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Abstract—It is well known that both the number and size of bubbles must be accurately determined for
the initial calculation of flashing void development downstream of flashing inception in ducts, nozzles and
restrictions. This paper presents a new method of accurately determining both for small geometries with
water, which results in accurate calculation of the downstream void development. A wall cavity model
is described for use in the calculation of nucleation rates and bubble number densities at flashing inception,
and subsequently in the calculation of the void development downstream of minimum area zones in
nozzles. The model is based on the physics of the nucleation phenomena in flashing and considers transient
conduction to be the sole means of heat transfer from the superheated liquid to the vapor bubble. The
activation criterion developed for site nucleation is one-sided, due to the uniform superheat, rather than
two-sided as in boiling. A figure of merit for the particular fluid solid combination is then determined
which yields the minimum nucleation surface energy per site. Characteristic site nucleation frequencies and
the number densities of nucleation sites of given sizes are then obtained from the data, providing the first
link between a surface-characteristic-based nucleation and evaporation model and global behavior. Throat
void fractions for all data found in the literature are <1%, confirming earlier assumptions. A bubble
transport equation is used to predict the number density and size of bubbles at the throat. Throat
superheats are then calculated for all throat superheats up to ~ 100K and expansion rates between
0.2 bar/s to over 1 Mbar/s, with a standard deviation of 1.9 K. This extends previous correlations by more
than 3 orders of magnitude. As a result, flow rates can be calculated to within 3% of measured values
using a combination of single-phase theory and accurate calculation of the throat pressure under critical
conditions. This provides a valuable consistency check to independent critical flow predictions.

Key Words: critical flow, nucleation, bubble growth, bubble number density, cavities, vapor generation,
interfacial area

1. INTRODUCTION

The discharge rate of subcooled liquids from pressurized containers is of interest in many situations
which apply to the safety of chemical, process and nuclear equipment. Critical flow phenomena
limit the discharge rates, but the analysis of critical flow rate becomes difficult due to both
mechanical and thermal nonequilibrium effects. An accurate knowledge of flashing phenomena is
essential in the determination of critical flow rate and, thus, for such things as cooling inventory
or forces on piping and vessels. Accurate calculation of flashing has been previously shown to be
the key to predicting such discharges when the inlet flows are subcooled (Abuaf et al. 1980, 1983).
While the critical condition may not occur at the throat in two-phase evaporative flows, it is useful
to utilize this location for calculational purposes, and this has been the general practice.

“Flashing inception” is usually taken to mean the start of significant void development, much
in the same manner as the net vapor generation (NVG) point is considered in boiling. Abuaf et al.
(1981) showed that the flashing inception of initially subcooled liquids was experimentally observed
to be confined to regions very close to the throat. Single-phase calculations thus gave critical flow
rates within a few percent. No theoretical explanation for these observations, however, was
available and only the models of Alamgir & Leinhard (1981) and Jones (1980) were available to
predict “inception” superheat, thus giving throat pressures.

Both the initial size and number density of the bubbles, or the equivalent, are needed to provide
closure for calculations of void development downstream of the throat in nozzles (cf. Malnes 1975;
Rohatgi & Reshotko 1975; Wolfert 1976; Ardron 1978; Aguilar & Thompson 1981). Typical past
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practice was to provide an estimate of the initial void fraction (typically < 1%) and number density
(typically 10%-10'"> m~%). Resultant void growth calculations have not been in good agreement with
existing data in either trends or magnitude.

It is the purpose of this paper to describe a composite model for continuous nucleation in the
superheated zone upstream of the throat for single-component liquids with particular reference to
water systems. This model will utilize fundamental physical principals together with empiricism
where necessary. For the first time in the phase-change literature, a method is given for coupling
the basic thermofluid descriptions of surface-cavity-based bubble nucleation with the global flow
parameters such as superheat, void fraction, pressure loss and flow rates. It will be shown in the
companion paper (Blinkov et al. 1993, this issue, pp. 965-986) that these results lead to reasonable
calculations of void development downstream.

2. BACKGROUND

Flashing Inception and Critical Flows

Early literature reviews of the critical discharge of flashing flows were presented by Saha (1978)
and by Hsu (1972). Homogeneous equilibrium models were shown to underpredict critical
discharge rates for short pipes and near saturation or subcooled upstream conditions due to the
liquid superheat and resultant underprediction of void fraction. Abdollahian et al. (1982) reviewed
two-phase critical flow models varying in complexity from simple correlation-type models to
complex two-fluid models.

Many experiments have been undertaken with critical flow in nozzles and orifices. Bailey (1951)
conducted one of the earliest experiments to investigate the metastability of initially subcooled
water, finding only small superheats. Brown (1961) and Schrock et al. (1977) later observed throat
superheats up to nearly 100°C, reporting pressure profiles and critical flow rates. They noted that
both the number and size of bubbles are needed for prediction.

Powell’s (1961) subcooled-inlet critical flow data, having only inlet and exit pressures and inlet
temperatures, remained poorly predicted until Abuaf et al. (1980, 1983) obtained data indicating
negligible throat void fraction and predicted the data base on the throat superheat model of
Alamgir & Lienhard (1981).

Simpson & Silver (1962) used a kinetically-derived nucleation rate model along with the Plesset
& Zwick (1954) bubble growth model to calculate flashing critical flows. This model gave good
agreement at small superheat but diverged from experimental data at large superheat.

Edwards (1968) used a conduction-controlled bubble growth law at constant superheat and
constant pressure to formulate the mechanism of vapor generation during depressurization but
needed to make an assumption regarding initial sizes and number densities.

A slip flow model was developed by Moody (1966) but it is based on thermodynamic equilibrium.
Its simplicity has resulted in its widespread usage in nuclear safety analysis and it provides a
reference prediction of critical flow rate for many two-phase flow conditions.

