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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: 
2-15.9 MN/m’; mass velocity: 388-3500 kg/m’ s; void fraction: O-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: 0.15-15.9 MN/m*; mass velocity: 
470-17355 kg/m’s; hydraulic diameter: 0.00239-0.032 m; 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 

cross-sectional area Cm’]; 
distribution parameter; 
specific heat capacity of material of heating 
surface [J/kg K] ; 
specific heat capacity at constant pressure 

[J/kg Kl ; 
constant, defined by equation (32) 
[W/m2 K”]; 
bubble or plug diameter [m] ; 
maximum bubble diameter [m] ; 
pipe diameter [m] ; 
hydraulic diameter [m] ; 
inner diameter of annulus [ml; 
outer diameter of annulus [m] ; 
total number of plugs and bubbles in test 
section ; 
number of bubbles in a sample; 
mass velocity [kg/m2 s]; 
acceleration of gravity [m/s2]; 
enthalpy [J/kg] ; 
single-phase forced convection heat-transfer 
coefficient [W/m2 K]; 
volume flux density [m/s] ; 
average volumetric flux density of a 
two-phase mixture, defined by equation (11) 

[m/s1 ; 
flow parameter; 
thermal conductivity [W/mK] ; 
number of axial positions; 

Nu, 
n, 
p, 
PO 
pn 
Pr, 
Q, 
49 
Re, 
r, 
s, 
T 

‘AL, 

AT,,, 

t, 
u, 

"d, 

Nusselt number; 
constant, defined by equation (32); 
pressure [N/m’] ; 
critical pressure [N/m2]; 
reduced pressure, P, = P/P,; 
Prandtl number ; 
volumetric flow rate [m3/s]; 
heat flux [ W/m21 ; 
Reynolds number ; 
latent heat of evaporation [J/kg]; 
slip ratio; 
temperature on water side [K]; 
superheating on water side (i.e. difference 
between wall temperature and saturation 
temperature of the liquid) [K]; 
subcooling on water side (i.e. difference 
between saturation temperature and bulk 
liquid temperature) [K] ; 
temperature on sodium side [K]; 
over-all coefficient of heat transfer 

[W/m’ K]; 
liquid bulk velocity [m/s]; 
instantaneous bubble or plug velocity [m/s] ; 
weighted mean drift velocity, defined by 
equation (13) [m/s] ; 
velocity of vapour phase [m/s] ; 
weighted mean velocity of vapour phase, 
defined by equations (lo), (18) and (19) 

Cm/s1 ; 
drift velocity, defined by equation (14) [m/s] ; 
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where mean velocity of the vapour phase, defined 
by equation (2) [m/s]; 
equation (2) [m/s] ; 
mean velocity of the liquid phase, defined by 
equation (3) [m/s]; 
mass flow [kg/s] ; 
steam quality; 
variable. 

Greek symbols 

a, void fraction; 

;I 
void fraction, average over cross-section; 
vapour volumetric rate ratio, defined by 
equation (5); 

P> dynamic viscosity [kg/m%] ; 

P> density [kg/m31 ; 
c, surface tension [N/m]. 

Subscripts 

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/m2 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/m’. 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, 
F, 

refers to bulk condition; 
refers to condition for pool boiling or fully 
developed boiling; 
refers to condition for incipient point of 
boiling; 
refers to inlet condition; 
refers to liquid phase; 
refers to saturation condition for liquid 
phase; 
refers to sodium side; 
refers to outlet condition; 
refers to heated surface or material of heated 
surface; 
refers to vapour phase; 
refers to water/steam side; 
refers to axial position at 9 m along the test 
pipe. 

1. VOID 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 : 

S=5’= x 1-xp, 

82 1-x 5 p” 
(1) 

Q, XW 
s1 =-=-~-- 

A, P/L 
(2) 

QL (1 -X)W 
&-=--. 

