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Abstract

The double film extraction technique was used to measure the deposition rate and the entrainment rate of droplets
for vertical upward annular two-phase flow in a small diameter tube. The test section was a round tube of Smm in inside
diameter, air and water were used as test fluids and the system pressure was varied within 0.14-0.76 MPa. It was shown
in the present experimental conditions that the deposition rate was primarily influenced by the droplet concentration in
the gas core and that the entrainment rate was correlated well with the dimensionless number denoting the ratio of
interfacial shear force to surface tension force acting on the surface of liquid film. These results were consistent with
available empirical correlations that were developed using the experimental data for larger diameter tubes.

© 2004 Elsevier Ltd. All rights reserved.

Keywords: Annular flow; Mass transfer rate; Deposition; Entrainment; Small tube; Experiment

1. Introduction

Annular flow is a particularly important flow pattern
in gas-liquid two-phase flow since it occurs in a wide
range of vapor quality. In this flow pattern, the liquid
phase moves partly as a liquid film on the tube wall
and partly as droplets in the vapor core. There exists
mass transfer between the liquid film and droplets be-
cause of the deposition of droplets and the atomization
of liquid film. It is known that, to a good approxima-
tion, the occurrence of critical heat flux condition in
annular regime corresponds to the disappearance of lig-
uid film [1]. Using this knowledge, the film flow analysis
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that is one of the most successful methods to predict the
onset of critical heat flux condition in annular regime
was developed [2]. The basic equation used in the film
flow analysis is given by

%:%(md—me—mv) (1)
where z is the distance along the flow channel, Gy is the
mass flux of liquid film, D is the tube diameter; mgy, M,
and m, are the deposition rate, entrainment rate and
vaporization rate per unit area of the tube wall, respec-
tively. If Eq. (1) is integrated from the starting point of
annular flow to the exit of heated channel, Gy is given as
a function of z. The heat flux that is applied when the
local film flowrate becomes sufficiently small is consid-
ered as the critical heat flux. It is recognized from Eq.
(1) that the valid constitutive relations for my and m,
are indispensable in the prediction of critical heat flux
with this method.
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Nomenclature

C droplet concentration in gas core (kg/m®)
D tube diameter (m)

E entrainment fraction

F correction function for z*

f friction factor

G mass flux (kg/m?s)

g gravitational acceleration (m/s?)

J volumetric flux (m/s)

J* dimensionless volumetric flux

kq deposition mass transfer coefficient (m/s)
kqo kq when z4 approaches zero (m/s)
ke proportionality factor for m,. (m/s)
mgy deposition rate (kg/m?s)

Me entrainment rate (kg/m?s)

my, vaporization rate (kg/m?s)

P pressure (Pa)

Pr Prandtl number

Re Reynolds number

We Weber number

z distance along the channel (m)

Zq deposition length (m)

z* dimensionless deposition length

Greek symbols

0 film thickness (m)

u viscosity (Pas)

TTe ratio of interfacial shear force to surface
tension force

p density (kg/m>)

o surface tension (N/m)

Subscripts

1 first film extraction unit

2 second film extraction unit

c critical

d droplet

eq equilibrium

f liquid film

g gas phase

i interfacial

k gorl

1 liquid phase

w wall

A number of experimental measurements for my have
been reported in literature [3-8]. Several techniques
including the film removal and redeposition (double film
extraction) method [3-5], the thermal (heat balance)
method [6] and the tracer mixing method [7,8] were
adopted in the measurements. The principles of these
measurement techniques are described by Hewitt [9].
Bennett et al. [10] showed that m4 can also be deduced
from the critical heat flux data for the tube with axially
non-uniform heating [10-16] if the position for the
occurrence of burnout can be specified. The important
characteristics of these experiments for my are presented
in Tables 1 and 2.

