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h i g h l i g h t s

� Deviation from equilibrium is recognized as a manifestation of rapid depressurization events including Rapid Phase Transitions, Boiling Liquid Expanding
Vapor Explosions, and flow of saturated and slightly subcooled liquids through converging nozzles and sudden contractions.

� Non-equilibrium effects are attributed to nozzle geometry and the pressure driving force for saturated and slightly subcooled liquid flow through nozzles
and sudden contractions.

� Bubble nucleation theory is used to estimate the deviation from equilibrium and single-phase flow methods are used to estimate the critical mass flux
when rapid vaporization occurs at the nozzle throat.
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It is well known that homogeneous equilibrium methods for calculating the mass flux of initially sub-
cooled or saturated liquids in short nozzles under-predict the measured values and various methods
for estimating non-equilibrium effects have been presented in the past. It is shown in this paper that
acceleration effects at the entrance of converging nozzles due to changing cross-sectional area and
approach to thermodynamic saturation pressure at the point of maximum fluid acceleration can be the
most significant causes of non-equilibrium. By properly accounting for non-equilibrium due to the fluid
acceleration, single-phase flow methods can be used to estimate the pressure loss and mass flux in noz-
zles when rapid vaporization occurs at the nozzle throat. For these cases, choking occurs due to the rapid
vaporization while the difference between the inlet pressure and choking pressure determines the nozzle
mass flux.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal non-equilibrium phenomena have been recognized in
the critical flow of fluids through short pipes and nozzles for sev-
eral decades. According to Weisman and Tentner (1978), early
studies of non-equilibrium include the works of Benjamin and
Miller (1942), Burnell (1947), Hodkinson (1937) and Silver and
Mitchell (1945). It is clear that there are at least two mechanisms
of thermal non-equilibrium in subcooled/saturated/low-quality
flow:

� Non-equilibrium vaporization (maybe after some delay of
vaporization) for some relaxation period of time characteristic
of low inlet quality flow.

� Delay of nucleation (with metastable liquid) characteristic of
subcooled/saturated inlet flow.

Various Homogeneous Non-Equilibrium (HNE) models and a
Delayed EquilibriumModel (DEM) have been developed to account
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Nomenclature

A flow area
C Burnell (1947) factor (Equation (4.6))
CD discharge coefficient
d inside diameter
dc diameter in the nozzle converging portion
D large diameter
fD Darcy (Moody) friction factor
gc Newton’s law conversion factor
G mass flux
Gc critical mass flux
h vertical displacement
h0 (D-d)/2
k Boltzmann’s constant
l length of nozzle constant-diameter portion
L length of Sozzi and Sutherland nozzle converging sec-

tion
_m mass flow rate
N HNE model non-equilibrium parameter
P pressure
P0 nozzle inlet pressure
Pa,max pressure at the point of maximum depressurization rate
PFi flashing inception pressure
Pn bubble nucleation pressure
Pn,A-L bubble nucleation pressure calculated using the Alamgir

and Leinhard correlation
Pn,relaxed bubble nucleation pressure calculated using approach

to equilibrium efficiency
Po stagnation pressure
Ps fluid saturation pressure

Pt nozzle throat pressure (e.g., exit of the straight section)
Pu fluid undershoot pressure
t time
T temperature
Tc thermodynamic critical temperature
Ti inlet (initial) temperature
Tr reduced temperature (T/Tc)
u velocity
v specific volume
vf fluid specific volume
vg gas specific volume
x fluid quality
xE equilibrium fluid quality
x0 inlet quality
z axial distance
za,max location of maximum depressurization rate
g efficiency
h relaxation time
q density
qt fluid density at the nozzle throat
q0 fluid density at the nozzle inlet
r surface tension
R0 depressurization rate
R0

0 transient depressurization rate equal to zero for steady
flows

s residence time
/ bubble nucleation heterogeneity factor
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for non-equilibrium vaporization in critical flow through nozzles. A
characteristic of the HNE models is the introduction of an empirical
non-equilibrium parameter, ‘‘N”, to represent deviation from equi-
librium, equation (1.1).

dx
dP

¼ N
dxE
dP

ð1:1Þ

The non-equilibrium parameter was introduced by Henry
(1968, 1970) and modified by Henry and Fauske (1971). More
recent modifications of the HNE method include the HNE-DS by
Diener and Schmidt (2004, 2005) and Schmidt (2007) and the x-
HNE by Leung (2013, 2019). The cited literature indicates the
non-equilibrium parameter is dependent upon the flowing fluid’s
physical and thermodynamic properties and the flow path geome-
try. In a related approach proposed by Yoon, et.al (2006), the non-
equilibrium parameter is an exponential function of the fluid relax-
ation time.