Henry & Fauske (1971) accounted for nonequilibrium effects at the choking plane as x = Nx,,
where x, is the equilibrium, thermodynamically-derived quality, x is the actual quality and N a
parameter. They matched their results well with the experiments for qualities > 1% but it was later
found that N needed to be adjusted to predict other results such as the 1979 Marviken critical flow
data (EPRI 1979) adequately. A similar approach was used by Bauer er al. (1976).

Jones & Saha (1977), Riebold et al. (1981) and Jones (1982) have subsequently shown that the
linear relationship suggested by Henry & Fauske (1971) makes the de facto assumption that the
rate of change of the actual quality with equilibrium quality is a constant, contrary to results
obtained from basic mass conservation and neglecting the real relaxation phenomena. Fluids in
thermal nonequilibrium tend toward the equilibrium state at rates governed by the interfacial
processes, independent of the equilibrium path driving the phase change.

Sozzi & Sutherland (1975) found that geometry played an important role in critical flow
phenomena, particularly for short nozzles. Critical mass flux was observed to decrease with
increasing throat diameter.

Malnes (1975) used a conduction-controlled bubble growth law similar to Simpson & Silver
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(1962). Two dimensionless empirical constants were needed for data prediction. Those obtained
based on the data of Henry et al. (1970), however, did not predict well the data of Fauske (1964).

Rohatgi & Reshotko (1975) also used a method similar to that of Simpson & Silver (1962), again
needing two unknown parameters for closure which they determined from experimental data.
Simoneau’s (1975) nitrogen experiments were predicted by choosing a nucleation site density of
about 10®m®.

Fritz et al. (1976) pointed out that the bubble number density was the most uncertain factor in
their model. They recommended bubble number densities between 10® and 2 x 10" m~* for water
temperatures of 250-325°C.

Wolfert (1976) again found that two independent parameters needed to be chosen to make
comparisons with the data. Different data required different initial void fractions and number
densities of bubbles. Values of the order of 10° m 2 for number densities were chosen together with
a minimum void fraction of 107¢, corresponding to a minimum bubble diameter of 7.2 mm.

Aguilar & Thompson (1981) used number density and superheat as the two independent
parameters and chose 10° m ™3 as the bubble density. Constant superheat did not adequately predict
the nonequilibrium flashing in rapid depressurization.

Ardron (1978) also introduced a nucleation model based on the kinetic theory and used a simple
growth rate model for bubbles. The two empirical factors they chose were nucleation superheat
(3°C) and nucleation site density (10°m™?).

Winters & Merte (1979) formulated a model that treated the expanding two-phase fluid as a
pseudo-homogeneous mixture of uniformly distributed, heat transfer dominated, spherical vapor
bubbles surrounded by superheated liquid. Poor agreement was obtained with this critical flow
data.

Zimmer et al. (1979) reported carefully controlled, degassed, steady flow experiments with
detailed pressure and two-dimensional void profiles. Flashing inception superheats were found to
be important in determining void development downstream of the inception point. For the first
time, void data were obtained showing negligible voids at the throat.

Rivard & Travis (1980) based their model on a description of turbulence-enhanced, thermal
diffusivity in the liquid and a Weber number criterion for bubble size. They chose an initial void
fraction of 2 x 107* and an initial bubble number density of 10° m~3, which resulted in an initial
bubble diameter of 7.2 x 10~>m. The calculated critical flow rate deviated from the Semiscale
blowdown tests by up to 20% shortly after the initiation of blow-down.

Richter (1981) introduced a two-fluid model which required assumption of an initial bubble size
and a fixed nucleation site density at the onset of flashing. He chose an initial bubble number
density of 10" m~? and an initial bubble diameter of 2.5 x 10~°m. Marviken test data were
adequately predicted but prediction of other data such as that of Reocreux (1976) required
adjustments.

Celata et al. (1982) investigated the critical flow of subcooled liquid through different channels.
They reported data on the critical mass flow rate at different degrees of inlet subcooling and static
pressure profile along the channel.

While the previously described research utilized water-based systems, several works on flashing
phenomena with cryogenic liquids in a converging—diverging nozzle were reported by Simoneau
(1975) and by Hendricks et al. (1976). Their data included the axial pressure distribution along the
nozzle and the critical flow rates for various subcooled inlet conditions. They found that the fluid
appears to be a metastable liquid upstream of the throat and that no model adequately describes
the whole range of the experiment.

The matter of initial superheats was first examined by Alamgir & Lienhard (1981) who developed
a semi-empirical correlation motivated by classical nucleation theory to predict the pressure
undershoot at the onset of flashing below the saturation pressure during a rapid depressurization
in water covering the range from 0.004 to 1.8 Mbar/s. Jones (1980) then incorporated this model
into a Lagrangian description of flowing decompression in pipes and nozzles to include the effects
of turbulence, but did not extend the dynamic decompression range.

Abuaf et al. (1980, 1983) utilized a combination of the Alamgir-Lienhard and Jones approaches
to determine the superheats at the throat in nozzles. They hypothesized that void development
upstream of the throat was negligible. Critical flow rates were then based on single-phase flow
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equations using the throat pressure taken based on the predicted superheat. Results were within
5% of the experimental values for a wide range of experiments reported in the literature.

Saha et al. (1981) developed a model for the net vapor generation rate in each flow regime
downstream of the throat. The bubble number density and initial void fraction at the flashing
inception point were varied to obtain optimum fits with the void fraction data. The mode! also
required a priori knowledge of the liquid superheat at flashing inception to obtain reasonable
agreement with Zimmer et al.’s (1979) data for void fractions <20%.

Levy & Abdollahian (1982) used a slight modification to the Alamgir-Lienhard correlation based
on the data of Reocreux (1976) and Zimmer et al. (1979). Their final expression for the critical
flow rate was virtually identical to those proposed by both Abuaf et al. (1980, 1983) and Fincke
et al. (1981).