AL PLAL 
(3) 

where 

h is, per definition, equal to A,/A. 
An other type of equation used for the de- 

termination of void fraction is from Armand [l] : 

pLiL_ X 

Qo+Q,. x + (1 - X)(P,lP,) 
(5) 

i’, I-CC 

s=u2=P K-cc’ 
(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: 

V/J = Cs b/J (7) 
-- 
VfJ = fijc=i (8) 

and therefore 

/3/h=CS&/J (9) 

where 

(10) 

v = (vdc() 

d- 

(co 

vd = Vu-J. (14) 

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

(4) 
n 

(Y) Jy 
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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 
[4-71 that, in general, this parameter is a function of 
flow pattern and geometry, and that V,, 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. 

c = 1.13 (16) 

v, = 1.18[ag(p,-p”)lpZl”4. (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 et 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 [4-61 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,lJ 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 et 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 [lo] 
and Ohba [ 1 l] 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 1, 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, 131. 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 

Water -steam out 

FIG. 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, 131. 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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L_____-__- 
water make-up 
system 

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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FIG. 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 15 ppb, with a 
conductivity less than 0.5 us/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 half an 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 = 4.1-15.9 MN/m2 

G = 186992383 kg/m2 s 

4 = 0.10-0.50 MW/m’ 

AT,,, = 0.0-4.1 K 

X = 0.0-2.9. 

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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DETERIvXINATION OF THE VVEIGHTRD MEAN 
VELOCITY OF THE VAPOUR PHASE 

Plug~ow 
At pressures lower than about 7 MN/mZ, 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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E 
? 
aI 1 

8mm 

FIG. 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 [ 121, 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 Sow) the following equation 
has been used: 

x v, > (18) 

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 

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. 

~ubble~ow 
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 IO 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: 

(19) 

or 

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 QUALDY 

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

[w(ri-to)C,ln-[W(Ho-Hi)], = 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 [ 171. Thereafter subcooling was plotted 
versus XW,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, XW,r, the heat used for vapour formation 
was determined from the figure and from this the steam 
quality. 

4 
Y Subcooling at initial point of net 

_ 3 vapour generation ., 

02 04 0.6 0.8 I 2 

XW,,,r, kW 

FIG. 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 (1 l)]. 

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 fIux density 
of the steam-water mixture, for a given pressure, as 
shown in Fig. 6, for example for 4.1 MN/m’. The 

/ 
/’ 

/ 
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/x / 
I // I 

4 
t , 

,‘/&,Y’ 

Pressure : 4.1 MN /m2 

J, m/s 

FIG. 6. Determination of distribution parameter and weigh- 
ted mean drift velocity at 4.1 MN/m’. 

interception of the line drawn through the experimen- 
tal data with the ‘57axis gives V,, 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=l (22) 

v, = 0.36 (1 -P,)‘.’ (23) 

as shown in Fig. 7, and equations (7) and (9) become 
respectively: 

and 

i?= J+O.36 (l-P,)*,9 (24) 

/?,‘Tr = 1+ 0.36 (1 - P,)o.9,‘J t (25) 

Since V$i cc 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, 

61. 
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FIG. 7. Correlation of all data. 

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 [18-211 taken for the saturated bulk 
boiling of water and for the flow of steam-water 
mixtures without heat addition in vertical circuiar 
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 [18-211 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 [19-211 for 
comparatively high steam qualities, as indicated in 
Table 1, have been studied, since for subcooled 



Subcooled nucleate flow boiling of water 415 

Table 1. Conditions for void fraction experiments of various investigators 

Number 

(MNqmz) Of 
data 

Geometry 4 Heat flux 
(mm) WV/m’) (kg/E’s) (C) 

Reference 

3-5 15 circular tube 9.16 adiabatic 388-3504 O-80 o-99 El81 

13.8 54 rectangular channel 4.14 0.32-1.58 895-1153 10-37.3 42-85 2-9.8 158 circular tube and annulus 7.7-10.2 adiabatic 400-3400 O-88 o-99 [::I 
2-9.8 18 circular tubes 15.7-34.3 0.014-2 400-1700 5-60 30-99 l-201 
2-5 192 annulus 13 0.60-1.22 652-1368 5.2-18.2 55587 L-211 

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]. 