Critical flow through nozzles described by the DEM consists of
three phases – saturated vapor, saturated liquid and metastable
liquid (De Lorenzo, 2018). The metastable liquid is formed upon
rapid depressurization of an initially subcooled or saturated liquid.
The saturated vapor and liquid are formed upon relaxation of the
metastable liquid and are assumed to be in equilibrium. The meta-
stable fluid relaxation rate is described by a relaxation law. The
onset of nucleation is specified in the DEM to occur at 0.95 times
the saturation pressure (Bartosiewicz, et.al, 2011) to 0.975 times
the saturation pressure (Seynhaeve, et.al, 2015).

The non-equilibrium phenomena addressed in this paper are
the delay of nucleation and rapid phase transition associated with
the rapid depressurization of initially slightly subcooled or satu-
rated liquids. The onset of nucleation occurs at a pressure deter-
2

mined by the amount of initial subcooling and the
depressurization rate. A rapid phase transition, coincident with
choking, occurs essentially only at the nozzle throat.

2. Rapid phase Transitions

When initially subcooled or saturated liquids are subjected to
rapid pressure reduction below the liquid saturation pressure
without bubble nucleation, the fluid is said to be superheated.
The superheated state is thermodynamically metastable and typi-
cally the fluid begins to vaporize after a delay time which depends
on the bubble nucleation rate. These concepts are illustrated in
Fig. 2.1 for nozzle flow. The fluid pressure drops rapidly below
the fluid saturation pressure in the nozzle converging section.
Vaporization starts after the nucleation delay time represented
by the ‘‘Boiling Delay” line. After sufficient residence time the fluid
pressure approaches the saturation pressure because of fluid relax-
ation phenomena, represented by the ‘‘Equilibrium” line. In short
nozzles, choking can occur at the nozzle throat before equilibrium
is established. In this case, the nozzle throat pressure is below the
fluid saturation pressure and consequently the actual flow rate
established is greater than that predicted by models incorporating
the assumption that equilibrium occurs.

The bubble nucleation rate depends on the amount of super-
heating as described by bubble nucleation kinetic theory
(Brennen, 1995). Correspondingly the amount of superheating is
limited by thermodynamics. Thermodynamic stability analysis
indicates phase change occurs spontaneously at the spinodal tem-
perature (Lienhard et al., 1986). Therefore, when a fluid is highly
superheated, the vaporization commences and proceeds at a rapid
rate. The process of rapid phase transition is called explosive
boiling. The same bubble nucleation kinetic and thermodynamic



Fig. 2.1. Representative Nozzle Pressure Profile.
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stability analyses apply to various phenomena including Rapid
Phase Transitions (RPT), Boiling Liquid Expanding Vapor Explo-
sions (BLEVE) and flow through nozzles. Examples of RPT applica-
tions are found in Melhem and Hendrickson (2020) while BLEVE
applications are found in Mengmeng (2007). The focus of this
paper is the application of bubble nucleation kinetics and thermo-
dynamic stability analyses to the flow of subcooled and saturated
liquids through nozzles. The proposed method addresses known
deficiencies of the Homogeneous EquilibriumModel (HEM) by pro-
viding a method to quantify non-equilibrium effects on calculated
nozzle choking pressures and critical mass flow rates.

3. Why subcooled flow estimates matter

Numerous plant design and hydraulic applications, including
pressure relief systems, require reasonable flow rate estimates of
initially saturated or slightly subcooled liquids. Current equilib-
rium based methods, such as the HEM, underestimate the flow rate
depending on the degree of liquid subcooling.