Schrock & Amos (1984) conducted experiments for flashing flows through slits. They found that
the inhomogeneous equilibrium (IHE) model predicted the measured mass flux quite well in spite
of considerable underprediction of the exit pressure. They also found the prediction of Alamgir
& Lienhard (1981) for flashing inception to be quite inaccurate in some cases, but no reasons were
given.

Summary of the flashing literature

In general, most models failed in the prediction of critical flow rates outside the data base utilized
for setting parameters in the correlation. Critical flow data for initially subcooled flows data up
to about 1981 had one thing in common: flow rates are consistently higher than predictions based
on equilibrium theory. The consensus was that to account for the observations significant thermal
nonequilibrium must be present, yielding significant liquid superheat and much less void develop-
ment than equilibrium values would suggest. Predictions of throat superheat improved calculations
of critical flows but did little to advance the understanding of the process.

Analyses of these situations required two independent parameters at the “‘start” of the flashing
process. These parameters generally were the equivalent of the initial bubble number density and
size. All bubble growth models used were applicable only to uniformly superheated liquids. Jones
& Zuber (1978), however, demonstrated that the constant pressure theories of Plesset & Zwick
(1954), Forster & Zuber (1954) and Scriven (1959) failed when applied to the transient pressure
field.

All early modeling efforts assumed that the bubbles become uniformly distributed in the flow
regardless of the nucleation site, but no consensus exists on the location or distribution of the
heterogeneous nucleation sites. Simpson et al. (1962), Rohatgi & Reshotko (1975), Malnes (1975)
and Ardron (1978) all assumed that heterogeneous nucleation sites occur in the bulk fluid.
However, the BNL experimental work of Zimmer ez al. (1979) and Abuaf et al. (1981) showed
conclusively that the important nucleation sites are at the perimeter of the channel, at least for small
ducts. That this is generally the case in all geometries, however, has not yet been shown and indeed,
is quite open to question.

Nucleation

Numerous studies have been undertaken with bubble nucleation on the surface in boiling.
Among them, Bankoff (1958) studied the theoretical thermodynamic aspects of the nucleation
process. He found that the free energy difference required for nucleation in a solid phase can be
smaller than, equal to or larger than that for the homogeneous phase, depending on whether the
solid geometry is a cavity, a perfect flat or a protruding point.

Later, Hsu (1962) analyzed the physics of bubble nucleation from cavities by using a model of
Hsu & Graham (1961). Hsu postulated that bubble growth from an incipient nucleation site would
begin when the whole surface of the hemispherical bubble surmounting this site was at a
temperature greater than the equilibrium temperature corresponding to a bubble of that radius.
His simplified nucleation criterion for boiling was found to agree with the experimental results of
Clark et al. (1965) and Griffith & Wallis (1959). The early work of Bankoff, and the following work
by Hsu formed the foundation of present concepts of boiling bubble-formation phenomena.

Han & Griffith (1965) proposed a similar nucleation criteria to Hsu’s except that the constant
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was altered. Both of the proposed models for nucleation require knowledge of the thermal
boundary layer thickness. These models were verified qualitatively by Bergles & Rohsenow (1962).

Shoukri & Judd (1978) developed a theoretical model for bubble departure frequency in boiling
as a function of the cavity radius as well as the wall superheat and liquid subcooling. In their model,
the time variations of the wall temperature through the bubble cycle are incorporated.

Jones & Shin (1986) used Hsu’s concept but showed that nucleation at cavities in uniform
superheat had somewhat different physics than that in boiling. They developed a one-sided
nucleation activation criterion for such cases. Shin & Jones (1988) then reported on the use of this
activation criterion together with a method which allowed characteristic cavity values for a given
surface to be obtained. The result provided the first method of coupling active cavity considerations
to a nucleating surface to obtain bubble number densities.

Kocamustafaogullari & Ishii (1983) developed a model to describe the nucleation site density in
subcooled boiling in dimensionless terms. They used the Fritz (1935) departure size for bubbles
and Zuber’s (1963) bubble departure frequency, recognizing their dubious value in this application.
In their case the wall nucleation rate is proportional to the 4.4 power of the local wall superheat.
This correlation was utilized in an attempt to predict the nucleation site density in flashing systems
(Jones & Shin 1984) and the resuitant void distribution. It was found, however, that the resultant
nucleation rates were significantly lower than those needed to obtain proper predictions. It was this
finding which led to the present realization that nucleation in subcooled boiling and that in flashing
were sufficiently different to require separate consideration.

Review Summary

Up until quite recently, then, the general state of knowledge relating to the flashing of initially
subcooled liquids was as follows:

1. The general consensus is that thermal nonequilibrium plays a strong role in the
behavior of flashing of initially subcooled liquids in nozzles.

2. Numerous models for nucleation inception have been suggested. None have been
found to be adequate and all, generally, were found to rely on two or more
empirical estimates, such as bubble number density and initial void fraction. None
have any general validity.

3. The initial flashing process has been largely treated as an inception phenomenon.
Little has been done to consider the distribution of nucleation over the entire
superheated region, even though it is well known that this is actually the case.

4. The flashing zone in nozzles is confined in practice to a region very close to the
location of minimum pressure. No adequate explanation for this behavior exists.

5. The process of nonequilibrium vapor generation is an initial-value path-dependent
process. Description of the initial value or initiation of this process has yet to be
determined on other than an ad hoc basis.

6. No coupling has yet been made between the thermophysical description of bubble
nucleation and growth at a surface cavity and the global flow parameters such as
superheat, void fraction, pressure loss and flow rates.

7. Nucleation processes in subcooled boiling and those in flashing represent basically
different physical processes needing different mathematical descriptions.