In adiabatic experiments, annular flow reaches quasi-
equilibrium state sufficiently downstream from the
gas-liquid mixing section. In the equilibrium state, the
flowrates of liquid film and droplets are almost constant
along the channel since mq is balanced with m.. Hence,
the experimental data for my measured in the quasi-equi-
librium state is expected the good approximation for mz,
[5]. It is also possible to deduce m, from the experimen-
tal data of equilibrium entrainment fraction E.q [17]. In
order to express nyq with simple equations, it is generally
assumed that myq is proportional to the droplet concen-
tration in the gas core C through a deposition mass
transfer coefficient ky

my = de (2)

Postulating that the liquid film is thin and the relative
velocity between the gas phase and droplets is small,
the following relation for equilibrium annular flow is ob-
tained from Eq. (2):

ngeq Gl

me =2 myg = kqC = ky G
g

(3)
where p, is the gas density; G, and G are the mass
fluxes of gas and liquid phases, respectively. Eq. (3)
implies that m. is calculated from E., if a reliable
correlation for k4 is available. The experiments for
E.q available in literature are summarized in Table 3
[3,8,18-27].

Tables 1-3 indicate that the measurements for mgy
and m, were conducted in the varied conditions of test
fluids, system pressure and tube size. In particular, the
inside diameters of the test section tubes used in these
experiments were within 9.5-57.2mm. In some future
nuclear power plants, however, the reduction of hydrau-
lic diameter in the reactor core is planned in order to
achieve higher breeding ratio of fissile materials [28—
30]. Though there exist several mechanistic models to
predict the deposition rate in annular flow [31-34], my
and m, are usually estimated from the empirically de-
rived correlations in the film flow analysis since the dep-
osition and entrainment of droplets are extremely
complex processes. The validity of the correlations for
mg and m, in smaller tubes should hence be investigated
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Table 1

Summary of available experimental data for the deposition rate in annular flow

Reference Fluids D (mm) Flow direction Measurement technique
Cousins and Hewitt [3] Air-water 9.5 Upward Double film extraction
Cousins and Hewitt [3] Air-water 31.8 Upward Double film extraction
Govan et al. [4] Air-water 31.8 Upward Double film extraction
Bertodano et al. [5] Freon 113 10.0 Upward Double film extraction
Hewitt et al. [6] Steam-water 12.6 Upward Thermal method
Andreussi [7] Air-water 24.0 Downward Tracer method

Schadel et al. [8] Air-water 25.4 Upward Tracer method

Schadel et al. [8] Air-water 42.0 Upward Tracer method

Schadel et al. [8] Air-water 57.2 Upward Tracer method

Table 2

Summary of available critical heat flux data for water upward flow in round tubes with axially non-uniform heating

Reference D (mm) P (MPa)
Bennett et al. [10] 12.6 6.9

Lee and Obertelli [11] 9.7 3.8-11.2
Lee [12] 9.5 6.6-7.1
Lee [13] 15.9 12.4
Casterline and Matzner [14] 10.2 6.9
Biancone et al. [15] 11.6 8.4-14.2
Biancone et al. [15] 17.1 13.3-13.4
Judd et al. [16] 11.3 6.9-13.8
Table 3

Summary of experiments for the equilibrium entrainment fraction in annular flow

Reference Fluids D (mm) P (MPa) Eeq (70)
Cousins et al. [18] Air-water 9.5 0.12-0.27 0-37
Cousins and Hewitt [3] Air-water 9.5 0.14-0.28 3-38
Cousins and Hewitt [3] Air-water 31.8 0.20-0.21 31-65
Whalley et al. [19] Air-water 31.8 0.12-0.35 14-96
Owen et al. [20] Air-water 31.8 0.24 17-93
Asali [21] Air-water 229 0.10 0-71

Asali [21] Air-water 42.0 0.10 0-83
Schadel et al. [8] Air-water 254 0.10 15-63
Schadel et al. [8] Air-water 42.0 0.10 10-71
Schadel et al. [8] Air-water 57.1 0.10 10-62
Hewitt and Pulling [22] Steam-—water 9.3 0.24-0.45 1-69
Yanai [23] Steam-water 12.0 0.34 3-69
Wiirtz [24] Steam-water 10.0 3.0-9.1 12-87
Wiirtz [24] Steam-water 20.0 7.1 38-92
Keeys et al. [25] Steam-water 12.7 3.5-6.9 60-86
Nigmatulin et al. [26] Steam-water 133 0.90-10 7-98

