1091 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 1.32 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 0.009  bubble 0.0358 10.60 11,51 10.58 10.58



Table C4 continued

Solution  Sup. Sol" Air Sup. air Flow Void (-dp/dz)cal  Reynolds (-dp/dz)e% from experiment

flow rate  velocity ~ flow rate  velocity ~ regime fraction from number
Q solution ] solution Q ai from theory  theory of air Minimum Maximum
(ml/min) — (m/s) (1/min) (mfs) 8 (kPa/m) R fiair (kPa/m) (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 1031
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

Note; Superficial solution velocity, j gm0, = "SOAJI'm

Superficial air velocity, j air =

<ar=volumetric flow rate of air; “solution3Lvolumetric flow rate of glycerol solution; A = cross-sectional area of the pipe



Table C5 Determination of pressure gradients from the theory and experiment in slug flow regime

Physical properties of air and (50 vol% glycerol + 50 vol% water) solution used in the experiments:
viscosity of glycerol solution, ~<owwo. = 4.48 « 10*3kg/m.s; density of glycerol solution, psolution =1121 kg/m3
viscosity of air, par= 1.85 x 10"5kg/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

Solution Sup. Sol*  Air  Sup. air Reynolds Flow  Void vlean lig. Reynolds "anning (-dp/dz)cal (-dp/dz)* from

flow rate velocity flow rate velocity number regime faraction velocity number of friction  from experiment

Qsolution 3 solution ~ Qair of air from . liquid slug factor  theory ~ Vlinimum Maximum

(mlimin) (m/s)  (Umin) <g>  Rear theory,e — mifs r@ig [f  (kPa/m) (kPa/m) (kPa/m)
0 0.0000 0.450 0.0264 31.98 Slug 0.1445  0.0264 125 0.1276  9.42 8.22 8.99
0 0.0000 o0.510 0.0299 36.2¢ slug 0.1600 0.0299 142 01125  9.25 7.89 8.94
0 0.0000 o0.568 0.0333 4037 slug 0.1744 0.0333 158 0.1011  9.09 7.62 8.94
0 0.0000 o.660 0.0387 46.90 Slug 0.1960 0.0387 184  0.0870  8.85 7.34 8.77
0 0.0000 0.722 0.0424 5131 slug 0.2098 0.0424 200 0.0795  8.70 7.01 8.39
0 0.0000 0.789 0.0463 56.07 slug 0.2240 0.0463 ' 220  0.0727  8.55 6.74 8.39
0 0.0000 o0.867 0.0509 61.61 Slug 0.2398 0.0509 242 0.0662  8.38 6.41 8.66
358 0.0210 0.568 0.0333 40.37  slug 0.1541  0.0543 258 0.0620  9.32 8.08 9.07
358 0.0210  0.660 0.0387 46.90 slug 0.1738  0.0597 284 0.0564 9.1 7.86 8.91
358 0.0210 0.722 0.0424 5131 slug 0.1865 0.0634 301 0.0532  8.97 7.64 8.52
358 0.0210  0.789 0.0463 56.07  slug 0.1997  0.0673 320 0.0500  8.82 7.48 8.52
358 0.0210 0.867 0.0509 61.61 slug 0.2143 0.0719 341 0.0469  8.66 7.26 8.52
358 0.0210 1.022 0.0600 72.63 slug 0.2416 0.0810 385  0.0416  8.36 6.98 8.25
358 0.0210  2.394 0.1405 170.13 slug 0.4073  0.1615 767 0.0209  6.56 4.12 6.87



Table C5 continued

Solution Sup. Sol"  Air ~ Sup. air Reynolds Flow  Void vlean lig. Reynolds Tlanning (-dp/dz)cal (-dp/dz)exp from
experiment
theory  vlinimum vlaximum

flow rate velocity flow rate velocity number regime faraction velocity number of friction