3. ANALYSIS

The transition from liquid to a two-phase mixture through pipes and nozzles by flashing usually
takes place in several stages. Initially subcooled liquid encounters a region of decreasing pressure
which may depend on acceleration and/or friction (figure 1) and is brought to a saturated state.
A further decrease in pressure causes the liquid to become superheated. As liquid superheat is
obtained, bubble nucleation starts, slowly at first and then more rapidly as the superheat increases.
The nucleation rate is a strong function of the thermodynamic state of the superheated liquid,
sometimes varying by orders of magnitude over very small temperature spans.

Nucleation rates will first increase to a maximum value. Nucleation has been shown to occur

IIMF 19/6—C
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on solid boundaries, at least in laboratory situations, and so heterogeneous wall nucleation shall
be the mode considered herein. It is expected that the nucleation rate will subsequently decrease
due to evaporative cooling of the liquid boundary layers adjacent to solid surfaces. In this respect
it is similar to the formation of condensation nuclei in shock tubes (Wegener 1969, 1975). The net
result is a limited nucleation zone, wherein virtually all the bubbles which go into the subsequent
void development process are formed.

Following the nucleation zone, bubbles will grow as they flow downstream, generally limited by
conduction processes at liquid—vapor interfaces. It is expected that spherical bubble growth
processes will dominate void development in the early stages of the process, and perhaps up to quite
high void fractions owing to the rapid transport times and the limited times available for bubble
agglomeration in high-speed flows. This problem will be treated in the companion paper (Blinkov
et al. 1993).

The analysis of this problem, therefore, will be broken up into three stages:

1. Nucleation, growth and departure at a single cavity.
2. Overall nucleation zone and bubble transport to the throat.
3. Void development downstream of the throat.

The first two will be discussed in turn. The third will be the subject of the companion paper
(Blinkov et al. 1993). Single-cavity nucleation theory in uniform superheat has been reported
previously (Jones & Shin 1986) as well as the use of this theory for calculating continuous
nucleation in the superheated upstream of the throat in nozzles (Shin & Jones 1987). These will
only be summarized herein.

Single-cavity Nucleation
Cavity activation

The first problem is to develop a criterion for determining when cavities are active. Consider the
differences between flashing and boiling. One major difference is the way in which the thermal layers
adjacent to the walls behave. As shown in figure 2(a), the wall layer in subcooled boiling is
superheated and a bubble at a cavity would be stable and support growth if it were completely
confined in the superheated layer (Hsu’s criterion).

For flashing [figure 2(b)], the liquid is uniformly superheated away from the cavity. At the cavity

sup, 0
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I
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Figure 1. Schematic of the nucleation zone in a converging nozzle.
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(a) -..boiling (b) ...flashing
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Figure 2. Stability criteria for cavity nuclei: (a) subcooled boiling; (b) flashing.

during growth, the wall drops to saturation and then recovers as the wall and liquid start to
equilibrate following departure of the vapor nucleus. The equivalent to Hsu’s nucleation criterion
for flashing is that a stable bubble will nucleate when the wall temperature increases to the
saturation temperature inside a bubble of radius identical to that of the cavity.

An expression for the transient liquid temperature, and hence the contact-line temperature
following departure, can be determined by analyzing the combined fluid—solid conduction problem
at a nucleation site but ignoring the geometry of the site itself. The following assumptions are made:

The problem is one-dimensional and the actual cavity geometry is ignored.
The properties of the liquid and solid are constant.

There is no contact resistance between the solid and liquid.

The liquid and solid are semi-infinite and stationary.

The liquid has uniform superheat far from the solid.

Convection of the liquid is negligible.

SR e

The problem is broken up into two intervals: bubble growth period to departure; dwell time
between departure and nucleation. A detailed solution to this problem may be found in Jones &
Shin (1986).

Stage 1—growth period. During this time, the vapor temperature inside the bubble, and hence
at the vapor—solid interface, is at the saturation temperature according to the internal bubble
pressure. It is assumed that this pressure decreases rapidly and has a value characteristic to that
according to the local liquid pressure. The wall temperature, then, is assumed to start at uniform
superheat and undergo an instanteous decrease to the local saturation temperature. The solution
to this problem is well known to be

Ts(ys t)— Tsat Ts—Tsat ( —) )
= = erf 5 [l]
Tsup - Tsat ATsup 2/ ot

where the distance into the solid, y, is negative; T is temperature with the subscripts s representing
the solid, sat representing the saturated state in the liquid and sup representing the superheated
state in the liquid, AT,,, is the positive value of the liquid superheat, «, is thermal diffusivity of
the solid and ¢ is time. Of course the assumption implies the wall equilibrates towards the superheat
temperature during the dwell times and towards the local saturation temperature inside a large
bubble during growth periods, and is strictly applicable only to the case where the dwell and growth
times are “sufficiently” long.

Stage 2—dwell period. During this period, which begins with bubble departure, uniformly
superheated liquid impacts the solid, an interfacial contact temperature is established and both
liquid and solid begin to equilibrate towards the uniform superheat temperature of the bulk liquid.

The solution to stage 1 will provide the initial conditions for the solution to this stage. In this
case, both liquid and solid are considered with one-dimensional conduction equations for each. The
problem to be solved is thus

¥T,_101, _ OT_ 10T,
= oL

=_ L 2
o, Ot oy? a 0t° [2]
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subject to the initial conditions (at 1 =0, for y <0)

Ts(y.0)=Tsal+ATsuperf< Y > 3]

2/ at,

where 1, is the growth time of the precursor bubble. Boundary conditions require that the fluid
and solid temperature match at the interface so that, with the subscript L representing the liquid,

aty =0, T,00,1)=T.(0,1), [4]
and also the heat flux, so that
oT, 0T,
ty= k.—=k —.
a y 0, s ay kL ay [5]

Here, k, and k; represent the thermal conductivities for solid and liquid, respectively. Furthermore,
both liquid and solid temperatures must be well behaved everywhere so that

as y—oo, Tp(y,t) is finite (6]
and

as y—»—oo, T,(y,t) Iis finite. (7]