Singh et al. [27] Steam-water 12.5 6.9 4-85
Whalley et al. [19] Air-trichlorethane 31.8 0.27-0.28 73-98
Asali [21] Air-glycerin 42.0 0.10 7-84

to confirm the safety of these future nuclear power was a round tube of 5mm in inside diameter, air and
plants. In view of this, the decision was made to measure water were used as test fluids and the flow direction
the deposition rate and the entrainment fraction in the was vertical upward. The data were used to elucidate
equilibrium annular flow using a small tube as the test the applicability of available correlations for my and

section. In the present experiments, the test section m, to annular flow in small tubes.
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2. Description of the experiments

The experiments were carried out with an adiabatic
upward air-water flow loop that is shown schematically
in Fig. 1. The test section was made of a stainless steel
tube that was Smm in inside diameter. An oil-free com-
pressor was used to supply air from the bottom of test
section. Two mass flow controllers were used to measure
the different ranges of air flowrate (0-2.16 x 10 kg/s;
2.16 x 1073-12.9 x 10 *kg/s). Both the controllers were
accurate to within £1% of their respective full scale. A
centrifugal pump derived filtrated and deionized tap
water from a storage tank to air-water mixer. A cooler
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Fig. 1. Schematic diagram of experimental apparatus.

and a heat exchanger were used to keep the water tem-
perature near ambient temperature. The water flowrate
was measured with an oval gear flow meter that was
accurate to within £0.5%. The tube wall at the air-water
mixing section was made of a porous stainless steel with
100 pm porosity to supply water as a liquid film from the
periphery of the test tube. The length of porous tube was
30mm and the inside diameter was the same as that of
test section. The same porous tubes were used for the
first and second liquid film extraction units that were
equipped 1600mm and 1780mm above the mixing sec-
tion, respectively.

Fig. 2 shows the schematic of the flow configuration
expected in the test section. The liquid film flow is estab-
lished at the air-water mixer but a portion of liquid is
entrained into the gas core flow as the liquid phase goes
up the test tube; a portion of the entrained droplets are
then deposited on the liquid film. Sufficiently down-
stream from the mixing section, the deposition rate
might be balanced with the entrainment rate. Thus, the
flowrates of droplets and liquid film become almost con-
stant and the flow reaches quasi-equilibrium state. In the
present flow loop, the distance between the air-water
mixer and the first liquid film extraction unit was
approximately 320 tube diameters. From an available
correlation [35], 250D is sufficient to ensure fully devel-
oped annular flow for all the experimental conditions
tested. It is hence considered that the flow reached the
quasi-equilibrium state at the first extraction unit. Here,
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Fig. 2. Flow configuration expected in the test section.
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the liquid film was completely extracted by means of the
porous wall extraction technique [9]. The extracted lig-
uid was stored in the film flowrate measuring tank to cal-
culate the flowrate of extracted liquid from the
increasing speed of water level in the tank. The increas-
ing speed was measured with a stopwatch. The measure-
ment error of extracted liquid flowrate is estimated less
than *2%. Since the film flowrate was unsteady, some
of the gas phase should also be extracted for the com-
plete extraction of liquid film. Two rotameters were used
to measure different ranges of the extracted air flowrate
(one for the range of 2.16 x 107°-2.16 x 10~*kg/s with
the accuracy of 2% full scale and the other for the
range of 2.16 x 107%-2.16 x 10~ >kg/s with the accuracy
of 5% full scale). When the extracted gas flowrate
was too small, the extracted liquid flowrate increased
with the extracted gas flowrate. While, when the ade-
quate amount of air was extracted, the extracted liquid
flowrate was insensitive to the extracted gas flowrate.
This implies that the liquid film was completely ex-
tracted but the droplets were not readily diverted into
the porous section. In the present experiments, the ratio
of extracted air flowrate was varied within the range of
1-20% of total air flowrate. It was postulated that the
extracted liquid flowrate corresponded to the film flow-
rate in the case that the variation of extracted liquid
flowrates was less than 5% even when the extracted
gas flowrate was doubled. As indicated in Fig. 3 with
the open circles, this criterion was satisfied in most
experimental conditions tested. However, as indicated
in the same figure with the cross symbols, it was not sat-
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Fig. 3. Experimental conditions in which the extracted liquid
flowrate became constant.

isfied in some cases. It is found in Fig. 3 that the bound-
ary between the two groups roughly corresponds to the
following correlation by Wallis for the transition to
annular flow [36]

Jy=04+0.6J7 (4)

Here, the dimensionless superficial velocity is defined by
« Px

Jo =Jdy | ————— 5
ET T gD(py - py) ©)

where g is the gravitational acceleration, p; is the liquid
density and the subscript k denotes g or 1. It is hence
confirmed that the flowrate of extracted liquid does
not become constant when the flow pattern in the tube
is other than annular flow. In the first series of experi-
ments, the liquid was removed only from the first extrac-
tion unit to measure E.q. The experimental data of E.q
measured in this study are listed in Table 4.