Qsotion I solution ~ Q air of air from / iquid slug factor
(mlimin) (mfs)  (Umin) «*)  Redr theory,e  m/S  Resg  fV
358 0.0210  4.000 0.2347 28426 Slug 0.5125 0.2557 1215  0.0132
358 00210 5326 0.3126 378.50 Slug 0.5669 0.3336 1584  0.0101
545 0.0820 0.722 0.0424 5131  slug 0.1763 0.0744 353  0.0453
545 0.0820 0.789 0.0463 56.07 slug 0.189  0.0783 372 0.0430
545 0.0320 0.867 0.0509 61.61  slug 0.2031 0.0829 394  0.0406
545 0.0820  1.022 0.0600 72.63  slug 0.2294  0.0020 437  0.0366
545 0.0320 2.394 0.1405 17013 slug 0.3924  0.1725 819 0.0195
545 00320 4.000 0.2347 284.26 slug 0.4982 0.2667 1267  0.0126
545  0.0320 5.326 0.3126 378.50 Slug 0.5536 0.3446 1637  0.0098
705 0.0414 0.789 0.0463 56.07 slug 0.1806 0.0877 417  0.0384
705 0.0414 0.867 0.0509 61.61  slug 0.1943 0.0923 438 0.0365
705 0.0414 1,022 0.0600 72.63 Slug 0.2199 0.1014 482  0.0332
705 0.0414  2.394 0.1405 17013 Slug 0.3804 0.1819 864  0.0185
705 0.0414  4.000 0.2347 28426 slug 0.4866 0.2761 1312  0.0122
705 0.0414 5326 0.3126 37850 slug 0.5428 0.3540 1681  6.0095
1102 0.0647 0.867 0.0509 61.61  Slug 0.1756  0.1156 549 0.0291
1102 0.0647 1.022 0.0600 72.63  Slug 0.1995  0.1247 592 0.0270
1102 0.0647 2.394 0.1405 17013 Slug 0.3536 0.2052 975  0.0164
1102 0.0647  4.000 0.2347 28426 slug 0.4599 0.2994 1422 0.0112
1102 0.0647 5326 03126 378.50 slug 0.5177 0.3773 1792  0.0089

from

(kPa/m)
5.41
4.82
9.08
8.94

8.79

8.50

6.72

5.57

4.97

9.04

8.89

8.61

6.86

5.70

5.09

9.10

8.84

7.16

6.00

5.38

(kPa/m)
1.37
0.82
7.97
7.64
7.42
7.2
4.62
3.3
2.2
8.06
7.84
7.29
5.22
3.57
2.2
8.19
7.86

5.5
3.85
2.06

(kPa/m)
5.77
6.32
8.74
8.74
8.52
8.52

6.6
5.5
4.95
8.83
8.55
8.39
6.32
5.5
4.95
8.74
8.63
6.87
6.05
5.22



Table C5 continued
Solution Sup. Sol"* Air  Sup. air Reynolds Flow ~ Void Mean lig. Reynolds ‘anning (-dp/dz)cal (-dp/dz)eq from

flow rate velocity flow rate velocity number regime faraction velocity number of friction  from experiment
Q solution Jsolution  Qair  Jar  Ofalr from ur  liquid slug factor  theory Minimum Maximum
(ml/min) (m/s)  (Umin) (m/s)  ¢rqi theorye  m/s resig /£ (kPalm) (kPa/m) (kPa/m)

1560  0.0915 1.022 o.0600 7263 slug 0.1801  0.1515 720 0.0222  9.07 8.39 8.94
1560  0.0915 2.394 0.1405 170.13 slug 03271 0.2320 1102 0.0145  7.46 6.05 1.15
1560  0.0915 4.000 0.2347 28426 slug 04326 03262 1550 6.0103  6.31 4.4 5.5
1560  0.0915 5326 0.3126 37850 slug 04914 04041 1919 0.0083  5.67 3.02 4.95
1794 01053 2394 0.1405 17013 slug 0.315 0.2458 1168  0.0137  7.60 6.32 1.42
1794 01053 4.000 0.2347 284.26 slug 0.4198 0.3400 1615 0.0099  6.46 4.67 6.6
1794 01053 5326 0.3126 378.50 slug 0.479 04179 1985 0.0081  5.82 3.85 5.77
1794 01053 7.058 0.4142 50158 slug 05348 05195 2468 0.0065 5.21 247 5.22

Note; Superficial solution velocity, j solution - il » Superficial air velocity, jair
Mean liquid velocity, 1= Qar—Q°‘tn