. Data of Agastmi eta/. [IS] 

x Data of Egen et o/. [IS] 

a DaiadMipolskiy eta/. [ZO] 

1.12 

I IO 

I.08 

1.06 

I .04 

I .02 

12.5% line .---------_--__- 

x 
x 

0 

0 
0 x 
0 x 

x 
x 
x 

0.94- x 
x 

0.92 - x 
x 

os- 
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O.SS- ----------_---__--------_A_-___ 
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0.84 - x 

0.82 1 1 I 1 1 1 1 1 1 1 1 1 I I ._ 
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FIG. 8. Verification of equation (25). 

o Tube,d*O.O077m 

ian(25baluated 
km(25)evaluattdwithminimunmoss~; 

I I I I 
0 0 IO 20 0 IO 20 0 IO 20 30 

Steom quality, % 
FIG. 9. Comparison of equation (25) with data of Miropol- 

skiy et al. [20] from unheated channels. 

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 
thedistribution (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/m2 ; 
a, o.Oc-99%; 
d 
cl 

0.0047-0.0343 m; 
388-3500 kg/m2 s; 

49 adiabatic (without heat addition) and 
0.01-2.0 MW/m2. 

For horizontal pipes, equation (25) reduces to j?/& 
= 1 since V, = 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 I.D., in the pressure range of 
1-17.7 MN/m2 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 ofchannel 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 ROILING-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 [23-251, 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 

For a constant heat flux system, the following 
equation applies to fully developed boiling [26628] : 

q, = C,@T,,,K. (32) 

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

(h), =(l- ;%?& (33) 

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 

P G ATsUb 
(MN/m’) (kg/m* s) (MG/m’) K 

Dd 
(mm) 

15.9 2134 0.391 7.3 0.225 
14.0 2167 0.336 6.9 0.255 
12.0 2208 0.326 5.9 0.300 
10.0 2040 0.138 2.6 0.313 
4.1 2189 0.128 2.9 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: 

q = (ti- T,)U (26) 

where U has been determined from the heat balance 
for the last metre of the test pipe, i.e. 

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 [ 161: 

q = C, AT,:, + h ATut, (28) 

where 

c, = (29) 

n=3. (30) 

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

41 = C, (AT,,,Y +WT,,,h . (31) 
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a Data of Bergles and Rohsenow (c~rculor 
tube) 
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FIG. 10. Correlation of IPB data. 

when u 2 0.45 m/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, = Cz Ret,* Prf4, in which 
C2 equals 0.023 for circular tubes [29] and 0.015 
(d2/d1)o.25 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’.* Pr1j3, in 
which the fluid properties have to be determined at the 
temperature given below [29] : 

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

oat0 ot Rergia and Rohscnow [231 

P=O.lS-0.26 MN/m2 
Y q= 1.26-9.7’8 MW/m2 

_2’ 26 - G= 2044- 1735S5kg/m2s 

2 24_A~ob=w-~~.3~ / 

d =0.00239 m 

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, 470-17355 kg/m2 s; 

4* 0.13-9.8 MW/m’; 
AT,,,, 2.6-108 K; 
d ff* 0.~239-0.032 m; 

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 
demonstrate in [31], the degree of superheating at the 
IPB cannot be determined from the formula q, = h,(T, 

-ml. 
In order to correlate the superheating data of 

Bergles and Rohsenow taken in a stainless steel 
circular tube 1231, 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 

In order to correlate the data for max~um bubble 
diameter (or bubble departure diameter) at the IPB the 
correlation derived by the author to determine the 
maximum bubble diameter of a subcooled nucleate 
flow boiling bubble has been modified [32]. The 
aforesaid correlation is based on a heat-transfer con- 
trolled bubble model and is valid for the dete~ination 

Measured AI&, 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 
bubMe is thus not affected by liquid agi~tion 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 al. [33] taken from an 
artificial nucleation site manufactured from stainless 
steel, as shown in Fig. 12 and given below: 

