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Abstract

The two-phase flow is encountered in nature and many industrial
applications such as the evaporators and condensers of refrigeration
and air-conditioning systems, the conventional steam power plants,
the nuclear power plants, and the chemical processing systems.

Recently, on the increase of heat flux due to a high-integrated
electric circuit using in the computer, it is impossible to cool the
electric circuit by the forced convection cooling method with air. So
the phase-change heat transfer has been proposed.

The phase-change heat transfer can be adopted to design the
cooling of electric circuit, narrow-gap boiling in nuclear power plants
and compact heat exchanger.

In this case, the tube size is less than 5.0 mm inner diameter but
until now, the two-phase research have been performed in greater
than 10.0 mm inner diameter.

If working fluid and the shape of tube change, the characteristics
of the heat transfer and flow patterns will be changed and it can’t
be adopted to the small diameter tubes.

In the present study, single-phase and two-phase experiments
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were performed to develop the pressure drop correlation, the flow
regime map, and flow characteristics in 2.0, 4.0, 6.0, 10.0 mm inner
diameter under the assumption of phase—-change heat transfer.

Working fluid were air and water.

Single-phase flow experiments were performed to check the
conventional prediction method for single-phase flow and the
reliability of the experimental apparatus before two-phase flow
experiments.

The conventional method to predict the friction factor in
single-phase turbulent flow is the Blausius equation.

In case of 6.0 and 10.0 mm inner diameter, the friction factor
agreed very precisely with the Blausius equation but in case of 2.0
and 4.0 mm inner diameter, the friction factor not agreed and were
lower than the Blausius eqution.

From the experimental results, the new friction factor equation at
the Reynolds number greater than 2,000 in turbulent flow region
were obtained.

The total two-phase flow pressure drop consists of three
components such as a frictional, a gravitational, and an acceleration
(or deceleration) component.

The frictional pressure drop of two-phase flow was calculated by



subtracting gravitational pressure drop from the measured total
pressure drop. The acceleration pressure drop was neglected
because of no phase change, constant void fraction, quality and cross
sectional area.

The void fraction was calculated and compared by homogeneous
model, drift flux model, and Hibiki correlation as a function of inner
diameter.

The frictional pressure drop of two—phase flow was calculated and
compared by Chisholm parameter, Hibiki correlation and new fricton
factor obtained from single—-phase flow.

The mechanism of the pressure drop in small tubes was discussed

and new prediction method was proposed.
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Fig. 1.1 Idealized model of gas—-liquid two—phase flow

in inclined tube
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(a) (b) (c) (d) (e)

(a) Bubbly flow (b) Slug flow (c) Churn flow

(d) Wispy-Annular flow (e) Annular flow

Fig. 1.2 Schematic representations of flow regimes

observed in vertical upward co-current

gas-liquid flow
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(a) Bubbly flow (d) Wavy flow
(b) Plug flow (e) Slug flow
(c) Stratified flow (f) Annular flow

Fig. 1.4 Schematic representations of flow regimes
observed in horizontal co-current gas-liquid

flow
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Photo. 2.1 Experimental apparatus
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(a) Separator (b) Suction chamber

Photo. 2.2 Separator and suction chamber
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Table 2.1 Properties of air and water

Water [207C] Air [237C]
Density [ kg/m®] 998.2 1.1774
Viscosity [ kg/m sec | 0.001002 0.0000185
Surface tension [ N/ ] 0.07274 -
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Table 2.2 Dimensions and experimental parameters

Reynolds No.

Superficial velocity

ID
-] Lm/sec ] Remark
[mm]
Water Air Water Air

10.0 | 211~10,568 - - - S-P
6.0 | 362~17,613 - - - S-P
528 ~21,136 - - - S-P

4.0
3,171~10,570| 18~179 ]0.796~2.653|0.070~0.562| T-P
1,057~9,511 - - - S-P

2.0
1,057~3,700 | 36~357 [0.531~1.857|0.281~2.808| T-P

% S-P : Single-phase, T-P : Two-phase
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Fig. 2.3 Idealized model of single-phase flow in a tube
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12 A E o] 452 Fig. 249 o] Yehld ojujeo] odZn)
AAWe rhes) gk

m = m, + my (2.9a)

m = p,GxA + 0,G(1 —nA (2.9b)

SHgko] digh 719 A F-eHF FFoZHEYH TS 4

PA,— (P+ dP)(A, +dA,) — dF,— dF; ,— A,dzp,gsinQ

= (my+ dmy) (uy + duy) — mou, — dmyu,

(2.10)