Reynolds number ofthe liquid slug, Resy = P o™
p solution

Quit= volumetric flow rate of air; ("solutione=volumetric flow rate of glycerol solution; A = cross-sectional area of the pipe;
D = diameter of the pipe



Table C6 Determination of 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 of glycerol solution, solution = 4.48 X 10'3kg/m.s; density of glycerol solution, psoiution= 1121 kg/m3
viscosity of air, Pair= 1.85 X 10'5kg/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

Solution Sup. ~ Air  Sup. Flow Reynolds Fanning Reynolds Fanning (-dp/dz)eefrom theory (-dp/dz)™ from

flow Solution flow  air  regime number friction number friction experiment
rate  velocity rate velocity of factorof of  factor solution air two  Vlinimum Maximum
Q solution J solution ~ Q air solution solution  air ofair —only  only  phase

(mlimin) (m/s)  (Umin) (m/s) Resolution | f Reair fv  (kPa/m) (kPa/m) (kPa/m) (kPa/m) (kPa/m)

358 0.0210 200 1174 annualr 100  0.1604 14213 0.0072 8.3469 123.80  3.35 1.32 1.46
358 00210 300 1761 annular 100 0.1604 21320 0.0065 8.3469 251.71  2.15 1.54 1.54
358  0.0210 400  23.47 annular 100  0.1604 28426 0.0061 83469 41642 175 1.9 1.9
358 00210 500 29.34 annular 100 0.1604 35533 0.0058 83469 61536  1.93 2.47 2.47
358 0.0210 600 3521 annular 100 0.1604 42640 0.0055 8.3469 846.63 2.3 2.97 2.97
358 00210 700 41.08 annular 100  0.1604 49746  0.0053 8.3469 1108.80 2.74 3.66 3.66
358 0.0210 800 46.95  mist 100 0.1604 56853  0.0051 8.3469 1400.68 3.23 4.65 4.65
545 0.0320 200 1174 annualr 152 0.1053 14213 0.0072 12.7192 123.80  3.39 1.51 1.76
545 00320 300 1761 annular 152 0.1053 21320 0.0065 12.7192 251.71  2.28 1.79 1.9
545 0.0320 400  23.47 annular 152 0.1053 28426 0.0061 12.7192 416.42  1.96 2.25 2.25
545 00320 500  29.3¢4 annular 152 0.1053 35533 0.0058 127192 61536  2.17 3 3
545 00320 600 3521 annular 152 0.1053 42640 0.0055 12.7192 846.63  2.55 3.55 3.55



Table C6 continued

Solution  Sup. ~ Air  Sup. -Flow Reynolds Fanning Reynolds Fanning (-dp/dz)cafrom theory (-dp/dz)Clpfrom

flow Solution flow  air  regime number friction number friction experiment
ratt  velocity rate velocity of factorof of  factor solution two  Minimum Maximum
Q solution Jsolution  Q an solution solution air ofair  only phase
(mlmin) (m/s) (Umin) (ms) RRsoution /1 ar 1t (kPalm) < £ » (kPa/m) (kPa/m) (kPa/m)

545 0.0320 700  41.08 annular 152 0.1053 49746 0.0053 12.7192 1108.80 3.02 421 421
545 0.0320 800  46.95  mist 152 0.1053 56853 0.0051 12.7192 1400.68 3.54 531 531
705 0.0414 200 1174 annualr 197  0.0814 14213 0.0072 16.4554 123.80  3.42 1.62 2.06
705 0.0414 300 1761 annular 197  0.0814 21320 0.0065 16.4554 25171  2.37 1.87 2.09
705 0.0414 400  23.47 annular 197  0.0814 28426 0.0061 16.4554 416.42 211 2.39 2.67
705 0.0414 500 29.34 annular 197 0.0814 35533 0.0058 16.4554 61536  2.33 3.05 3.16
705 0.0414 600 3521 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 44
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 257165 12380 351 1.92 247
1102 0.0647 300 1761 annular 307  0.0521 21320 0.0065 257165 25171  2.57 2.42 2.69
1102 0.0647 400 2347 annular 307  0.0521 28426 0.0061 257165 416.42 241 3.02 3.24
1102 0.0647 500  29.34 annular 307  0.0521 35533 0.0058 25.7165 615.36  2.67 3.57 3.79
1102 0.0647 600 3521 annular 307  0.0521 42640 0.0055 25.7165 846.63 31 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 257165 1400.68 4.2 6.41 6.41
1560 o0.0915 200 11.74 annualr 435  0.0368 14213 0.0072 36.3688 123.80 3.6 2.47 3.02
1560 0.0915 300 1761 annular 435  0.0368 21320 0.0065 36.3688 25171  2.77 3.02 3.44



