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Abstract—Void fraction has been determined with high-speed photography for subcooled nucleate flow
boiling of water. The data obtained and the data of various investigators for adiabatic flow of stream—water
mixtures and saturated bulk boiling of water have yielded a correlation which covers the following
conditions: geometry: vertically orientated circular tubes, rectangular channels and annuli; pressure:
2-159 MN/m?; mass velocity: 388-3500kg/m?s; void fraction: 0-99%; hydraulic diameter:
0.0047-0.0343 m; heat flux: adiabatic and 0.01-2.0 MW/m?. The accuracy of the correlation is estimated to
be 12.5%.

The value of the so-called distribution (or flow) parameter has been experimentally determined and found
to be equal to 1 for a vertical small-diameter circular tube.

The incipient point of boiling for subcooled nucleate flow boiling of water has been determined with high-
speed photography. The data obtained and the data available in the literature have yielded a correlation
which covers the following conditions: geometry: plate, circular tube and inner tube-heated, outer tube-
heated and inner- and outer tube heated annulus; pressure: 0.15-159 MN/m?; mass velocity:
470-17355kg/m*s; hydraulic diameter: 0.00239-0.032m; heat flux: 0.13-9.8 MW/m?; subcooling:
2.6-108 K ; material of heating surface: stainless steel and nickel. The accuracy of the correlation is estimated

to be 27.5%.

Maximum bubble diameters have been measured at the incipient point of boiling. These data and the data
from literature have been correlated for the pressure range of 0.1-15.9 MN/m?.

NOMENCLATURE Nu, Nusselt number;
cross-sectional area [m?]; n, constant, defined by equation (32);
distribution parameter; P, pressure [N/m?];
specific heat capacity of material of heating P,  critical pressure [N/m2];
surface [J/kg K]; P,,  reduced pressure, P, = P/P,;
specific heat capacity at constant pressure Pr,  Prandtl number;
[J/kg K]; Q,  volumetric flow rate [m%/s];
constant, defined by equation (32) q, heat flux [W/m?];
[W/m? K"]; Re, Reynolds number;
bubble or plug diameter [m]; r, latent heat of evaporation [J/kg];
maximum bubble diameter [m]; S, slip ratio;
pipe diameter [m]; T, temperature on water side [K];
hydraulic diameter [m]; ‘AT, superheating on water side (i.e. difference
inner diameter of annulus [m]; between wall temperature and saturation
outer diameter of annulus [m]; temperature of the liquid) [K];
total number of plugs and bubbles in test AT, subcooling on water side (i.e. difference
section; between saturation temperature and bulk
number of bubbles in a sample; liquid temperature) [K];
mass velocity [kg/m? s]; t, temperature on sodium side [K];
acceleration of gravity [m/s*}; U, over-all coefficient of heat transfer
enthalpy [J/kg]; [W/m*K];
single-phase forced convection heat-transfer u, liquid bulk velocity [m/s];
coefficient [W/m? K]; v, instantaneous bubble or plug velocity [m/s];
volume flux density [m/s]; V,,  weighted mean drift velocity, defined by
average volumetric flux density of a equation (13) [m/s];
two-phase mixture, defined by equation (11) V,,  velocity of vapour phase [m/s];
[m/s]; Vv, weighted mean velocity of vapour phase,
flow parameter; defined by equations (10), (18) and (19)
thermal conductivity [W/mK]; [my/s];
number of axial positions; Vg, drift velocity, defined by equation (14) [m/s];

409



1, mean velocity of the vapour phase, defined
by equation (2) [m/s];
equation (2) [m/s];

U, mean velocity of the liquid phase, defined by
equation (3) [m/s];

W,  mass flow [kg/s];

X, steam quality;

Y,

g variable.
Greek symbols
o, void fraction;
a, void fraction, average over cross-section;
B, vapour volumetric rate ratio, defined by

equation (5);
i dynamic viscosity [kg/m?s];
p,  density [kg/m*];

a, surface tension [ N/m].
Subscripts

b, - refers to bulk condition;

F, refers to condition for pool boiling or fully
developed boiling;

I, refers to condition for incipient point of
boiling;

i, refers to inlet condition;

L, refers to liquid phase;

I, refers to saturation condition for liquid
phase;

n, refers to sodium side;

0, refers to outlet condition;

s, refers to heated surface or material of heated
surface;

v, refers to vapour phase;

w, refers to water/steam side;

z, refers to axial position at 9 m along the test
pipe.

1. YOID FRACTION—INTRODUCTION

THE DETERMINATION of void fraction is of practical
importance for the design of steam generators and
liquid-cooled reactors.