PA]_ (P + dP) (AZ+ dA[) - dF["’ dFi,l_ Ale,OlgSin.Q

= (7’;’LZ+ d?’;@[) (u; + du;) - n.’L;u;— d?’h;u;

(2.11)
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Fig. 2.4 Idealized model of momentum transport during

gas-liquid two—phase flow in an inclined tube
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Table 2.3 Parameter (C in Lockhart and Martinelli

correlation
.. Subscript
Liquid Gas ) ; C
designation
Turbulent Turbulent it 20
Viscous Turbulent vt 12
Turbulent Viscous tv 10
Viscous Viscous VY 5

* For round tubes, liquid flow, turbulent for Re, > 2,000 and

laminar for Re, =< 2,000

Gas flow, transition from laminar to turbulent at Re o 2,000
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Table 3.1

Comparison Chisholm parameter (C with

Hibiki model

Hibiki
Liquid Gas Subscript | Chisholm
40 mm | 2.0 mm
Turbulent Turbulent t 20 14.721 9.725
Viscous Turbulent vt 12 8.833 5.835
Turbulent Viscous to 10 7.361 4.862
Viscous Viscous v 5 3.680 2.431

* For round tubes, liquid flow, turbulent for Re, > 2,000 and

laminar for Re, < 2,000

Gas flow, transition from laminar to turbulent at PRe g 2,000
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Table 3.2 Comparison of void fraction (I.D:4.0mm, 1/4)

Water Air
Homogeneous | Drift flux Hibiki

No. | Flow Flow
Model Model Model

rate rate

¢ /min | N4 /min - - -

1 0.60 0.05 0.081 0.060 0.066
2 0.60 0.10 0.150 0.112 0.122
3 0.60 0.20 0.261 0.199 0.212
4 0.60 0.30 0.346 0.269 0.281
5 0.60 0.40 0.414 0.325 0.336
6 0.60 0.50 0.469 0.372 0.380
7 0.65 0.05 0.075 0.056 0.061
8 0.65 0.10 0.140 0.106 0.114
9 0.65 0.20 0.246 0.189 0.199
10 0.65 0.30 0.328 0.256 0.266
11 0.65 0.40 0.394 0.312 0.320
12 0.65 0.50 0.449 0.358 0.364
13 0.70 0.05 0.070 0.053 0.057
14 0.70 0.10 0.131 0.100 0.107
15 0.70 0.20 0.232 0.180 0.188
16 0.70 0.30 0.312 0.245 0.253
17 0.70 0.40 0.377 0.299 0.306
18 0.70 0.50 0.431 0.345 0.349
19 0.75 0.05 0.066 0.050 0.054
20 0.75 0.10 0.124 0.095 0.100
21 0.75 0.20 0.220 0.172 0.179
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Table 3.2 Comparison of void fraction (I.D:4.0mm, 2/4)

Water Air
Homogeneous | Drift flux Hibiki

No. | Flow Flow
Model Model Model

rate rate

¢ /min | N4 /min - - -

22 0.75 0.30 0.297 0.235 0.241
23 0.75 0.40 0.361 0.288 0.293
24 0.75 0.50 0.414 0.333 0.336
25 0.80 0.05 0.062 0.048 0.050
26 0.80 0.10 0.117 0.091 0.095
27 0.80 0.20 0.209 0.164 0.170
28 0.80 0.30 0.284 0.225 0.231
29 0.80 0.40 0.346 0.277 0.281
30 0.80 0.50 0.398 0.321 0.323
31 0.85 0.05 0.059 0.045 0.048
32 0.85 0.10 0.111 0.086 0.090
33 0.85 0.20 0.199 0.157 0.162
34 0.85 0.30 0.272 0.217 0.221
35 0.85 0.40 0.332 0.267 0.270
36 0.85 0.50 0.384 0.311 0.311
37 0.90 0.05 0.056 0.043 0.045
38 0.90 0.10 0.105 0.083 0.085
39 0.90 0.20 0.190 0.151 0.155
40 0.90 0.30 0.261 0.209 0.212
41 0.90 0.40 0.320 0.258 0.260
42 0.90 0.50 0.370 0.301 0.301
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Table 3.2 Comparison of void fraction (I.D:4.0mm, 3/4)

