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A Visual Study of Two-Phase Carbon Dioxide Flow
in a Horizontal Tube
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Osamu NacaTA and Kojiro YosHIDA

Abstract

Total flooding high pressure carbon dioxide extinguishing systems are usually used to extin-
guish fires occured in cargo holds or engine rooms of ships. Carbon dioxide in the high pressure
storage containers or through the distribution piping is in the state of a mixture of liquid and vapor.
The energy loss due to friction in the pipeline causes a reduction in pressure and the liquid carbon
dioxide boils so as to produce a mixture of liquid and vapor. As the prersure drops, the specific
volume of carbon dioxide mixture becomes larger. The pressure or temperature drop is non-linear
and increases rapidly near the end of the pipeline.

NFPA code? shows the equation of the carbon dioxide two-phase flow to determine the
pressure drop in the pipe line. But it defines only the ideal homogeneous two-phase flow.

Before researching for the equation of carbon dioxide two-phase flow in the pipeline, the
observations of carbon dioxide two-phase flow in the horizontal glass tube were made with camera,
stroboscope and high-speed camera, and the flow regime maps composed of several different carbon
dioxide flow patterns were produced. The inner diameter of test section is 10.9mm. Flow rates
include the range of 0.0025 to 0.55kg/sec, and pressures are from 1.1 to 44 kg/cm?.

The results were compared with air-water or steam-water two-phase flow by Alves?, Baker®

and others. The characteristics and tendency of the flow regime curves coincided rather well,

although carbon dioxide was selected as two-phase fluid.
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Fig. 2 Photograph of test apparatus
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Table 1 Nomenclature

F NI

G; GU» Gl

Vq > Vl

Tm1

absolute temperature

pressure

temperature

flow rate

inner diameter of tube

sectional area

mass velocity

void fraction

gas flow quality

velocity

mean velocity

flow average specific gravity

local average specific gravity

local average velocity

vapor volumetric flow ratio

two-phase Froude number
subscript, ¢

carbon dioxide gas

Wo+ W,

W/A, Wy/A, Wi/A

Wo/W

Go/re, Gu1i
Vo+ Vi

G/Vm
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AVy/AVm
sz/gD

! carbon dioxide liquid
m mean value of two-phase

s saturation
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(kg/m?)
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Fig. 4 Two-phase flow
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Fig. 6 Photographs of typical carbon dioxide two-phase flow

(back-lighting)
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Table 2 Test result

Noo | paem | G t e | S z Vm g N
8 st 30 | —0.6 38 | .77 | .33 0.1 | .82 | o2
9 st 70 | ~18.2 s19 | .72m | 283 0.4 | .81 | 1.50
10| Wa 9 | —34.9 254 | 791 | 295 0.9 | .93 | 8.0
11 | WaT 120 | —50.6 71| .866 | .347 2.4 | .72 | 535
14 | DI 90 | —69.2 18 | o2 | .85 | 13.3 | .99 | 1650
15 st 120 4.9 a5 | 574 | 268 0.4 | 744 | 1.30
16 | Wa 20 | —2.5 541 | .469 |  .133 05 | 617 | 2.8
17 | WaT 260 | —15.8 83 | 607 | 205 11| 815 | 1140
18 | WaT 340 | —26.8 02 | .74 | 269 2.5 | 904 | 56.0
19 | WaT 2710 | —33.4 205 | 752 | 252 2.3 | .o18 | 47.5
20 | An 300 | —42.5 213 | .88 | 317 5.4 | .96 270
21 | An 200 | —54.3 e | 862 | 321 6.3 | .om4 373
22 | DI 520 | —62.0 24 | .91 | .854 | 28.8 | .999 | 7670
23 | Sp 5820 | —18.7 277 | 770 | 334 | 40.0 | .905 | 14900
%5 | Sp 4780 | —2.4 661 | .330 | .068 .4 | .43 648
27 | Wa 290 5.6 721 | 208 | .046 04 | 210 | 17
28 | Bu 1310 41 708 | 241 | .053 2.0 | 313 | 377
29 | Bu 1620 4.3 883 | .015 | .002 1.8 | .019 | 315
0 | Sp 3520 | —1.6 708 | 270 | 053 5.5 | .56 284
32 sl 810 4.8 g2 | .03 | .001 0.9 | .004 | 7.59
33 St 100 5.1 560 | .27 | 137 0.2 | .55 | 0.429
34 | st 80 4.8 aa | 575|267 0.3 | 744 | 0.593
3 | Wa 390 4.1 708 | 241 | .053 0.6 | .34 | 327
36 Sl 720 3.3 869 .041 .007 0.8 .054 6.49
37 | S—An 1150 0.5 83 | .09 | 015 14 | a2 | 182
38 Sl—Bu 1120 —1.2 787 .173 -030 1.5 .228 21.2
39 | Bu 1760 | —6.8 620 | 377 | .07 3.4 | 500 106
w0 | sp 2180 | —14.0 50 | .58 | 187 8.3 | .87 642
at | sp 2150 | —21.7 350 | .68 | .33 | 18.3 | .930 | 3100
2 | An 1230 | —38.7 205 | .83 | .36 | 16.4 | .956 | 2490
13 St 20 3.0 23 | 603 |  .298 0.1 | .78 | 0.070
44 Wa 200 1.5 633 .346 .083 0.4 .452 1.29
45 | WaT 40 | —25 678 | .309 |  .061 0.7 | .06 | 5.18
48 | Si—An 80 | —9.3 593 | .423 | 087 1.8 | 563 | 311
49 | S—An 1020 | —16.2 59 | 580 | .169 3.8 | .78 134
50 | An 1020 | —27.2 s05 | .74l | .263 7.4 | 004 501
51 | An 190 | ~37.7 228 | .85 | 317 | 13.9 | .948 | 1800
52 | An 120 | —44.0 136 | .898 | 456 | 23.3 | .97 | 5030
53 Sp 4100 | —26.8 260 | 776 | .37 | 33.3 | .920 | 10300
55 | Wa 350 4.3 671 | 285 | .068 0.6 | .72 | 3.02
56 sl 670 3.2 g8 | .006 | .001 0.7 | 008 | 5.12
57 | Sl—An 1160 1.5 899 | .080 | .01 1.4 | 105 | 181
s8 | si—Bu 1250 0 618 | .208 | .062 2.1 | 391 | 40.3
60 Bu 2660 | —0.4 684 | 293 |  .060 14 | 385 178
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Table 2 Continue