The best known equation used to determine void
fraction is the so-called slip correlation, which, in fact,
is a physical definition of the slip ratio:

7 X 1-a
S=to T A (1)
l_)z I_X X Py
where
. Q Xw
B=t= @)
A, pA,
1-X)w
L Gk L 3)
AL pLAL

@ is, per definition, equal to A,/A.
An other type of equation used for the de-
termination of void fraction is from Armand [1]:

Bi=—=C )
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where
Q, b
0,40, X+(1—X)pJpr)

Armand has experimentally demonstrated that the
flow parameter K in equation (4) is a constant for
adiabatic bubble and slug flow of air-water mixtures
in a horizontal pipe at atmospheric pressure con-
ditions for vapour volumetric ratios of less than 0.9
and greater than 0.3. Later Armand and Treshchev [2]
have shown indirectly that the flow parameter is a
pressure-dependent constant for the flow of
steam—water mixtures with or without heat addition in
horizontal pipes for the pressure range of
0.98-17.7 MN/m? and for steam qualities less than 0.9.
Bankoff [3] was the first to derive equation (4), and
evaluate theoretically the flow parameter by assuming
a power-law distribution for both radial velocity and
void fraction for bubble flow in a circular tube. He has
verified equation (4) using data for steam-water
mixtures with or without heat addition obtained in
vertically and horizontally orientated rectangular
channels and circular tubes up to 13.8 MN/m2. He
reports that the flow parameter is a pressure-
dependent constant. Owing to the lack of data,
however, he was not able to show directly whether the
flow parameter he evaluated theoretically is a
pressure-dependent constant. Bankoff has related the
slip ratio to the flow parameter as given below:

B= (5)

S=;= . (6)

Zuber and Findlay [4] have derived a general
expression to determine velocity field and void fraction
in any two-phase flow by considering radial void- and
volume flux density distributions and the relative
between the two phases in a channel:

Vil =C+VyJ (7)
V/J = p/a (8)
and therefore
Bloa=C+VyJ (9)
where
- (Vo (10)
(o)
J:Q”Q“:G(iwul_x) (11)
A pv pL
C= Nl (12)
{ap{J>
_ (ogay
G = ~<a> (13)
va=V,—J. (14)

The ( )’s denote averages over the cross-section
defined by equation

frda

Yy =""".

y (15)
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The aforesaid investigators have evaluated the dist-
ribution parameter C in equation (9) for a circular tube
by assuming a polinomial distribution for profiles of
radial void- and volume flux density. It is reported in
[4-7] that, in general, this parameter is a function of
flow pattern and geometry, and that ¥}, the weighted
mean drift velocity in equation (9), is a function of flow
pattern, geometry and pressure.

Zuber et al. [6] and Staub and Zuber [5] have
shown that equation (9) well correlates water and
Refrigerant-22 data taken in vertical circular tubes and
rectangular channels and over a large range of con-
ditions if the effects of flow regimes and geometry are
not considered, i.e.

Cc=113

Vi = 1.18[ag(p,—p.)/pi]"*.

(16)
(17

Although Zuber et al. [6] have directly shown that
the distribution parameter calculated with profiles of
void fraction and volume flux density as measured by
Adorni ez al. [8] in a circular tube is about 1.14, the
weighted mean drift velocity evaluated from the same
data (Fig. 1 in [6]) differs by about 1270%, from that
evaluated from equation (17).

It has not been demonstrated directly in [4-6] that
equation (8) and therefore equation (7) is also valid.

When the relative velocity between the two phases is
zero or negligible, as in the case of the flow in
horizontal channels or flow in vertical pipes at high
velocities and elevated pressures (see equations (9) and
(17)), the weighted mean drift velocity, or V,/J in
equation (9), becomes zero or negligible, and equation
(9) reduces to equation (4). In this case the values of the
distribution (or flow) parameter reported by Armand
and Treshchev [2], Bankoff [3] and Zuber ez al. [ 6] are
in serious disagreement with each other. Furthermore
the radial void distribution measured recently with an
advanced technique by Inoue et al. [9], Kobayasi [10]
and Ohba [ 11] for the bubble flow regime in a circular
tube and in a rectangular channel deviates con-
siderably from that assumed by Zuber and Findlay
[4], Zuber et al. [6] and Bankoff [2] to predict the
distribution (or flow) parameter.

It follows from the above discussion that adequate
data are needed for the value of the distribution
parameter and the weighted mean drift velocity. As
indicated in [4], equation (7) gives a straight line with
slope C in the V/J-plane and the interception of this
line with the V-axis gives the value of the weighted
mean drift velocity. For the determination of equation
(7) for a given flow regime and pressure, therefore, it is
sufficient to measure the weighted mean velocity of the
vapour phase for at least two given sets of operating
conditions (i.e. mass velocity, steam quality and sub-
cooling) in a channel since J, the average volumetric
flux density of the mixture, depends only on the
operating conditions.

The purpose of the first part of this paper is to
demonstrate the experimental determination of equa-
tion (7) for bubble- and plug flow in a vertical small-
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diameter pipe, and subsequently show the validity of
equation (8) and therefore of equation (9).