As schematically shown in Fig. 2, the liquid film was
completely extracted at the first extraction unit but a
new liquid film was built up between the first and second
extraction units due to the redeposition of droplets. The
film Reynolds number Rey at the second film extraction
unit was less than 310 and did not satisfy the following
empirical relation for the onset of entrainment [37] in all
the measurements of deposition rate

Re; > exp <5.8504 +0.4249% % ) ©)
g

where u is the viscosity. Since the entrainment rate in
this redeposition section might be neglected, the flowrate
of new liquid film that was extracted at the second
extraction unit gave the measure of deposition rate of
droplets. Since the film flowrate was generally smaller
at the second extraction unit than at the first, the ex-
tracted air flowrate was varied within the reduced range
of 1-5% of total air flowrate for the complete extraction
of liquid film. The film flowrate at the second film
extraction unit was measured with the same procedure
used at the first extraction unit. The distance between
the first and second film extraction units was 180 mm.
Consequently, the length of redeposition section z4
equals 36D in the present experiments.

The water temperature was measured at the exit of
heat exchanger (see Fig. 1) with a type-K thermocou-
ple. The system pressure was controlled with the valve
that was equipped at the top of separator. The pres-
sure and differential pressure were measured between
the mixing section and the first extraction unit. The
thermocouple, pressure transducer and differential
pressure transducer were accurate to within +2.5K,
+20kPa and *3kPa, respectively. The pressure gradi-
ent was assumed constant along the test tube to
estimate the pressure at the first film extraction
unit. The measurements of temperature, pressure,
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Table 4 Table 4 (continued)

Experimental data of equilibrium entrainment fraction P (kPa) T(0) G, (k o/m’s) G, (kg/m’s) Eeq (%)
P(kPa) T(C) G,(kg/m’) G (kg/m’s)  Eeq (%) 136 25 111 1 18
420 26 329 1610 41 228 23 173 92 16
388 26 329 1610 39 227 23 173 98 17
310 26 219 1630 34 224 22 173 99 17
475 26 439 1270 45 220 23 173 100 17
464 26 441 1270 45 309 24 345 100 34
453 26 441 1270 46 306 24 345 102 32
381 26 331 1270 37 299 24 345 102 32
368 26 329 1270 38 287 24 345 102 32
280 26 220 1280 30 268 25 264 101 30
272 27 220 1270 29 267 25 264 101 30
188 27 111 1270 22 262 24 264 102 30
180 27 112 1270 21 254 25 263 102 28
542 26 539 858 56 243 23 173 203 20
524 26 547 839 59 242 23 173 202 20
450 26 440 863 52 238 22 173 204 20
430 26 440 847 54 235 22 173 204 20
359 26 330 855 43 324 25 345 204 51
358 26 330 850 44 320 23 345 205 51
348 26 330 840 44 313 24 345 203 52
258 26 220 851 33 299 24 345 203 52
256 27 220 852 34 279 25 264 210 42
253 26 220 852 34 278 27 264 203 41
164 26 111 843 19 274 24 264 206 42
159 26 112 844 18 264 25 264 203 42
158 26 112 845 17 389 25 440 203 57
496 25 550 416 69 390 25 439 203 57
499 26 550 421 68 380 25 440 203 56
398 26 440 420 65 363 25 440 203 56
399 26 441 417 65 216 22 86 500 6
391 26 440 419 66 213 22 87 500 5
318 25 330 423 57 260 23 173 500 18
317 25 330 422 56 253 23 174 501 21
310 25 330 430 57 251 22 174 500 21
224 26 220 417 43 355 24 345 501 52
224 27 220 415 42 355 24 345 499 52
221 26 219 432 42 346 24 345 499 53
147 26 111 434 17 305 24 263 501 40
146 26 112 415 18 305 25 263 504 40
145 26 112 415 19 301 25 263 502 40
559 26 627 204 60 426 25 439 501 61
552 25 628 212 60 426 25 439 502 62
528 26 627 213 58 418 25 441 505 63
477 25 550 199 59 251 23 86 1000 9
462 26 550 206 58 290 23 175 1000 20
444 25 550 214 58 285 23 174 1000 18
385 26 440 210 59 413 25 344 1000 38
379 26 440 211 57 399 24 344 1000 39
370 25 440 218 57 395 24 345 1000 39
297 26 330 211 55 337 25 264 1000 32
291 26 330 212 53 335 25 263 1000 31
284 26 330 212 54 326 25 263 1000 32
205 26 220 215 43 481 26 441 997 48
204 27 220 210 42 473 25 441 996 48
194 26 221 217 44 457 26 440 994 49
142 27 111 211 17 257 23 87 1500 22
141 26 111 208 18 320 23 174 1500 27
140 28 111 210 15 427 25 344 1500 38