Dd = 1.725 lo-’ a(b~)-1’2P1.07z (36) 
where 

a= 
AT,,k,[k,p,cl(kpc,),l”Z 

2wWl@c,)l:‘2 (37) 

b= 
AT,, 

2(1 _P”/Pl) 

l CT1 -TN0 data (Table 2) 

Q0305- 

x Data of Abdelrrpsih et& [33] 
P=O.lOS MN/m 
q=O.41 MN/m2 

AT.,D= 1.94K 

(38) 

FIG. 12. Correlation of the data for maximum bubble diameter at the IPB. 
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for u > 0.61 m/s (39) 
UO 

@=l for u < 0.61 m/s (40) 

u. = 0.61 m/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 

R&me-On a determine la fraction de vide au moyen de la photographie ultra-rapide pour l’ebullition 

nucltte sous-refroidie dans l’ecoulement de l’eau. Les don&es obtenues ainsi que celles d’autres auteurs 
relatives a I’ecoulement adiabatique d’un melange d’eau et de vapeur d’eau et a l’ebullition saturee de 
I’eau ont conduit a une correlation qui s’applique aux conditions suivantes. 

Geometric: tubes verticaux circulaires; canaux rectangulaires et annulaires; pression 2-159 M N/m2; 
vitesse massique 388-3500 kg/m’ s; fractionde vide O-99 pour cent; diametre hydraulique 0,0047-0,0343 m; 
flux de chaleur: adiabatique de O,Ol-2,0 M W/m’; precision: 12,5 pour cent. 

La valeur du parametre dit de distribution (ou d’tcoulement) a ett determinie experimentalement et 
trouvee &gale a 1 pour un tube vertical circulaire de faible diametre. 

Le point de debut d’ebullition pour l’ebullition nucltee sous-refroidie dans l’ecoulement de l’eau a 
et& determine a l’aide de la photographie ultra-rapide. Les donnees obtenues et les don&es disponibles 
dans la litterature ont conduit a une correlation valable pour les conditions suivantes. 

Geometric: plaque, tube circulaire et annulaire avec tubes chat&s a l’inttrieur seulement, a l’exterieur 
seulement ou al’interieur et a I’exterieur; pression: 0,15-159 M N/m’; vitesse massique 470-17355 kg/m%; 
diamttre hydraulique 0,00239-0,032m; flux de chaleur: 0,13-9,8 M W/m*; sous-refroidissement: 2,6 
108 K, materiel de la surface chauffee: acier inoxydable et nickel; precision: 27,5 pour cent. 

Les diamttres maximaux des bulles ont et& mesurts au point de debut d’ebullition. Ces donnees et 
celles disponibles dans la litterature ont ete correlies pour le domaine de pression de 0,l a 159 M N/m2. 

DAMPFVOLUMENANTEIL UND STELLE ERSTER BLASENBILDUNG WAEHREND 
DER UNTERKUEHLTEN SIEDESTROEMUNG VON WASSER 

Zusammenfassung-Der Dampfvolumenanteil fir die unterktihlte Siedestriimung von Wasser ist mittels 
ultraschneller Fotografie bestimmt worden. Die erhaltenen Daten und die Daten von verschiedenen 
Forschern fur adiabatische Dampf-Wasser Gemischen und fur gesattigtes Sieden des Wassers haben eine 
Korrelation im folgenden Bereich erbracht: Geometrie: vertikale, kreisrunde Rohre, rechtwinklige Kanlle 
und Spalte; Druck: 2--15,9 MN/m’, Massengeschwindigkeit: 388-3500 kg/m2 s; Dampfvolumenanteil: 
O-99 Prozent; hydraulischer Durchmesser: 0,0047-0,0343 m; Warmestromdichte: adiabatisch und 
O,Ol-200 MW/m’; Genauigkeit: 12,5 Prozent. 