A correlation is also presented to predict the void
fraction for the subcooled nucleate flow boiling of
water, the saturated bulk boiling of water and the flow
of steam-water mixtures without heat addition in
vertical channels. Subcooled nucleate flow boiling is
also referred to as “partial nucleate boiling”, “forced
convection surface-boiling” or simply as “surface
boiling” in literature.

EXPERIMENTAL SET-UP

The experimental set-up has been described in detail
elsewhere [12, 13]. The photographical test section
was an adiabatic, cylindrical sapphire of 8§ mm I.D. and
20 mm height, mounted just at the end of a 10 m long
sodium heated test pipe, as shown in Fig. 1. This test
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F1G. 1. Top part of test pipe with cylindrical sapphire test
section.

pipe has been installed in a loop, of which the flow
diagram is given in Fig. 2. The high-pressure part of the
Loop has been drawn in thick lines and the low-
pressure part in thin lines. Both the test pipe and the
Loop have been constructed from stainless steel, grade
AISI 316. The sodium side around the test pipe has
been constructed as seven heat exchangers, as shown in
Fig. 3 and the sodium is heated with an electric heater.
The maximum available power in the Loop is 830 kW,
including the power of the preheater. The test pipe has
been very heavily instrumented [12, 13]. It will be
sufficient to mention here that values of the inlet- and
outlet temperature, the temperature along the test pipe
at 9 m axial position, and of the pressure and mass flow
both at the sodium and the water—steam-side have
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FiG. 2. Flow diagram of heat transfer loop.

been measured with pre-calibrated instruments. These
data are collected with an on-line data acquisition
system and processed by a Hewlett Packard-2216B
computer.
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Fi1G. 3. Construction of sodium heated test pipe.

Water—steam-side temperatures have been meas-
ured with inconel sheathed, chromel-alumel ther-
mocouples of 0.5 mm O.D. and the maximum error in
determining the temperature and the difference bet-
ween the temperatures at the inlet and outlet of the test
pipe were calibrated as 1.2 and 0.6 K respectively.

Sodium-side temperatures have been measured with
stainless steel sheated, chromel—alumel thermocouples
of 0.5 mm O.D. and the maximum error in determining
the temperature and the difference between the tem-
peratures at the inlet and outlet of the test pipe were
calibrated as 1.6 and 0.6 K respectively.

Both, water—steam-side and sodium-side mass flows
have been measured with turbine flowmeters with an
accuracy of less than 1%,.

Water—steam-side outlet pressure has been meas-
ured with a dead-weight balance manometer with an
accuracy of 0.03 MN/m?>.

During the tests demineralised water has been used
with an oxygen content less than 15ppb, with a
conductivity less than 0.5uS/cm and with a pH
between 8.5 and 9.

The pictures of subcooled nucleate flow boiling have
been taken through the cylindrical sapphire test
section with a high-speed rotating-mirror camera
(Dynafax, model 350) at a frequency of 5000 frames/s.
During the experiments subcooling at the end of the
test section was slowly decreased, while pressure, heat
flux and mass velocity were kept constant. The objec-
tive of the camera could be adjusted such that the
bubbles (or plugs) either in the whole cross-section or
in half the cross-section of the cylindrical sapphire test
section could be photographed. For every test run,
pictures of boiling were taken with the two positions of
the objective. It took halfan hour to reach steady-state
conditions after which photographs were taken. In
total 42 runs have been carried out, which cover the
following range of operating conditions:

P = 4.1-159 MN/m?

G = 1869-2383 kg/m? s

q = 0.10-0.50 MW/m?
AT, =00 41K

X =0.0-29.

After developing the films, bubble (or plug) vel-
ocities and diameters were measured with a Boscar
motion analyser in order to determine the weighted
mean velocity of the vapour phase.
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DETERMINATION OF THE WEIGHTED MEAN
VELOCITY OF THE VAPOUR PHASE

Plug flow

At pressures lower than about 7 MN/m?, plug flow
started immediately after the initial point of net vapour
generation, and a few plugs (or even sometimes a single
plug) and several comparatively small bubbles in a
liquid continuum were visible on the developed films,
as shown schematically in Fig. 4. The magnitudes of
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F1G. 4. Schematic description of plug flow at 4.1 MN/m?,

the length and the diameter of a plug were in the same
order of magnitude as the tube diameter. The velocity
of every plug and bubble appearing on the film was
measured in several axial positions (between 2 and 28
positions). Thus the number of velocities measured
varied between 8 and 247 for each test run. The reason
why the velocity of a plug or a bubble has been
measured at several axial positions was to determine
the time-averaged value of the velocity. As shown in
the paper of Warschauer [ 12], the velocities of bubbles
(or plugs) vary significantly with time during the
bubble or (plug) flow regime.

Since all the bubbles and plugs were approximately
elliptically shaped, the diameter of a plug (or bubble)
was determined by averaging the measured major and
minor axes of a plug (or bubble). No deformation in
plug (or bubble) shape has been observed during
measurement of the velocity of a plug (or bubble).