(continued on next page)
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Table 4 (continued)

P (kPa) T (C) G, (kg/m’s) G (kg/m’s)  E.q (%)
403 25 345 1500 37
363 26 264 1500 32
430 22 244 89 16
430 23 244 101 17
428 22 244 102 17
424 22 244 102 17
443 22 244 203 21
442 23 244 203 20
440 23 244 203 19
435 23 244 203 19
491 25 396 198 43
488 25 395 202 44
483 25 395 204 43
472 25 395 203 44
428 23 123 500 6
425 22 123 500 6
466 23 245 498 19
465 23 244 500 17
460 23 243 501 18
513 25 395 505 41
512 25 396 500 41
505 25 395 500 41
493 25 396 501 42
436 22 123 1010 10
427 23 123 1010 7
495 23 244 995 17
485 23 244 1000 16
473 23 244 999 14
536 23 396 1000 31
527 23 396 997 33
524 23 396 1000 32
501 11 244 1500 24
539 11 330 1490 30
524 11 330 1500 28
646 23 298 112 14
646 23 298 111 16
644 23 298 116 15
640 23 298 122 14
653 23 298 199 19
652 23 297 203 17
650 23 297 204 18
645 23 297 204 17
745 25 594 189 49
742 25 594 207 49
731 25 594 201 47
718 25 594 204 48
638 23 150 500 5
663 23 297 500 16
660 23 298 493 15
656 23 296 502 14
764 25 588 509 49
761 25 587 517 49
751 25 590 509 48
672 23 298 1000 17
664 23 298 1000 13

differential pressure and the flowrates of air and water
at the mixing section were recorded every one second

with a data acquisition system that was connected with
a personal computer. The sampling periods were with-
in 118-1131s depending on the increasing speed of
water level in the film flowrate measuring tank. The
flow conditions in the test section were kept in the
steady state within the sampling periods; the root
mean square values of the deviation from the averages
were within 1K for water temperature, 1% for test sec-
tion pressure, 1% for pressure loss, 4% for water flow-
rate and 1% for air flowrate.

3. Experimental results
3.1. Deposition rate

The method described by Cousins and Hewitt [3] was
used to deduce the deposition mass transfer coefficient
kq from the data of the present double film extraction
experiments. Postulating that the liquid film is thin
and the relative velocity between the gas phase and
droplets is small, the axial variation of droplet flowrate
G4 between the two liquid film extraction units is ex-
pressed by

dG, 4 4 p,Gy
= —kgC 2 — — kgt
dz phC=pha G,

™)

Further assuming that k4 is constant in the redeposition
section, kq4 is calculated from the present experimental
data through

_GD | Ga

by = —Zd
‘ 4p,za  Ga

(®)

where G4; and G4, denote the droplet flowrates at the
first and second film extraction units, respectively. All
the experimental data of deposition rate are listed in
Table 5.