The solution for the liquid temperature distribution in dimensionless terms with reference to the
temperature of the superheated liquid is

* (—1)"H2n(i)

n n\ 2 _[(-n Jt
O.(n,7) = | erf —erf(2)-2 .8
(n,7) er( —r—1> er <\/§> nexp< . )Zn!zh(2n+l)(\/§)2"+‘ 8]

n=0

where H,, is the Hermite polynomial, and where

n=— 9]
2/ apt,
and
t+t,

[10]

and the dimensionless temperature is defined as

— TL(y7 t) - Tsu (kQC)L
@L(”’”=< T — T p)[”\/(kecx]' [t

The parameters ¢ and C are density and specific heat, respectively. The transient temperature
distribution is shown in figure 3(a). Note that by the choice of parameters, the different
combinations of material properties are automatically accounted for without a change in the
dimensionless temperature profiles. As time progresses, the dimensionless temperature @, (1, 1),
which is negative, vanishes and thus represents the degree to which the thermal boundary layer
has been depressed from uniform superheat.

The contact-line (wall) temperature time behavior is obtained from [8] by letting the distance
from the wall, y, vanish to obtain

@ (2n)!
=0 (n1)?27(2n + 1) (S

2
Ou(1)=6.0,7)= — (12]
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With increased dwell time the contact-line temperature [figure 3(b)] increases back toward the
superheat temperature. At some point, this temperature will be sufficiently large to sustain stable
nucleation at a given cavity.

Using the Clausius—Clapeyron equation, the saturation temperature corresponding to the local
inside pressure of a bubble with a radius R, is given by

20T, (kQC)L]
Orc = ——:—'—1 1+ s 13
Re (eGAzFGRcATsup )[ \ %), [13)

with g the vapor density and Air is the latent heat. Following Hsu (1962), the expression for the
minimum active cavity size comes directly from the Laplace equation for a metastable bubble
which, when combined with the Clausius—Clapeyron equation, yields

Rc,min AiFG A Tsup [1 4]
20T 0r

* —
R c,min =

(a) 0 v — —
s 7=
g:_j‘ -0.1+ \i B
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Figure 3. Dimensionless liquid temperature profiles and contact-line temperature during the waiting
period; (a) liquid temperature; (b) contact-line temperature.
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Figure 4. Minimum active cavity size as a function of wall  Figure 5. Figure-of-merit for nucleating surfaces. Maxi-
temperature. mum value of the minimum active cavity size.

The surface tension between the liquid and vapor is given by ¢ and the specific volume of
vaporization is vgg. Equations [13] and [14] are combined to give

. [k ] 1
Rc_min—{1+@w(t)|:l+ (kgc)s] } : [15]

This stability criterion is shown in figure 4. As the waiting time increases, @,, vanishes and the
minimum active cavity size approaches that associated with the uniform superheat. As the dwell
time vanishes, @, approaches its limiting value of negative unity and only large cavities can nucleate
since the wall superheat would be a minimum.

The difficulty in this analysis, of course, is identical to the difficulty in previous stability criteria
developed for boiling. While this procedure is useful in qualitatively explaining observations, it
requires quantitative information about the nucleating surface characteristics to be useful. This is
the subject of the next section.

Figure-of -merit

Actual determination of the nucleation site density, even if possible, is patently impractical. An
alternate approach would be to find a reasonable “figure-of-merit” which would be sufficiently
definitive to allow analysis to proceed.

While there is no theoretical basis for a minimum energy principle for nucleation at cavities, it
may be that preferential nucleation might take place at cavities in a way whereby the surface energy
for production is minimized. If this were to be the case, nucleation would favor the maximum cavity
size which will produce stable cavities.

A figure-of-merit for the system is thus obtained by considering the surface to be made up only
of cavities producing the largest stable nuclei—those for which the dwell time vanishes and the wall

temperature is at its minimum value. Letting the waiting time vanish so that ©, = —1 yields the
maximum value of the minimum active cavity size from [15] as
(ke |7 17!
Max(R;'fmi,,)={1 ~[1 + , 16
keC), el

which is shown in figure 5. Having assumed the surface to be made up of cavities of this (fictitious)
size, one could proceed to calculate the needed quantities such as growth times, departure sizes and
nucleation frequencies, and see if the results proved useful. By considering this figure-of-merit, the
dwell time between bubbles has been neglected. Therefore, calculation of the growth rate through
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standard methods, coupled with a departure size criterion, will then yield the nucleation frequency
at a given site, this frequency being a maximum value.

Bubble Departure Size
By balancing drag and surface tension forces, the departure radius of a bubble is given by

40R,
Cporw %_B ’

where K accounts for, among other things, the fraction of the surface tension forces acting in
opposition to the drag and wy is the average axial velocity over the bubble producing a drag
coefficient Cp,. It is assumed that all the bubbles grow entirely within the viscous sublayer. (This
assumption has been confirmed by the result.) The average velocity is given by

1 2"d(‘i:wy> 1, Ry
wa==— | (22 )dy =2, [18]
L ZRJO u u

where 1, is the wall shear stress and u is the liquid viscosity. The normal turbulent friction
coeflicient (Schlichting 1979) is used to calculate the wall shear stress with the corresponding
friction coefficient given by

R,=K [17]

2
- ’;z =0.0791 Re;'™; [19]
LWL

C=

Rep, is the local Reynolds number based on the duct diameter, D, and w; is the local mean flow
velocity. This assumption will underestimate the wall shear in nozzles where the duct convergence
suppresses the boundary layer, thereby steepening the gradients. This will lead to late departure
estimates and underestimated frequencies, tending somewhat to offset the vanishing dwell-time
estimate. Of course, the estimate will be reasonably accurate with straight ducts. The departure size

thus becomes
R,= /(l‘ff) 4oR. [20]
Tw Chor

with g; the liquid density. The drag coefficient is taken to be (Schlichting 1979)

24
R_CB RCB <1

Co= 18.5Re;" 1 < Reg < 500 21]
0.44 500 < Reg < 2 x 10°

where Rey is the local bubble Reynolds number based on w . The departure size in dimensionless

terms thus becomes
_ 5 ﬁ 1/2 & 7110 l 3/107)5/7
R, = 0.5787K [( &) ) ] 2]

which can be nondimensionalized to yield

R, 0818/ K2 \¢/ 1 \¥
R¥="4= . 2
¢ Rc ~ Cf (WecL> (RecL) [ 3]

Both the Weber and Reynolds numbers are based on the mean flow velocity and the cavity size.
Thus, We,, = ¢, R.w? /o and Re,; = R w; /v.. Recall that K accounts for the fraction of the surface
tension force which opposes the drag at departure. It is arbitrarily taken as unity in what follows.