In order to determine the weighted mean velocity of
the vapour phase (or velocity of the centre of gravity of
the vapour phase in plug flow) the following equation
has been used:

.n ° P,
V—p, D} =
P ; 6

X(Bi i

m=1

D% m I m
Vot — ¥ —iZV,,,> (18)
m m=1 m=}1
and it was possible to determine this velocity up to a
void fraction of 33%;. It follows from the description of
the plug flow regime that the small bubbles which
could not be seen on a developed film do not
substantially affect the prediction of the weighted
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mean velocity of the vapour phase, since the bubble
volume used in equation (18) is proportional to the
third power of the bubble diameter, which is much
smaller than the diameter of a plug.

Bubble flow
For pressures higher than about 10 MN/m?, num-
erous small bubbles of different sizes in a continuous
liquid were visible on the developed films up to high
values of steam quality. Distribution of the bubble
diameters approximated a normal distribution. Since
the number of bubbles on a developed film was large,
the weighted mean velocity of the vapour phase for this
flow regime was determined by a statistical method
from the measured velocities of a sufficient number of
bubbles taken randomly from the bubble population.
For each test run, a sample of 4 to 10 bubbles was
taken from the bubble population and the velocity and
diameter (or major and minor axes when they are
elliptically shaped) of each bubble in the sample was
measured at several axial positions (between 1 and 19
positions). Thus the number of velocities measured
varied between 15 and 140 for each test run. Analysed
bubble populations were selected such that a repre-
sentative bubble sample could be taken from them.
For this flow regime, it was possible to determine the
weighted mean velocity of the vapour phase up to 18%,
void fraction, and this velocity has been calculated
with the formula below:
1 E
V== % ( ) (19)

J=1

t[\/]a

or

é np.,
DS m DS m DB m
x(—l S Vgt =Y Vit 4 -f }: ) (20)
m =1 m =1 m=
The weighted mean velocity of the vapour phase
predicted by equation (19) has been considered for
further analyses, since it was found to differ by not
more than a few per cent from that predicted by
equation (20).

DETERMINATION OF STEAM QUALITY

During the tests, heat losses were compensated by
installing trace heaters in the insulation material which
covered the sodium side. Steam quality has therefore
been calculated from the following heat balance:

[Witi—to)e, ), —~IWH—H)l, = W, Xr. 21)
The specific heat of sodium and the properties of water
have been taken from [ 14, 15].

Since the steam quality in the subcooled boiling
region is comparatively low, the steam quality calcu-
lated with equation (21) may involve a considerable
error. In order to minimise this error in steam quality,
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the following method was adopted: During the experi-
ments, only the subcooling at the end of the test pipe
was slowly decreased, while mass velocity, heat flux
and pressure were kept constant. In this way first the
initial point of net vapour generation was determined
from the developed films, as explained in [16]. At this
particular point steam quality can be considered to be
negligibly low [ 17]. Thereafter subcooling was plotted
versus X W, r, the heat used for vapour formation for a
given pressure, and the best fitting curve was drawn
through the experimental points. An example of this is
shown in Fig. 5, for 12MN/m? Then for a given
subcooling, X W, r, the heat used for vapour formation
was determined from the figure and from this the steam
quality.

4
x Subcooling at initial point of net
.3 v vapour generation
E-)
}_‘ﬁ 2 X x
< \
' X

1|s|xt1\|L‘l~x;¢

G2 04 06 08 1 2
XW,r, kW

F1G. 5. Determination of steam quality at 12 MN/m?,

Although the error in determining steam quality
may be considerable, it does not introduce any signi-
ficant error in the determination of J, the average
volumetric flux density of the mixture, since steam
quality varied up to 2.9% during all the test runs [see
equation (11)].

CORRELATION OF DATA

In order to correlate the data by using equation (7),
V, the weighted mean velocity of the vapour phase, has
been plotted vs J, the average volumetric flux density
of the steam-water mixture, for a given pressure, as
shown in Fig. 6, for example for 4.1 MN/m?2. The

Weighted mean
17 drift velocity |
1 2 3 4
J, m/s

F1G. 6. Determination of distribution parameter and weigh-
ted mean drift velocity at 4.1 MN/m?.
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interception of the line drawn through the experimen-
tal data with the V axis gives ¥, the weighted mean
drift velocity. As could be seen from the figure, the
value of the distribution parameter is equal to 1 and
that of weighted mean drift velocity equals 0.3 m/s. The
distribution parameters and weighted mean drift vel-
ocities determined by this procedure for all test runs
yield:
C=1 (22)
V, =036 (1-P)"° 23)

as shown in Fig. 7, and equations (7) and () become
respectively:

V=J+036(1—P,)°? (24)

and
Bia = 1+036(1—P,)%%F. 25)

Since V;/J « 1 for the operating conditions of our
tests, determination of the distribution (or flow) para-
meter seems fairly accurate and the value of this
parameter is in contradiction with that reported in [3,

6].
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F1G. 7. Correlation of all data.