Many correlations for k4 that are available in litera-
ture adopted J, or C as a parameter of primary impor-
tance [4,7,8,38-40]. Thus, the dependences of k4 on these
two parameters are tested in Fig. 4(a) and (b), respec-
tively. The figures indicate that no notable dependence
on J, is found in the present experimental conditions
while k4 monotonously decreases with the increase of
C. It is hence considered that the correlation for kq
should include the influence of C. In Fig. 5(a)-(d), the
present experimental data are compared with the follow-
ing four correlations [7,8,39,40] that account the influ-
ence of C

k 0.115
Andreussi [7] : u_i T 1+23C/p, v
. g
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Table 5
Experimental data of deposition mass transfer coefficient
No. P T Gy Gy Gq> Gyo Gy Gy Jg1 Carp kq
(MPa) ©) (kg/m?s) (kg/m®s) (kg/m?s) (kg/m?s) (kg/m?s) (kg/m?s) (m/s) (kg/m?) (m/s)
1 0.460 26.9 1264 597 545 440 418 409 78.3 7.30 0.050
2 0.341 20.3 845 382 341 330 323 322 79.7 4.54 0.063
3 0.339 20.4 843 384 341 330 323 320 80.3 4.51 0.065
4 0.244 20.4 853 304 256 220 209 206 72.3 3.88 0.086
5 0.242 20.4 854 310 262 220 209 204 72.8 3.93 0.084
6 0.388 20.2 424 278 252 439 430 428 93.3 2.84 0.064
7 0.301 20.2 428 251 222 329 323 321 90.1 2.62 0.076
8 0.217 17.2 414 185 154 220 216 214 82.7 2.05 0.106
9 0.215 18.3 415 184 153 220 215 213 83.6 2.02 0.108
10 0.516 19.0 214 124 103 627 614 610 99.6 1.14 0.131
11 0.513 19.0 214 124 102 627 614 607 100.2 1.13 0.138
12 0.224 18.6 202 44 25 173 170 169 63.5 0.54 0.242
13 0.224 18.7 203 44 25 173 170 168 63.6 0.54 0.240
14 0.259 18.6 201 85 65 264 258 257 83.2 0.90 0.151
15 0.257 18.6 203 86 66 264 258 255 84.0 0.91 0.160
16 0.370 17.1 203 110 92 439 430 428 96.9 1.04 0.121
17 0.248 18.6 499 105 67 173 164 162 55.4 1.56 0.171
18 0.238 18.6 499 110 72 173 164 160 57.8 1.57 0.173
19 0.338 18.3 492 266 233 345 338 335 83.7 2.98 0.076
20 0.286 18.6 500 206 170 263 258 257 75.4 2.50 0.101
21 0.285 18.6 500 208 171 264 258 255 75.7 2.50 0.103
22 0.381 18.9 1001 400 352 345 338 337 74.4 5.05 0.066
23 0.378 18.9 1000 401 351 345 338 335 75.0 5.02 0.070
24 0.309 18.9 999 318 262 264 251 247 67.9 4.28 0.091
25 0.309 18.9 991 317 262 264 250 244 68.0 4.26 0.091
26 0.449 18.9 991 480 441 440 431 429 80.4 5.73 0.048
27 0.441 18.8 210 43 25 244 239 238 45.5 0.76 0.169
28 0.440 18.7 203 42 24 244 239 237 45.6 0.72 0.175
29 0.480 18.6 196 83 66 395 386 384 67.3 1.11 0.107
30 0.478 18.7 204 89 70 395 386 382 67.7 1.18 0.113
31 0.499 18.8 498 209 176 395 386 384 64.8 2.97 0.078
32 0.498 18.8 503 211 176 395 386 382 65.0 2.99 0.082
33 0.520 19.3 993 320 263 392 372 367 60.0 4.85 0.082
34 0.518 19.3 998 322 265 393 373 363 60.4 4.85 0.082
Schadel et al. [8]: &y — 0-00-364 for C < 0~(2)768 and J,. Itis howe.ver interesting to note that the .collapse
D D of present experimental data is not improved in these
and ky = 0.(?(21 for C > O.(:)7(8 (10) correlations. The corrglation by Okawa et al. [40] cap-
D% C D6 tures the effect of C fairly well but it generally overesti-
mates the present experimental results. Cousins and
kq e 03 067 Hewitt [3] investigated the effect of the deposition length
Sugawara [39]: 7= 0.009 Re, ™ p_ Prg™ z4 on kgy in their double film extraction experiments and
¢ £ found that kg initially decreases rapidly with the increase
(11) of z4 and then approaches to a constant value for long