Water Air
Homogeneous | Drift flux Hibiki

No. | Flow Flow
Model Model Model

rate rate

¢ /min | N4 /min - - -

43 0.95 0.05 0.053 0.041 0.043
44 0.95 0.10 0.100 0.079 0.081
45 0.95 0.20 0.182 0.145 0.148
46 0.95 0.30 0.251 0.201 0.203
47 0.95 0.40 0.308 0.249 0.250
48 0.95 0.50 0.358 0.291 0.290
49 1.00 0.05 0.050 0.040 0.041
50 1.00 0.10 0.096 0.076 0.078
51 1.00 0.20 0.175 0.140 0.142
52 1.00 0.30 0.241 0.194 0.196
53 1.00 0.40 0.297 0.241 0.241
54 1.00 0.50 0.346 0.282 0.281
55 1.20 0.05 0.042 0.034 0.034
56 1.20 0.10 0.081 0.065 0.066
57 1.20 0.20 0.150 0.122 0.122
58 1.20 0.30 0.209 0.171 0.170
59 1.20 0.40 0.261 0.214 0.212
60 1.20 0.50 0.306 0.252 0.248
61 1.40 0.05 0.036 0.030 0.030
62 1.40 0.10 0.070 0.057 0.057
63 1.40 0.20 0.131 0.108 0.107
64 1.40 0.30 0.185 0.152 0.150
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Table 3.2 Comparison of void fraction (I.D:4.0mm, 4/4)

Water Air
Homogeneous | Drift flux Hibiki

No. | Flow Flow
Model Model Model

rate rate

¢ /min | N4 /min - - -

65 1.40 0.40 0.232 0.192 0.188
66 1.40 0.50 0.274 0.228 0.223
67 1.60 0.05 0.032 0.026 0.026
68 1.60 0.10 0.062 0.051 0.050
69 1.60 0.20 0.117 0.097 0.095
70 1.60 0.30 0.166 0.137 0.134
71 1.60 0.40 0.209 0.174 0.170
72 1.60 0.50 0.249 0.207 0.202
73 1.80 0.05 0.029 0.024 0.023
74 1.80 0.10 0.056 0.046 0.045
75 1.80 0.20 0.105 0.088 0.085
76 1.80 0.30 0.150 0.125 0.122
7 1.80 0.40 0.190 0.159 0.155
78 1.80 0.50 0.227 0.191 0.184
79 2.00 0.05 0.026 0.021 0.021
30 2.00 0.10 0.050 0.042 0.041
81 2.00 0.20 0.096 0.080 0.078
82 2.00 0.30 0.137 0.115 0.111
33 2.00 0.40 0.175 0.147 0.142
34 2.00 0.50 0.209 0.176 0.170
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Table 3.2 Comparison of void fraction (I.D:2.0mm)

Water Air
Homogeneous | Drift flux Hibiki

No. | Flow Flow
Model Model Model

rate rate

¢ /min | N4 /min - - -

1 0.10 0.05 0.346 0.253 0.261
2 0.10 0.10 0.514 0.394 0.387
3 0.10 0.20 0.679 0.545 0.511
4 0.10 0.30 0.760 0.625 0.573
5 0.10 0.40 0.809 0.674 0.609
6 0.10 0.50 0.841 0.708 0.633
7 0.15 0.05 0.261 0.199 0.196
8 0.15 0.10 0.414 0.325 0.312
9 0.15 0.20 0.585 0.476 0.441
10 0.15 0.30 0.679 0.562 0.511
11 0.15 0.40 0.738 0.619 0.556
12 0.15 0.50 0.779 0.658 0.587
13 0.20 0.05 0.209 0.164 0.158
14 0.20 0.10 0.346 0.277 0.261
15 0.20 0.20 0.514 0.422 0.387
16 0.20 0.30 0.614 0.511 0.462
17 0.20 0.40 0.679 0.572 0.511
18 0.20 0.50 0.726 0.615 0.546
19 0.25 0.05 0.175 0.140 0.132
20 0.25 0.10 0.297 0.241 0.224
21 0.25 0.20 0.459 0.379 0.345
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(a) Bubbly flow (b) Slug flow
(jl = 0531 m/ sec, (fl = 0.531 mj/ sec,
Jg = 0.281 m/sec) jg = 0.562 m/sec)

(c) Churn flow (d) Annular flow
(jl = 0531 m/ sec, (fl = 0531 m/ sec,
Jg = 1.123  m/sec) Jg = 2.246 m/sec)

Fig. 3.8 Photo. of air-water flow patterns in 2.0 mm
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(a) Bubbly flow (b) Slug flow
(jl = 0.796 m/ sec, (fl = 0.796 mj/ sec,
Jg = 0.070 m/sec) jg = 0.140 m/sec)

(c) Churn flow (d) Annular flow
(jl = 0.796 m/ sec, (fl = 0.796 mj/ sec,
Jg = 0.421 s/ sec) jg = 0.562 m/ sec)

Fig. 3.9 Photo. of air-water flow patterns in 4.0 mm
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