II{\II‘:)H pgtci;n G ¢ Tm1 fo x Ven g Nrr
61 Sp 3320 -8.1 522 .501 .133 8.9 .666 729
62 Sp 4110 —28.4 248 .795 .329 37.3 .931 12900
63 Wa 180 6.1 450 .566 .268 0.6 .735 2.82
64 Wa 240 3.0 683 .281 .069 0.4 .366 1.35
65 WaT 420 —5.0 614 .391 .085 0.8 .518 6.42
66 WaT 550 —13.5 498 .535 .139 1.7 .718 25.9
67 WaT 580 —19.0 432 .610 .196 2.6 .825 63.1
68 An 600 —28.8 334 714 .230 4.0 .892 147
69 An 620 —41.2 230 .813 .297 7.8 .950 566
70 An 690 —50.7 162 .873 .362 14.7 .974 1990
71 Sl 620 3.0 684 .277 .062 1.0 .362 9.38
72 Wa 260 4.7 658 .301 .074 0.4 .391 1.76
73 St 40 5.7 352 .693 .541 0.2 .900 0.422
74 Sl—Bu 920 —5.8 530 .487 .133 2.3 .645 50.5
76 Bu 2090 5.6 797 .118 .023 2.7 .153 68.6
77 Sp 2850 2.9 673 .290 .067 4.7 .380 208
78 Sp 3520 —5.7 518 .501 .144 9.4 .665 818
79 DI 140 —58.7 58 .969 .655 7.9 .996 577
80 DI 50 —59.0 0. 1.0 1.0 3.8 1.0 136
81 An 2590 —36.3 184 .856 .397 35.6 .960 11800
82 An 1560 —42.0 123 .910 .503 33.1 .979 10100
83 DI 530 —63.5 19 .993 .892 55.3 .999 28300
84 DI 170 —72.6 0. 1.0 1.0 37.4 1.0 13000
86 Sp 3440 5.6 885 .002 0 3.9 .003 141
87 Bu 2400 6.9 978 0 0 2.7 0 69.2
88 Bu 1170 7.8 1014 0 0 1.3 0 16.5
89 St 590 8.6 985 0 0 0.7 0 4.34
90 Wa 290 8.9 862 .004 .001 0.3 0.005 1.00
91 St 50 9.1 604 .353 111 0.1 .455 0.090
92 St 70 9.1 580 .386 .131 0.1 .502 0.170
93 Wa 280 10.4 931 0 0 0.3 0 1.00
94 Wa 230 0.8 643 .336 .078 0.4 .440 1.60
95 St 40 8.6 630 .320 .094 0.1 .413 0.05
96 Wa 240 —12.4 497 .534 .142 0.7 715 4.80
97 WaT 260 —32.7 326 722 .223 1.9 .903 34.3
98 St 70 9.7 583 .377 .122 0.1 .485 0.19
99 Wa 270 8.0 827 .066 .013 0.3 .085 1.03
100 Sl 570 5.4 778 .145 .029 0.8 .188 5.40
101 Sl—An 850 —2.4 634 .359 .079 1.6 .474 23.3
102 An 1110 —26.2 341 .706 .231 6.9 .884 445
103 An 1040 —38.8 241 .803 .295 11.8 .944 1300
104 DI 240 —65.3 20 .992 .854 27.6 .999 7050
105 DI 110 —59.9 13 1.0 1.0 10.0 1.0 936
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