—0.5
D
Okawa et al. [40]: kg1 /”gT =0.0632 <p£> (12)

g

Note that the correlation by Andreussi [7] requires the
friction velocity u* but the frictional pressure loss along
the redeposition section was not measured in the present
experiments. Thus, in Fig. 5(a), u* is assumed propor-
tional to J, (u* =0.05J,). The correlations developed
by Andreussi [7] and by Sugawara [39] include both C

z4. This would be because the large droplets and/or the
droplets having a large radial velocity impact the wall
within a short distance. The correlation by Okawa
et al. [40] was derived empirically from the experimental
data for various fluids that were compiled by Govan
et al. [4]. In this database, the experimental data satisfy-
ing 14 < z4/D < 19 were selected to eliminate the depend-
ence of kg on zy. It is hence considered that the
overestimation seen in Fig. 5(d) is primarily caused by
the longer deposition length adopted in the present
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Fig. 4. Dependence of deposition mass transfer coefficient kg4
on (a) gas volumetric flux J, and (b) droplet concentration C.

experiments (zg/D = 36). Therefore, the deposition mass
transfer coefficient k4 that is deduced from the double
film extraction experiments should include implicitly
the effect of dimensionless deposition length z*
(z* = z4/D)

kd = kd()F(Z*) (13)

where kqo is the deposition mass transfer coefficient
when z4 approaches zero and F(z*) is the correction
function for z*. As indicated with the dashed dotted line
in Fig. 5(d), the present experimental data for k4 are sat-
isfactorily correlated by

-0.5
D D
ko /'”gT = kaoF (%) /pgT — 0.040 (5) (14)
g

This result confirms that the dependence of k4 on C in
the present small diameter tube is similar to that in lar-
ger tubes. It should however be noted that z4 is consid-
ered zero if the droplet entrainment coexists with the
droplet deposition as in the usual situation of annular
two-phase flow. The function F(z*) should therefore be
determined in the future in order to use the data of dou-
ble film extraction experiments for the model develop-
ment studies of deposition rate.

The experimental data of k4 available in literature
[3,4,8] are plotted against C in Fig. 6 to compare the pre-
sent results with those for air-water annular flow in lar-
ger tubes. There exists considerable scattering since the
gas density and deposition length among other parame-
ters would also have the influence on k4. However, the
figure may indicate that the important feature of droplet
deposition does not change significantly even if the tube
size is reduced to Smm.

3.2. Entrainment rate

At the first liquid film extraction unit, annular flow
might reach the equilibrium state. Thus, the following
relation is assumed at the first unit:
kqaCy
F(z*)
where m.;, mq; and C; are the entrainment rate, deposi-
tion rate and droplet concentration at the first film
extraction unit, respectively; kq is the deposition mass
transfer coefficient calculated from the data of present
double film extraction experiments through Eq. (8). To
correlate E.q measured in varied experimental condi-
tions, Okawa et al. [40] assumed that m, is expressed
in terms of the following dimensionless number 7., that
denotes the ratio of interfacial shear force to surface ten-
sion force acting on the surface of liquid film

_fingéé
N g

(15)

mey = myy = kgoCy =

Te (16)
where f; is the interfacial friction factor, ¢ is the film
thickness and o is the surface tension. The values of kg4
Ci/p; measured in the present double film extraction
experiments are plotted against . in Fig. 7(a). In the cal-
culation of ¢ that is included in 7, f; is evaluated from
the correlation by Wallis [36]

D 2
finel2 % i = o (1) 7
i =0.005( 1+ 300 0 18
= 0005143007 ) (18)
fuw = 0.005 (19)

where f,, is the wall friction factor. Note that Eq. (17)
expresses the force balance between the interfacial
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Fig. 5. Comparison of experimental data of deposition mass transfer coefficient k4 with the correlations by (a) Andreussi [7], (b)
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shear force and wall friction force acting on the liquid
film. In Fig. 7(b)—(d), the same experimental data are
plotted against the three dimensionless groups that
are used in the following correlations by Govan
et al. [4], Kataoka et al. [41] and Lopez de Bertodano
et al. [3]:

2
me ~5_0316, _ Regpy\ ™ Dp,
Eg =575x%x10 Moy 5 Tgov = (Gf _T) 6_,0§
(20)
D
Ml 6.6 % 107 meas
I
137 0925 06
Tat = Re?‘uRe?'le Weg P &)
pg H

(1)
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MDD 0.5 % 107 e
I
1/2
Tlher = (Ref - Refc)Weg (?) (22)
g

where the gas phase Weber number We, is defined
by

J’D
Wey, = Pels® (23)
g

The critical film Reynolds number for the onset of
entrainment Reg. is calculated by Eq. (6) in Eq. (20)
while assumed equal to 80 in Eq. (22). Fig. 7(a)—(d) show
that a simple dimensionless number 7 is appropriate to
collapse the present experimental data of kyC;. Conse-
quently, as indicated with the dashed dotted line in
Fig. 7(a), m.; may be expressed in the following func-
tional form:

de1 _ kdoF(Z*)Cl _ melF(z*)
P P1 I

= ken" (24)

€

Here, the proportionality factor k. has the dimension of
ms~!. As described in the introduction, it is also possible
to derive me; from the experimental data of E.q if valid
correlation for kq4 is available. From Egs. (2) and (24),
me is expressed in terms of E.q by

melF(z*) _ kdEqul
P Je

(25)

Evaluating k4 by Eq. (14), the values of right-hand-side
of Eq. (25) are plotted against «. in Fig. 8. In the present
experiments, Gp; was subtracted from Gy to derive Eq
(Eeq = (Gio — Gp1)/Gy). Thus, the experimental data in
which Gp > 0.9Gyg were excluded to reduce the scatter-
ing due to the measurement error. Comparison of Fig.
8 with Fig. 7(a) confirms that the experimental data of
E,q are correlated well with the same equation of 7., that
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was originally derived from the experimental data of
deposition rate in the equilibrium state.

Ishii and Mishima [35] developed the following sim-
ple correlation for E.g:

Eeq = tanh(7.25 x 10 7y) (26)

1/3 1.25
n = We, (p L= g) Re)? (27)

Pe

To compare the present results for a small tube with
available ones [3,8,18-21], the experimental data of Eq
are plotted against 5 in Fig. 9. One finds that a simple
dimensionless parameter 1 may not be sufficient to col-

1
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Fig. 9. Comparisons of present experimental data of equilib-
rium entrainment fraction with those for air-water annular flow
in larger tube.

lapse these data but the present data appear not to differ
significantly from other data for air-water annular flow
in larger tubes.

4. Conclusions

This paper provided the experimental data of the
deposition rate and entrainment fraction in quasi-equi-
librium annular flow. The inside diameter of the test sec-
tion tube was Smm and might be smallest in the similar
experiments that were reported previously in the open
literature. The present data were hence expected useful
to investigate the onset of critical heat flux condition
in the future nuclear power plants in which the reduction
of cross-sectional area of flow channel was planned.

For the future model development studies, the
dimensionless groups that were appropriate to charac-
terize the deposition rate and entrainment rate were
investigated. It was shown in the present experimental
ranges that:

(1) The deposition mass transfer coefficient tended to
decrease with the increase of droplet concentration
in the gas core while no notable dependence on the
gas flowrate was found. The dependence of the
dimensionless deposition mass transfer coefficient
kd(pgD/a)O‘5 on the dimensionless droplet concentra-
tion (C/py) was similar to that proposed in available
correlations for larger diameter tubes.

(2) The measured deposition mass transfer coefficients
were generally smaller than those predicted by avail-
able correlations. The rather long deposition length
adopted in the present experiments was considered
the primary cause of this discrepancy. This sug-
gested that the effect of deposition length should
be corrected to derive a reliable correlation for the
deposition mass transfer coefficient from the data
of double film extraction experiments.

(3) The ratio of interfacial shear force to surface tension
force acting on the surface of liquid film collapsed
well the experimental data for the entrainment rate
of droplets and was expected an appropriate dimen-
sionless number for the correlation of entrainment
rate. This result was also consistent with available
knowledge of the droplet entrainment for larger
diameter tubes.
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