Pressure,

During our experiments, void fraction has not been
measured. Therefore, in order to show the validity of
equation {25)[and hence of equation (8)], this equation
has been compared with extensive data of several
investigators [18-21] taken for the saturated bulk
boiling of water and for the flow of steam-—water
mixtures without heat addition in vertical circular
tubes, annuli and rectangular channels, as shown in
Figs. 8 and 9. The range of the data is summarised in
Table 1. The number of data considered was 497. Not
all the data from [18-21] could be included in these
figures, however. The data shown in these figures have
therefore been selected in such a way that the max-
imum spread of the value of the distribution parameter
can be seen. Moreover, only the data from [19-21] for
comparatively high steam qualities, as indicated in
Table 1, have been studied, since for subcooled
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Table 1. Conditions for void fraction experiments of various investigators

Number
P dy Heat flux G X o
MNm?) O Geometry (m)  MWm) (gm’s) () () e
3-5 75  circular tube 9.16 adiabatic  388-3504  0-80 0-99 [18]
138 54 rectangular channel 4.74 0.32-1.58 895-1153 10-37.3 42-85 [19]
2-9.8 158  circular tube and annulus ~ 7.7-102 adiabatic  400-3400 0-88 0-99 [20]
2-98 18 circular tubes 15.7-343 0.014-2  400-1700 5-60 30-99 [20]
2-5 192 annulus 13 0.60-122 652-1368 52-182  55-87 [21]

nucleate flow boiling, in which steam qualities are low,
a simple heat balance does not give the steam quality
due to the thermal non-equilibrium existing between
the phases [7, 17, 22].

e Dataof Agostini eta/. (18]

x  Dataof Egen efa/ [19]

o Datoof Miropolskiy et a/.[20]
¥ Dataof Rouhani[21]
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F1G. 9. Comparison of equation (25) with data of Miropol-
skiy et al. [20] from unheated channels.

Steam quality,

It follows from Figs. 8 and 9 that equation (25)
correlates the aforesaid data fairly well and that the
value of the distribution parameter, which best fits the
data is 1. For almost all these data, including those of
the present work, V,/J « 1. What has been de-
monstrated above is sufficient evidence at the present
state of art that both equations (24) and (25) and
therefore equation (8) are valid, and that the value of
the distribution (or flow) parameter is equal to 1 for the
conditions considered in this study.

Equation (25) is recommended to predict the void
fraction for these conditions, which are as follows:

Geometry: vertical pipes, vertical annuli and verti-
cal rectangular channels;

P, 2-15.9 MN/m?;

6,  0.00-99%;

dy, 0.0047-0.0343m;

G, 388-3500 kg/m?s;

q, adiabatic (without heat addition) and

0.01-2.0 MW/m?,

For horizontal pipes, equation (25) reduces to B/a
= 1 since ¥; = 0. This equation fits, within 8.5%; error
limits, the correlation of Armand and Treshchev [2]
based on data taken for the flow of steam-water
mixtures with or without heat addition in horizontal
pipes of 2.6 and 5.6 cm 1.D,, in the pressure range of
1-17.7 MN/m? and for steam qualities less than 0.9.

As can be seen from equation (25), V,/J is much
smaller than 1 for high mass velocities and pressures
and the value of the weighted mean drift velocity given
by equation (23) is in fact an average value for different
types of channel geometry and flow pattern. Therefore,
for the application of equation (25) to very low mass
velocities, adequate information is needed for the
values of the weighted mean drift velocity for different
types of flow pattern and geometry, which are at
present being measured in our Institute.

2. INCIPIENT POINT OF BOILING—INTRODUCTION
AND EXPERIMENTAL DATA

During the subcooled nucleate flow boiling of a
liquid in a channel, there is a point where the first
bubble forms and gets detached from the heated
surface. This point is termed Incipient Point of Boiling
in the literature, and is of importance for the design of
liquid-cooled reactors and steam generators since heat
transfer rapidly increases beyond this point and bub-
bles begin to appear in the subcooled liquid.
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Up to now, no direct method has been reported in
literature for the determination of the IPB for the
subcooled nucleate flow boiling of water [23-25], but
with high-speed photography it has been found poss-
ible to determine this point directly. The experimental
set-up used for this purpose is described in the first
part. The pictures of subcooled nucleate flow boiling
were taken at constant pressure, heat flux and mass
velocity, while subcooling was decreased slowly. When
the first bubble was seen on a developed film, the
conditions at which the film was taken were specified
as those of the IPB, as given in Table 2.