Table C6 continued

Solution  Sup.
flow Solution flow

rate

velocity

Q solution J solution

(ml/min)  (mls)

1560
1560
1560
1560
1560
1794
1794
1794
1794
1794
1794
1794

0.0915
0.0915
0.0915
0.0915
0.0915
0.1053
0.1053
0.1053
0.1053
0.1053
0.1053
0.1053

Air

rate
Q air
(1/min)
400
500
600
700
800
200
300
400
500
600
700
800

Sup.
air
velocity

(1)
23.47
29.34
35.21
41,08
46.95
11.74
1761
23.47
29.34
35.21
41,08
46.95

Flow Reynolds Fanning leynolds Fanning
regime number friction number friction

annular
annular
annular
annular
mist
annualr
annular
annular
annular
annular
annular
mist

of  factor of
solution solution
p Aolulion [ f
435  0.0368
435  0.0368
435  0.0368
435  0.0368
435  0.0368
500  0.0320
500  0.0320
500  0.0320
500  0.0320
500  0.0320
500  0.0320
500  0.0320

of

air
Realr
28426
35533
42640
49746
56853
14213
21320
28426
35533
42640
49746
56853

factor
of air
|
0.0061
0.0058
0.0055
0.0053
0.0051
0.0072
0.0065
0.0061
0.0058
0.0055
0.0053
0.0051

Note; Superficial solution velocity, j stwin = Qsouton : Superficial air velocity, j air =

Pressure gradient for solution,

dp

0z J solution only

AN A sSss, ; Pressure gradient for air,

(dp/dz)catfrom theory  (P/AZ)<p from
experiment

solution i two  Minimum Maximum

only  phase

1, (kPa/m) (kPa/m) (kPa/m) (kPa/m)
36.3688 41642  2.68 3.85 4.23
36.3688 61536  2.98 4.43 4.1
36.3688 846.63  3.44 5.03 5.28
36.3688 1108.80 4 5.83 5.97
36.3688 1400.68 461 6.93 6.93
418540 12380  3.65 2.75 3.02
418540 25171  2.86 344 3.66
418540 41642 2.8 4.32 4.48
41.8540 61536 ' 3.11 5.06 5.2
41.8540, 846.63 3.6 544 561
41.8540 1108.80 4.17 5.88 6.1
41.8540 140068 4.8 6.93 6.93

f- A = anfpA IFT

V dz Jar Gy



rdp’ =¢2r dp’

Pressure gradient for two-phase flow, d Bair
A " two-phase V L, aironly

Martinelli parameter, X, void fraction of air, , and gas two-phase flow multiplier, €2, can be calculated by using the following
equations: r

f
dp’ @)D _ogg54 1

1
M- &5, v |1+o.0904x°548r|

(1+0.0904 X 058)22

Sz (HAT



Table C6 (continued) Calculation of two-phase pressure gradient by using X,
<, and pressure gradient of air in annular and mist flow regimes

Solution  Air  Martinelli
flow rate flow rate parameter fraction
(soluion 0.1, X
(ml/min) ~ (L/min)
358 200 2.05
358 300 0.6821
358 400 02708
358 500 0.1669
358 600 0.1253
358 700 0 1023
358 800 0.0873
545 200 2 0762
545 300 07262
545 400 03219
545 500 0.2048
545 600 0 1548
545 700 0 1266
545 800 0.1081
705 200 2.0942
705 300 0.7593
705 400 03571
705 500 0.2317
705 600 0.176
705 700 0.1441
705 800 0.1231
1102 200 2.1371
1102 300 0 8288
1102 400 04263
1102 500 0.2856
1102 600 02191
1102 700 0.18
1102 800 0.154
1560 200 2 184
1560 300 0.8953
1560 400 0.4886
1560 500 0.335
1560 600 0259
1560 700 0.2135
1560 800 0.183