The available data on flashing in pipes and nozzles (Abuaf et al. 1981; Reocreux 1976; Brown 1961;
Celata et al. 1982; Wu et al. 1981; Sozzi & Sutherland 1975; Bailey 1951; Ardron & Ackerman 1978)
were examined and departure sizes calculated using [22] with K = 1. For all these data, departure sizes
calculated to be in the range 1-100 mm were obtained. The smallest values correspond to the highest
flows and largest superheats near 100°C as expected. In all cases, the values of departure size
calculated were approximately equal to or larger than the given value of Max{R, ... }.
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Figure 6. Correlation of throat bubble departure frequen-  Figure 7. Distance traveled by one departing bubble in one
cies for “figure-of-merit” cavities. nucleation period relative to the departure diameter.

Bubble Nucleation Frequency

For wall nucleation conditions, the nucleation frequency per site and the site density are the
quantities which describes the system nucleation behavior. The cavity size distribution in the nozzle
should be characterized by that in the throat where the superheat and nucleation frequency is at
a maximum. Thus, the frequency in the throat will be determined and then used to obtain the site
density. The latter will then be used for the balance of the nozzle.

The data which exist in the literature (Abuaf er a/. 1981; Reocreux 1974; Brown 1961; Celata
et al. 1982; Wu et al. 1981; Sozzi & Sutherland 1975; Bailey 1951; Ardron & Ackerman 1978;
Reocreuxt 1976) were used to calculate the nucleation frequency for the figure-of-merit cavities
(assumed size). Growth rates were assumed to be thermal-diffusion-controlled (Plesset & Zwick
1954) rates. The results are shown in figure 6. The liquid superheats span the range from <1°C
to close to 100°C. A reasonable fit close to the least-squares condition of these data was found
to yield a maximum nucleation frequency of

Jonax = 10°AT 5y, (24]

with AT,,, in degrees Kelvin and frequency in hertz so that the coefficient has units of Hz/K’ or
s 'K ~*. Frequencies close to 10's~! were calculated at the largest values of superheat near 100°C.
These are unexpectedly large values characteristic of what one normally would expect at the lower
bound for homogeneous nucleation. In spite of the fact that these are artificial values, it is seen
in figure 7 that the ratio of the distance traveled in one period after departure, wy /f,..,, to the bubble

tNote that the experiments of Reocreux had a uniform-diameter inlet length with friction-dominated pressure gradient in
the single-phase zone up to the saturation zone followed by a flashing zone to a location termed the “col” where the
pipe diverged. This divergence point is herein termed the throat to be consistent with nozzle nomenclature.
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size at departure, 2R;, is generally above unity. In only two cases is this ratio below unity, having
values of 0.9 and 0.95 respectively, well within the accuracy of the calculation of R,.

The correlation for nucleation frequency is dimensional, a somewhat undesirable situation.
However, at this time no dimensionless method of correlating the data has been found to produce
results as well correlated as that shown.

Maximum Local Wall Nucleation Rate and Nucleation Site Density

It is typical of rapidly nucleating systems that the process of nucleation itself can turn off the
nucleation process due to the energy absorbed or liberated by the formation of the nuclei (Wegener
1969, 1975). Thus, it is expected that with sufficiently rapid nucleation, the available superheat in
the nucleation layer will be consumed. In order to calculate a maximum wall nucleation rate for
each set of data, the nucleation site surface density can be calculated as

2
Ni = QRN = RS Sum e 23]
fmax é
where J, ., is the maximum wall nucleation density which must be determined, A, is the local
cross-sectional area of the nozzle and ¢ is the local perimeter. Considering the nucleation wall layer,
a convective energy balance yields

_ 30 CLvre i
" AiggmR%(2)R2dz

where § is the thickness of a thin cylindrical disk of liquid of radius equal to the cavity radius having
the mass of the nuclei, Ry, is the local nozzle radius and z is the axial coordinate. Thus, considering
the nucleated bubble as a hemisphere of radius equal to the cavity radius:

5 =1 RC<Q—G>. 27
oL

The velocity in [26] is obtained from the universal velocity profile over the thickness 6 (Schlichting

1979).

Equation [26] must, of course, be evaluated for each given geometry. For pipe flow, R(z) is fixed
and the evaluation is relatively straightforward. For the case of a nozzle where the radius varies
linearly between R, at the inlet and R, at the throat, and where the acceleration pressure profile
in the nucleation zone can be approximately linearized, it is found that the wall nucleation rate

1S
Ci™\ (06AT.0 ! Z AR\ /[ z
Ty = 2.94 x 1073 =X <ot =257 N |’ o
w max x 10 <6ﬂ3/4Tsat>( QLLn >R;3/4(Z)|: (R)<LN>:| [ ]

where z is the distance from saturation (0 <z < L,), L, is the length of the nucleation zone, Ly
is the length of the nozzle, AT, is the superheat at the throat and r is the flow rate. This equation
can be nondimensionalized to yield

J R4 2

Twmax T ].296 x 102<91> H*()

(43

Ju [RN(Z)ATsup(Z) j 6 W(y)dy], (26]
0

QL CL A T:up,t R%ﬂ
0T LY

where the Reynolds number is the local value based on the flow rate and nozzle diameter. The
geometric function is given for the nozzle radius Ry = Ry(z) as

H*(z) = Ri [1 - 2.75(2—R> (i)] , [30]

with AR the radius difference between the inlet and outlet.