Table 2. Data for IPB

P G q AT, D,

(MN/m?)  (kg/m?s) (MW/m?) K (ram)
159 2134 0.391 73 0.225
14.0 2167 0.336 6.9 0.255
120 2208 0.326 59 0.300
100 2040 0.138 2.6 0.313
4.1 2189 0.128 29 0.210

At the IPB, two or three bubbles were visible on a
developed film and they were either spherically or
elliptically shaped. Bubble diameters were measures
from a developed film with a Boscar motion analyser
and averaged over the number of bubbles seen on the
film (see Table 2). When a bubble was elliptically
shaped, the bubble diameter was determined by
averaging the measured major and minor axes of the
bubble.

The heat flux at the IPB (i.e. at the end of the test
pipe) has been calculated from the following formula:

g =(t—Ty)U (26)
where U has been determined from the heat balance
for the last metre of the test pipe, i.e.
(ti=To)—(t.~T.) [
ti—To
t.— T,

U= [ch(ti_tz)]n
nd In

.27

CORRELATION OF DATA FOR THE IPB
In order to correlate the IPB data, the following heat
transfer equation for subcooled nucleate flow boiling,
derived by the author of this paper, has been used [ 16]:

q=C AT +h AT, (28)
where
¢ 3
“<®Eﬁﬁh
' (o/lgler —p 1) @)
n=3. (30)

The heat flux at the IPB can be given by equation
(28):

g = CLATL ) +hilAT ) (31)
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For a constant heat flux system, the following
equation applies to fully developed boiling [26-28]:

g = CLATL)F. (32)

Equation (31) can be reduced to a non-dimensional
form by the use of equation (32):

(1) _ (1 47
q 1 .

(AT
It has been shown in [ 16] that the term in parentheses
on the LHS of equation (33) is a constant at the initial
point of net vapour generation regardless of operating
conditions and channel geometry; it is equal to 0.24

(33)
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F1G. 10. Correlation of IPB data.

when u > 0.45m/s and to 0.11 when u < 0.45 m/s for
water. Since it may be anticipated that the LHS of
equation (33) is also a constant at the IPB, its value has
been plotted vs pressure using the data given in Table 2
and the data of Bergles and Rohsenow [23], Tarasova
and Orlov [24] and Treshchev [25], as shown in Fig.
10. The forced convection heat transfer coefficient in
the LHS of equation (33) has been evaluated with the
well-known correlation Nu, = C, Rel-® Pr{-4,inwhich
C, equals 0.023 for circular tubes [29] and 0.015
(d5/d,)°-%* for inner tube-, outer tube- and inner and
outer tube heated annuli [30]. For a flat plate, the
forced convection heat-transfer coefficient has been
predicted with the formula Nu = 0.0366 Re®-® Pr'/3 in
which the fluid properties have to be determined at the
temperature given below [29]:

0.1 Pr+440

T=T,—
Pr+72

(h,—-T)). (34)
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As for the data of Bergles and Rohsenow [23], the
forced convection heat-transfer coefficient given in
their paper has been used. It follows from Fig. 10

h{(AT )
G

= 0.665 (35)

regardless of channel geometry and operating con-
ditions,
Equation (35) is valid for a wide range of conditions:

Geometry: plate, circular tube, and inner tube-,
outer tube—and inner- and outer tube heated annulus;

P, 0.15-15.9 MN/m?;
G, 470-17355kg/m? s;
4 0.13-98 MW/m?;
AT,,, 2.6-108K;

dy,  0.00239-0.032m;

material of heating surface: stainless steel and nickel.

SUPERHEATING AT THE IPB

Only few data for superheating at the IPB during the
subcooled nucleate flow boiling of water have been
found in the paper of Bergles and Rohsenow [23]. As
demonstrated in [31], the degree of superheating at the
IPB cannot be determined from the formula ¢ = (T,
- Tk

In order to correlate the superheating data of
Bergles and Rohsenow taken in a stainless steel
circular tube [23], the heat-transfer correlation for
subcooled nucleate flow boiling given by equation (31)
has been used, as shown in Fig. 11. Equation (31)
correlates the superheating data of the aforesaid
investigators very well,

MAXIMUM BUBBLE DIAMETER AT THE IPB
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Data of Bergies and Rohsenow [23]
P=015-0.26 MN/m? /
X 2 /
q* 1.26~9.78 MW/m /
26|~ G= 2044~ 17385kg/m2s
2al- AATp = 50-108.3K yd

d =0.0023% m

Predicted AT, by equation (31,

4 16 18 20 22 24 26
Measured AT, K

FiG. 11. Correlation of superheating data of Bergles and
Rohsenow {23].

of the maximum diameter of the average bubble of a
bubble population consisting of numerous bubbles. At
the IPB there exist few bubbles, and the growth of a
bubble is thus not affected by liquid agitation caused
by movement of the numerous bubbles, in con-
tradiction with the growth of a bubble in a bubble
population. The effect on bubble growth of liquid
agitation caused by the movement of numerous bub-
bles has been given as a function of pressure in [32],
The correlation given in [32] has therefore been
modified only by altering the numerical constant and
pressure term in it by using the data given in Table 2
and the data of Abdelmessih et gl. [33] taken from an
artificial nucleation site manufactured from stainless
steel, as shown in Fig. 12 and given below:

. D, = 17251077 a(b®)~ 12 p1-072 3
In order to correlate the data for maximum bubble where 4 a(b®) (36)
diameter (or bubble departure diameter) at the IPB the
correlation derived by the author to determine the _ AT ky[kepse/kpe,) ]! 37
maximum bubble diameter of a subcooled nucleate - 2p,r[nk/(pc,)]1"2 37)
flow boiling bubble has been modified [32]. The
aforesaid correlation is based on a heat-transfer con- = AL (38)
trolled bubble model and is valid for the determination 2(1—p,/p))
® CTI-TNO data(Table 2)
x  Data of Abdel hetal 33
P=Q.109 M mZess‘ et [33]
AL Ry
AT, 194K AT
Sub \\)
0.0005— )
\u’\—gm’ -
g 00004~ \6”/ vgs— o wls) T
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00003 > - \\l‘\ 3‘5«\
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Fi1G. 12. Correlation of the data for maximum bubbie diameter at the IPB.
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u 0.47
O = <— for u> 0.61m/s (39)
Uy
d=1 for u<061lm/s (40)
U= 0.61m/s. (41)

For data given in Table 2 the superheating has been
evaluated with equation (31). For the data of Abdel-
messih et al. [ 33] the superheating given in their paper
has been used. In order to predict the properties of
stainless steel, type 304 (austenitic) 18-8S has been
considered. Properties of water have been taken from

[15].
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FRACTION DE VIDE ET POINT DE DEBUT D’EBULLITION POUR L’EBULLITION
NUCLEEE SOUS-REFROIDIE DANS L’'ECOULEMENT DE L’EAU

Resume—On a déterminé la fraction de vide au moyen de la photographie ultra-rapide pour I'¢bullition
nucléée sous-refroidie dans 'écoulement de P'eau. Les données obtenues ainsi que celles d’autres auteurs
relatives a I'écoulement adiabatique d’un mélange d’eau et de vapeur d’eau et a I’ébullition saturée de
I’eau ont conduit 4 une corrélation qui s’applique aux conditions suivantes.

Géométrie: tubes verticaux circulaires; canaux rectangulaires et annulaires; pression 2-159 M N/m?;
vitesse massique 388~3500 kg/m? s; fraction de vide 099 pour cent; diamétre hydraulique 0,0047-0,0343 m;
flux de chaleur: adiabatique de 0,01-2,0 M W/m?; précision: 12,5 pour cent.

La valeur du paramétre dit de distribution (ou d’écoulement) a été déterminée expérimentalement et
trouvée égale 4 1 pour un tube vertical circulaire de faible diamétre.

Le point de début d’¢bullition pour I'ébullition nucléée sous-refroidie dans I'écoulement de l'eau a
été déterminé a l'aide de la photographie ultra-rapide. Les données obtenues et les données disponibles
dans la littérature ont conduit & une corrélation valable pour les conditions suivantes.

Géomeétrie: plaque, tube circulaire et annulaire avec tubes chauffés a 'intérieur seulement, a Pextérieur
seulement ou a lintérieur et a 'extérieur; pression: 0,15-15,9 M N/m?; vitesse massique 470-17355kg/m?s;
diamétre hydraulique 0,00239-0,032m; flux de chaleur: 0,13-9,8 M W/m?; sous-refroidissement: 2,6—
108 K, matériel de la surface chauffée: acier inoxydable et nickel; précision: 27,5 pour cent.

Les diamétres maximaux des bulles ont été mesurés au point de début d’ébullition. Ces données et
celles disponibles dans la littérature ont été corrélées pour le domaine de pression de 0,1 a 15,9 M N/m?2.

DAMPFVOLUMENANTEIL UND STELLE ERSTER BLASENBILDUNG WAEHREND
DER UNTERKUEHLTEN SIEDESTROEMUNG VON WASSER

Zusammenfassung —Der Dampfvolumenanteil fiir die unterkiihlte Siedestromung von Wasser ist mittels
ultraschneller Fotografie bestimmt worden. Die erhaltenen Daten und die Daten von verschiedenen
Forschern firr adiabatische Dampf-Wasser Gemischen und fur gesittigtes Sieden des Wassers haben eine
Korrelation im folgenden Bereich erbracht: Geometrie: vertikale, kreisrunde Rohre, rechtwinklige Kanile
und Spalte; Druck: 2--159 MN/m?, Massengeschwindigkeit: 388-3500 kg/m? s; Dampfvolumenanteil:
0-99 Prozent; hydraulischer Durchmesser: 0,0047-0,0343 m; Wirmestromdichte: adiabatisch und

0,01-2,00 MW/m?; Genauigkeit: 12,5 Prozent.