Void

0.7012
0.8192
08852
09103
09226
09304
09359
0.6999
08137
08748
09004
0.9137
0.9222
09284
06988
0 8097
0 8682
0.8939
0.9078
0.9168
0.9233
0.6961
0 8016
0 8561
0:3821
0.8969
0.9067
09139
06933
07943
0.8461
0.8723
0.8878
0 8982
0 9060

Gas two-phase

flow multiplier
b, .

5.19 26.94
2.92 8.50
2.04 417
177 312
1.64 2170
1.57 2.46
152 230
5.22 21.28
3.00 8.99
2.16 468
187 3.51
1.73 3.00
165 2.71
159 252
il 21.57
306 9.37
2.25 504
194 3.77
1.79 3.21
170 289
164 2.67
53l 28.25
3.19 10.17
2 40 5.75
2.08 4.32
191 3.65
1.80 326
1.73 2.99
5.39 29.00
331 10.95
2 53 6.40
2.19 4.82
2.01 4.05
190 359
1.81 329

Pressure gradient
for two-phase flow

(-dpldz)tp
(kPa/m)
3.35
2.15
1.75
1.93
230
274
3.23
339
228
1.96
2.17
2 55
3.02
354
3.42
2.37
2 11
2.33
2.13
3.22
376
351
2 57
241
*2.67
3.10
3.62
4.20
3.60
2.17
2.68
298
344
400
4 61

142



Tahle C6 continued

Solution  Air  Martinelli
flow rate flow rate parameter
Q solution Qi X
(ml/min)  (I/min)
1794 200 2.2072
1794 300 0 9257
1794 400 05163
1794 500 0.3572
1794 600 0.2771
1794 700 0.2288
1794 800 0 1962

Void
fraction
8

0.6919
07911
08419
0.8681
0.8839
0.8946
0.9025

Gas two-phase

flow multiplier
<p9 *«?2
5.42 29.37
336 1131
2 59 6.70
2.25 504
2 06 423
194 375
185 342

Pressure gradient
for two-phase flow

(-dp/dz)tp
(kPa/m)
3.65
286
2.80
3.11
3 60
4.17
4.80-

143
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Re ater =0

Bubble Bubble-Slug Slug 0 dp/dz from experiment
: 2 (— dp/dz from theory

Pressure gradient, (-dp/dz) kPa/m

-2 : T T : T T T T
0 10 20 30 40 50 60 70

-~

Air Reynolds number, Re,;,

Figure Cl Comparison hetween theory and experimental pressure gradient vs. air
Reynolds number of air-pure water mixture,
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Figure C2 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-pure water mixture,



145

Rewater = 427

12 : : ‘ : .
Bubble «Bsull::;lc- Slug - Slug- Chum  :Annular O  dp/dz from experiment

Churn ' Misf —d
4 - : p/dz from theory
10 C—oo ] 1 : 3

" Pressure gradient, (-dp/dz) kPa/m

%

1 10 100 1000 10000 90000
Air Reynolds number, Re ;.

Figure C3 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-pure water mixture,
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Figure C4 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-pure water mixture.



145

Newater _ 694
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Figure C5 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-pure water mixture.
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Figure C6 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-pure water mixture.
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Rewater “ 1228
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Figure C7 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-pure water mixture.
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Figure C8 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-pure water mixture.
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Rewater= 2696
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Figure C9 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-pure water mixture.
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Figure CIO Comparison hetween theory and experimental pressure gradient vs. air
Reynolds number of air-50 vol% glycerol solution mixture.
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Resolution = 100
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Figure C Il Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-50 vol% glyceral solution mixture.
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Figure C12 Comparison hetween theory and experimental pressure gradient vs. air
Reynolds number of air-50 vol% glycerol solution mixture,
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Figure C13 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-50 vol% glycerol solution mixture.
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Figure C15 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-50 vol% glycerol solution mixture.
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Figure C16 Comparison between theory and experimental pressure gradient vs. air
Reynolds number of air-50 vol% glycerol solution mixture.
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Appendix D

Photos of Different Flow Regimes

Water flow rate, Qwater = 224 ml/min
Superficial water velocity,y waer = 0.0131 m/s
Air flow rate, <zair = 0.071 Umin

Superficial air velocity,yair = 0.0042 m/s
Flow regime: Bubble

Figure D1 Bubble flow regime for air-water mixture.