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

Die Stelle der ersten Blasenbildung fur unterktihlte Siedestromung des Wassers ist mittels ultraschneller 
Fotografie bestimmt worden. Die erhaltenen Daten und die in der Literatur zur Verhigung stehenden Daten 
haben zu einer Korrelation gefihrt, die fir die folgenden Bedingungen gilt: Geometrie: Platte, kreisformige 
Rohre und ringformige Spalte von innen, van-aussen und sowohl innen als aussen beheizt; Druck: 
0.15-15.9 MN/m2: Masseneeschwindinkeit: 470-17355 keim’ s: hvdraulischer Durchmesser : 
O&)239-0,032’m; Warmestromdichte: O,l?-9,8 MW/m’; Unter&hlung: 2,6:108 K; WerkstotTder Heizob- 
erfllche: 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 fir den Druckbereich von 0,l bis 15,9 MN/m’ korreliert worden. 

OFjbEMHOE IIAPOCOflEPXAHME M B03HMKHOBEHME 
IlY3bIPbKOBOIO KMIIEHMJI B IIOTOKE 

HEAOI-PETOH XKMKfiOCTM 

AmioTawm - 06beMHOe napoconepxasue onpenenanocb nyTeM BbtcoKocKopocTnoro choTorpa&T- 

pOBaHlla BO BpeMa IlyJblpbKOBOrO K)lneHIIR B nOTOKe HeaOrpeTOfi BOflbl. nOnyYeHHble pe3ynbTaTbl 

H JlTiTepaTypHble IlaHHble n0 anLia6aTWIeCKOMy nOTOKy napOBOnaHblX CMeCeil II KMneHHtO HaCblUleH- 

HOh BOnbI B 6onbLuoM o6aeMe 6btnri o6o6ureHbt nna CnenyKuMx yCnOBrtti : reoMeTpHn: BepTwKanbHo 

HalTpaBJleHHble KpyrJlble TPY~KM, npaMOyrOJlbHble M KOJtbUebble KaHanbl; RaBJleHMe: 2-15,9 MH/M’; 

MaCCOBaR CKopOCTb: 388-3500 Kr/M* ceK; 06beMHoe napoconepxattue: O-99”/;; nnaMerp noroka: 
0,0047-0.0343; TenJlOBOh nOTOK; aIUia6aTWIeCKHii II 0,01-2,0 MET/M’. TO’lHOCTb KpHTepuaJTbHblX 

ypaBHeHllii COCTaBnRna 12,5x. Benmuiua TaK Ha3blBaeMOro napaMeTpa pacnpeneneHHn 6sina 
3KCnepHMeHTaJlbHO HaifneHa paBHOii eDHHIlUe DIlR BepTMKaJtbHOti KpyrJlOii Tpy6~u C He6OnbUlMM 

nHaMeTpOM. B03HHKHOBeHHe ny3blpbKOBOrO KllneHHa B nOTOKe Hen@rpeTOn BOabl onpenennnocb 
C nOMOtUbH3 BblCOKOCKOpOCTHOrO CjIOTOTpa&TpOBaHMa. nO,lyVeHHble pe3yJlbTaTbl H MMetOtltHeCa 

naTepaTypHbie naHHbte 6binH npoKoppenuposaubt nnx cnenymuwx ycnostiif : reoMeTpus : nnacTnHa, 

Kpyrnble T~Y~KII A KOnbUeBble ~py6KW C BHyTpeHHWM, BHeUlHHM H OnHOBpeMeHHO BHyTpeHHHM H 

BHetIlHHM HarpeBOM; naBJleHue: 0,15-15,9 MH/M’; MaCCOBaR CKOpOCTb: 470-173 551 KT/M* CeK; 

runpasnerecrai? nuaMerp: 0,00239-0,032 M; Tennosoti noToK: TeMnepaTypa Henorpesa: 2,6-108 K; 
MaTepAaJl 06OrpeBaeMOk IlOBepXHOCTH: HepxaBeIouan CTanb M HMKenb. TO’lHOCTb o6pa6oTKw - 

275 %. MaKClrMaJlbHble IlAaMeTpbl ny3blpbKOB T43MepaJluCb B MOMeHT B03HMKHOBcHHR KMneHMR. 

3TLT pe3ynbTaTblH JlllTepaTypHble naHHble 6blm npoKoppenMpoBaHbl nnfi auana3oHa 3aBneHm OT 
0,I no 15 MH/M~. 