Der sogenannte Verteilungs- (oder Stromungs-) parameter ist experimentell bestimmt worden, und zwar
ist er gleich 1 fiir ein vertikales kreisrundes Rohr mit kleinem Durchmesser.

Die Stelle der ersten Blasenbildung fiir unterkiihlte Siedestromung des Wassers ist mittels uitraschneller
Fotografie bestimmt worden. Die erhaltenen Daten und die in der Literatur zur Verfiigung stehenden Daten
haben zu einer Korrelation gefiihrt, die fur die folgenden Bedingungen gilt: Geometrie: Platte, kreisformige
Rohre und ringformige Spalte von innen, von aussen und sowohl innen als aussen beheizt; Druck:

0,15-159 MN/m?;  Massengeschwindigkeit:

470-17355 kg/m? s;

hydraulischer ~ Durchmesser:

0,00239-0,032 m; Wirmestromdichte: 0,13-9,8 MW/m?; Unterkithlung: 2,6-108 K ; Werkstoff der Heizob-
erfliche: rostfreier Stahl und Nickel; Genauigkeit: 27,5 Prozent.

Die maximalen Blasendurchmesser sind an der Stelle der ersten Blasenbildung gemessen worden. Diese
Daten und die Daten aus der Literatur sind fiir den Druckbereich von 0,1 bis 15,9 MN/m? korreliert worden.

OBBEMHOE NMAPOCOAEPXAHWE U BOSHMKHOBEHHUE
NY3bIPBKOBOIO KUMEHUA B MNOTOKE
HEJOTPETOU XUKAOCTH

AnnoTtauns — OObeMHOE mapocoepKaHHe ONpenenaNoch NyTeM BbICOKOCKOPOCTHOTO doTorpadu-
POBaHMUS BO BPEMsA My3bIPEKOBOTO KUNEHUA B NMOTOKE HeaorpeToit Boabl. [lofyyeHHble pe3ynbTaThbl
M MTEpaTYpHbIE NaHHbIE MO aAUabaTU4YECKOMY MOTOKY MAaPOBOAAHBIX CMECEH M KUNEHNIO HACBILLECH-
HOH BOAb! B 6051b1IOM 06beMe Obliin 0006UIEHbI ANA CREAYIOIUMX YCIOBHH | TEOMETPHUS | BEPTHKAILHO
HaMpaB/eHHbIE KPYT/bie TPYOKM, IPAMOYTONLHbIE U KOJIbLEbbIE KaHanbl; AaBieHue: 2-15,9 Mu/m?;
MaccoBas ckopocTs: 388-3500 kr/m? cex; obbemHOe mapocoaepkanue: 0-99 % AMaMeTp NOTOKA:
0,0047-0,0343; ternosoit notok; aanabatuvecknii u 0,01-2,0 Me1/M2. TOYHOCTL KPUTEPHATBLHBIX
ypaBHeHH# cocTasnsna 12,5%. BenwuuHa Tak Ha3blBaeMoro napamerpa pacnpeneseHus Oblna
JKCNEpUMEHTAIbHO HaitACHA PaBHOW eNMHMLE AMA BepTUKAJbHOWH Kpyrioi TpyOku ¢ Hebonbiuum
AMaMeTpoM. BO3HMKHOBEHHE My3bIPbKOBOTO KHMECHUS B NMOTOKE HENOrPeTOll BOAbl ONpeNensnioch
C MOMOLUBIO BbICOKOCKOpOCcTHOro tororpaduposauns. IlonydeHHbie pe3ynabTaThl W MMeErOLIMECH
JIMTepaTypHble AaHHble OblTH MPOKOPPENNPOBAHDI A CAEAYIOLMUX YCIOBHIL: FEOMETPHs | NNaCTHHA,
KpyIJible TpYOKM U KOJNbLEBbiE TPYOKH ¢ BHYTPEHHHM, BHEWIHUM W OJHOBPEMEHHO BHYTPEHHUM U
BHEIIHUM HarpeBoM; napieHue: 0,15-15,9 Mu/m?; maccosas ckopocTh: 470-173 551 kr/m? cek;
ruapasaudeckuii anametp: 0,00239-0,032 M TensoBoit NOTOK: TemnepaTypa Heaorpesa: 2,6-108 K;
MaTepuan oborpeBaeMoi NMOBEPXHOCTH: HepXkaBetolas cTanb W Hukelb. TOYHOCTL 06paboTku —
27,5%,. MakcuMaljibHble AHAMETPbI My3bIPLKOB H3IMEPSAIUCh B MOMEHT BO3IHWKHOBCHUS KUNEHMS.
OTH pe3ynbTaThl U ANTEpATypPHbIE AaHHblE ObLIN NPOKOPPE/IMpOBakbl 113 1HaNaIOHa NaBNCHUSA OT
0,1 no 15 Mu/m2,