Water flow rate, ovater = 224 ml/min
Superficial water velocity ywaer = 0.0131 m/s
Air flow rate, <zair = 0.196 Lmin

Superficial air velocity,jair =001 m/s
Flow regime: Bubble-Slug

28y

Figure D2 Bubble-Slug flow regime for air-water mixture.
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Water flow rate, Qwater= 224 mi/min
Superficial water velocity, jwater = 0.0131 m/s
Air flow rate, @air = 0.395 Umin

Superficial air velocity,yair = 0.0232 m/s
Flow regime: Slug

Figure D3 Slug flow regime for air-water mixture,

Water flow rate, <water = 224 ml/min
Superficial water velocity,ywater = 0.0131 m/s
Air flow rate, (zair = 5.326 min

Superficial air velocity,jair = 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, (eter = 224 ml/min
Superficial water velocity, /ater = 0.0131 m/s
Air flow rate, (/air= 50 Umin

Superficial air velocity,yar = 2.93 m/s

Flow regime: Churn

Figure D5 Chum flow regime for air-water mixture.

Water flow rate, (water = 224 mi/min
Superficial water velocity, jwaer = 0.0131 /
Air flow rate, (rair = 300 Umin

Superficial air velocity,yair = 17.61 m/s
Flow regime: Annular

22

Figure D6 Annular flow regime for air-water mixture.
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Water flow rate, <awater = 224 ml/min
Superficial water velocity, ywater —0.0131 m/s
Air flow rate, £ar= 800 Umin

Superficial air velocity,air = 46.95 m/s

Flow regime: Mist

Figure D7 Mist flow regime for air-water mixture.
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Solution flow rate, (*solution = 1794 ml/min
Superficial solution velocity,ysoiuton - 0.1053 m/s
Air flow rate, (2air—0.196 Umin

Sueprficial air velocity,y'air = 0.0115 m/s

Flow regime: Bubble

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

Solution flow rate, (solution = 1794 ml/min
Superficial solution velocity, jsolution = 0.1053 m/s
Air flow rate, (rair = 0.450 1/min

Sueprficial air velocity,jair = 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, "soluion= 0.1053 m/s
Air flow rate, (/air = 2.394 Umin

Sueprficial air velocity,yar= 0.141 m/s

Flow regime: Slug

Solution flow rate, (/solution- 1794 mi/min
Superficial solution velocity, Jsdution= 0.1053 m/s
Air flow rate, Qak= 10 Imin

Superficial air velocity,air—0.587 m/s

Flow regime: Slug-Churn

Figure D1l 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, rsolution = 0.1053 m/s
Air flow rate, (air= 40 Umin

Sueprficial air velocity,yar=2.35 m/s

Flow regime: Churn

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

Solution flow rate, (solution = 1794 ml/min
Superficial solution velocity, ssolution = 0.1053 m/s
Air flow rate, (air= 400 Lmin

Sueprficial air velocity,zair - 23.47 m/s

Flow regime: Annular

Figure D13 Annular flow regime for air-50 vol% glycerol solution mixture.
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Solution flow rate, ~solution = 1794 ml/min
Superficial solution velocity, Jsolution = 0.1053 m/s
Air flow rate, (air = 800 1/min

Sueprficial air velocity,yair = 46.95 m/s

Flow regime: Mist

Figure D14 Mist flow regime for air-50 vol% glycerol solution mixture.



160

Appendix E

Experimental setup

Figure EI' Experimental setup: A = air rotameter, B = water rotameter, C = pressure
taps to measure the pressure gradient, D = two-phase flow testing pipe with diameter
0f0.019-m, E = over flow pipe with the diameter of 0.054-m.



Figure E2 Air compressor used in annular and annular-mist flow regimes.
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