Values for the dimensionless nucleation site density can be obtained from the experimental data
cited previously. The dimensionless nucleation site density is shown in figure 8 and is well-correlated
by the ratio of the local superheat-related cavity size, R, to the bubble departure size, Ry, as

N*=10"7R*"*, [31]

E 3 —_
meax=

Redf?, 29]

WL

where R* = R, /R;. The least-square coefficient and exponent were 1.039 x 10~7 and —3.8,
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Figure 8. Correlation of dimensionless nucleation site density. Figure 9. Comparison of calculated bubble number

densities at the nozzle throat with other predictions.

respectively. Equation [31] shows the density of active nucleation sites to be proportional to
the square of the departure size and inversely dependent on the fourth power of the superheat-
related cavity size. The nucleation site density is thus proportional to the superheat to the
power of 4. Thus, both thermodynamic and hydrodynamic states are important. Increasing the
local velocity decreases the departure size and snuffs out active sites, in accordance with the
observations of Bergles & Rohsenow (1962) for subcooled boiling. An increase in frequency at the
remaining active sites would thus occur with decreasing pressure, increasing superheat and
increasing velocity.

It is interesting to compare [31] with that proposed by Kocamustafaogullari & Ishii (1983) in
similar form as

N:=f(p*)R* % for subcooled boiling, (32]
where
f(e*) =2.157 x 10779 *>¥(1 + 0.0049¢ *)*'3 [33]
with
A
er=o [34]
2

Typical values of the function of density are 8.3 x 1074, 4.6 x 10~!* and 1.7 x 10~'° for density
ratios of 1000, 100 and 10, respectively. Thus, even with similar superheat behavior, the major
differences are due to the coefficient. It is evident why the subcooled boiling formulation does not
work for flashing.
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Bubble Number Density at the Throat

It is reasonable to expect that the nucleation site density at the throat is characteristic of the rest
of the nucleation zone. The bubble number density at the throat may thus be determined by
approximate integration of the bubble transport equation as

Lll
Noy = — f Nos(@) fom @) 2, 351
wB.lAc,t 0

with wg the bubble velocity. The results are shown in figure 9 in comparison with the estimates
provided by Wu et al. (1981) on the basis of an assumed inception void fraction. Furthermore, the
values predicted by the subcooled boiling model of Kocamustafaogullari & Ishii (1983), developed
for subcooled boiling only, are also shown in the figure to be several orders lower than those
predicted herein, and indicate why this model did not predict results well for nozzles. It can thus
be seen that flashing and subcooled boiling are both quantitatively and qualitatively different in
their basic mechanisms, and correlations developed for one should not be used arbitrarily for the
other.

Throat Superheat

The wall nucleation rate may be written in terms of the nucleation site density and site frequency
as

anfmaxé .

A, [36]

Jw max =
From this point on, any terms involving the nucleation frequency must be dimensional in nature
due to the dimensionality of [24]. Recalling the expression for departure size, and using the cavity

size in terms of the superheat through the Clausius—Clapeyron equation, the throat superheat is
obtained as

S max e\
ATsup,t = <B—¢> ’ [37]
where the dimensional coefficient B is given by
= —4p9/7 QGAiFG 27 1
B =1.673 x 107*R; (20Tm CWeReT {38]

with SI units (m, kg, s) consistent with [37]. The coefficient 1.673 x 10~* has units of s=' K3,
consistent with the coefficient in the frequency equation given by [24]. A comparison between the
calculated and observed values is shown in figure 10. The standard deviation is 1.9°C, indicating
a reasonable accuracy in the calculation.

Void Development to the Throat

The void fraction at the throat may be found by integrating the vapor continuity equation to
obtain

1 %
€= Iy(z)dz. 39
= 2avn, L v(z) [39]
where the subscript “0” indicates, as before, the throat conditions. The volumetric vapor generation
rate is given as (Zuber et al. 1966)

d 1 : I ’ ’ ’
FV_E(ZJ; mg(z,2") J,(2')¢(z") dz ) (40]
where my(z, z’) is the mass of a bubble at z which was nucleated at z’. The mass of the bubble
at any location may be determined through the departure size at the nucleation site given by [22],
and an analysis for bubble growth in a variable pressure field (Jones & Zuber 1978).
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4. RESULTS AND DISCUSSION

Void Development to the Throat

In virtually all previous flashing models, the nucleation zone is treated as a single point of flashing
inception. This has been previously justified since the zone of supersaturation in many cases, such
as those with rapidly converging nozzles, is quite narrow. However, in this zone, the voids which
develop from the nuclei form the basis for interfacial mass transfer and subsequent growth
downstream. In other cases, such as constant-area flows with friction-dominated pressure profiles,
this is not the case. It is, therefore, important that both the size and number be determined locally
so that accurate calculations of void development may be undertaken.

Calculations were made for all runs in the previously referenced data sets (Abuaf ez al. 1981;
Reocreux 1974, 1976; Brown 1961; Celata et al. 1982; Wu et al. 1981; Sozzi & Sutherland 1975;
Bailey 1951; Ardron & Ackerman 1978), which comprised all the subcooled-inlet, critical flow,
nozzle data available. All had similar behavior. The smallest throat void fraction (figure 11) was
computed for Ardron & Ackerman’s Run C25, having a throat superheat of 1.66 K with 1.6 bar
inlet pressure. While the nucleation site density shown in figure 12 increased to approx. 140 m~?
with overall wall nucleation rates of about 5 x 10® m~*s~! (bulk equivalent), the throat void fraction
was only 107>,

The largest throat void fraction of 0.9% was calculated for Brown’s (1961) Run 39, shown in
figure 13, having a throat superheat of 81.6 K, an inlet pressure of 68.4 bar and a wall nucleation
rate at the throat of 3 x 10®m~3s~! (figure 14). This was 15 orders of magnitude larger than the
nucleation rate found for Ardron & Ackerman (1978). Note that the throat superheat of 81.6 K
represents a pressure undershoot of almost 59 bar.

Where measurements of void fraction exist, the agreement was within the experimental accuracy
of the experiment. This, however, is no real test, since the data are usually accurate to within 1-2%
voids at best and the computed maximum throat void fraction when data existed was on the order
of 6 x 107>, Nevertheless, the calculations and existing data support the original hypothesis of
Abuaf ez al. (1983) that flashing flows with a subcooled inlet had virtually all single-phase flow
upstream of the restriction or throat.

Critical Mass Flows

The work described above shows that negligible voids exist at the throat for flashing of initially
subcooled liquids and supports the original hypothesis of Abuaf er al. (1983). Single-phase theory

T T T T
10
100 — T T T —— w
L ] % 8 L
= . -
Q
5 T
gt W | Eef
g oofa 8
: 10 t‘ a° ] >
s 28 | EGEND ] 3 4r
F] ° oanm =
'a n O ARDRON ] <
S a A BALEY x
o 0 SOZZI-SUTHERLAND © 2
N 9 REOCREUX i e
© BROWN
O CELATA
1 1 | 1 1 0 i 1 !
! 10 100 0 0.2 0.4 0.6 0.8 1.0
©,
(ATsup, o) measured (°C) DIMENSIONLESS DISTANCE, z*

Figure 10. Comparison of calculated and measured throat  Figure 11. Void development for Run C35 of Ardron &
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(a) Wall nucleation rate and nucleation site density; (b) liquid superheat and pressure undershoot.

may thus be used to calculate flow rates under such conditions, where the correct throat pressure
must be obtained from the calculation of the throat superheat, [30]. Note, however, that these
calculations are not of critical flow, but of the flow rate under critical flow conditions. In the
absence of experimental evidence, one would still have to obtain an independent estimate of the
choked flow condition in order to predict the throat superheat and thus the flow rate. However,
this work shows that there is a correspondence between the two which can provide an important
independent check of the critical flow condition.

The result of these calculations is shown in figure 15 for the data cited previously. The standard
deviation between the predicted and measured critical flow rates is approx. 3%, a 40%
improvement over earlier work (Abuaf er al. 1983) where 5% accuracy was obtained using the
pressure undershoot correlation of Jones (1980).
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Figure 13. Void development for Run 39 of Brown (1961).
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5. CONCLUSIONS AND RECOMMENDATIONS

10-3 x DIMENSIONLESS PRESSURE

UNDERSHOOT, Ap/172p U3

A distributed model for nucleation in the superheated zone upstream of the throat in nozzles
during flashing has been described which has the following features:

1.
2.

w

Development of a stability criterion for active cavities.

Selection of a figure-of-merit for a nucleating surface which ties the stability
criteria to an obtainable nucleation site density and cavity nucleation frequency
in flashing flows.

Calculation of the departure size of nuclei in the nucleation zone.

Correlation of nucleation frequencies at a given site and the surface density of
nucleation sites as determined from the existing data.

. Determination of the maximum, energy-limited rate of nucleation.
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Figure 15. Comparison of calculated and measured critical flow rates.
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Utilization of the nucleation model then allows the throat superheat to be calculated within 2%
for the existing data over the approximate range from <1K to nearly 100 K. The range of data
include pressures to almost 70 bar, and expansion rates from 0.2 bar/s to over 1 Mbar/s, extending
existing methods by 4 orders of magnitude.

Nucleation site density was correlated from the data and found to vary approximately with
superheat to the 4th power of the superheat, somewhat lower than that proposed earlier by
Kocamustafaogullari & Ishii (1983) for subcooled boiling but similar, their power being 4.4. While
the nucleation site density behavior with superheat is quite similar in both cases, the actual
magnitudes are much different due to their functionality with density. The resultant magnitudes
of the bubble number densities in the case of flashing were found to be orders-of-magnitude larger
than those computed for subcooled boiling.

Bubble sizes at departure upstream of the throat were calculated to be in the range 1-100 mm
and were not constant as has been heretofore assumed by many. Nucleation rates at the throat
were also variable and were calculated to span the range 10%~10 m~3 s~ . The resultant calculations
of throat number densities in all cases ranged between ~ 10® and 10" m~>.

Bubble transport calculations show that even for the cases with the largest superheat and highest
bulk-equivalent nucleation rates, near 100 K and over 10 m~>s-', negligible (< 1%) voids exist
at the throat, confirming the previous hypotheses of Abuaf et al. (1980, 1983). A result of this
confirmation is that calculations of subcooled-inlet flow rates by single-phase methods agree within
3% of the critical flows measured once the correct throat superheat (and thus pressure) is obtained.

The differences accounted for by the methods described herein represent throat pressure
undershoots up to the order of 60 bar! This large correction, coupled with the realization that the
throat conditions are essentially single-phase liquid, was the major factor in developing an ability
to calculate the critical mass flow rates accurately for all data. As shall be seen in the companion
paper (Blinkov et al. 1993), the ability to determine both the number density and the size of the
initial nuclei is also the key to accurately calculating void development downstream of the
nucleation zone.

Finally, the methods described herein provide the first method of relating the fundamental
thermophysical theory of surface nucleation to the prediction of global quantities. While heuristic,
this method allows the determination of nucleation site densities from a knowledge of the local
superheats, thereby relating cavity nucleation theory to such global quantities such as liquid
superheat, bubble number density, mass flow rates and void fraction.
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