Underestimating the actual flow rate in process safety does not
necessarily result in a safe design. For example, flow rates pre-
dicted using the HEM can result in underestimating leak rates for
dispersion modeling or under predicting the rate of material trans-
fer during a process upset. Also, the selection of suitably sized relief
devices using the HEM can result in significantly oversized pres-
sure relief devices in some situations. While these oversized
devices do result in adequate pressure protection for the process
equipment, the downstream equipment for separation, flaring
and/or vent containment can receive much higher flow rates than
premised in the design. Oversizing the pressure relief devices can
be costly and not knowing the flow rate accurately can be detri-
mental to the performance of downstream safety systems.

On the other hand, proper accounting of non-equilibrium flow
phenomena offers a potential opportunity to save capital invest-
ments during pressure relief device revalidation projects. ‘‘Capacity
creep” and debottlenecking projects in refineries and chemical
plants can increase the required overpressure relief flow rate. It
is not uncommon for the increased required flow rate to exceed
the calculated capacity of installed pressure relief devices when
3

equilibrium flow is assumed. It is foreseeable that accounting for
the increased flow due to non-equilibrium effects can address
seeming capacity deficiencies that would otherwise require modi-
fications in the field (e.g., installing larger pressure relief devices).

In the nuclear industry, flow of reactor coolant during a Loss of
Coolant Accident (LOCA) is characterized by non-equilibrium flow
through a break in one of the coolant pipes. It is critical to estimate
the coolant flow rate through a leak during a LOCA in order to
design the emergency coolant systems to mitigate the conse-
quences of the scenario.

4. Background

The fundamental equation for the determination of mass flux
through a relief valve nozzle is the differential form of the
steady-state, constant elevation and frictionless Bernoulli equation

udu ¼ �vdP ¼ �dP
q

ð4:1Þ

Note: Variables are defined in the Nomenclature section. Inte-
gration from the stagnation state ðP ¼ P0;u ¼ 0Þ to the nozzle
throat (e.g., exit) pressure and expressing the result in terms of
the mass flux yields

G ¼ qt �2
Z Pt

P0

dP
q

� �1=2
ð4:2Þ

Note this equation makes no provision for the geometry of the
nozzle. This result becomes the Homogeneous Equilibrium Model
(HEM) for nozzles when the flow is vapor–liquid two-phase flow
and the following are assumed:

� The pressures in both phases are equal
� The temperatures in both phases are equal (thermal
equilibrium)

� The velocities of both phases are equal (mechanical
equilibrium)

� The Gibbs free energies (chemical potentials) of both phases are
equal (chemical equilibrium)
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� Homogeneity (the fluid is modeled as a single phase with ther-
modynamic properties that are the average of the two phases)

When a subcooled or saturated liquid flow is analyzed using the
HEM, pressure reduction along an isentropic flow path is nearly
isothermal for small degrees of subcooling. However, the tempera-
ture increases slightly if the initial subcooling is achieved by
increasing the pressure at constant entropy. Thus, as the initial
pressure increases, depressurization along an isentropic flow path
can result in some amount of temperature reduction with the
amount of temperature reduction increasing as the initial pressure
increases. In either case, the critical mass flux from application of
Equation (4.2) with the homogeneous equilibrium assumptions
often occurs when the nozzle throat pressure is near the fluid sat-
uration pressure. Isothermal depressurization from point A to
point B located at the fluid saturation pressure is illustrated in
Fig. 4.1. The square at the top of the two-phase region represents
the critical point.

When the fluid remains a saturated liquid for the majority of
the flow path and the nozzle throat pressure is approximately
equal to the fluid saturation pressure, a close estimate of the
HEM flux can be obtained using the Bernoulli equation with the
throat pressure equal to the saturation pressure.

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q0 P0 � Psð Þ

q
ð4:3Þ

See for example Leung and Ciolek (1994) who state that the use
of the saturation pressure in the Bernoulli equation is appropriate
due to choking at the throat for longer flow lengths (L/D = 25, 50
and 100) when the HEM assumptions are appropriate. When fric-
tional effects are included with constant elevation and thermody-
namic equilibrium, the integrated Bernoulli equation becomes

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q0 P0 � Psð Þ

1þ f D
l
d

s
ð4:4Þ

In contrast, when non-equilibrium effects are important, the
Bernoulli equation approximation to the HEM (Equations 4.3 or
4.4) under-predicts the critical mass flux for slightly subcooled
Fig. 4.1. Flashing Commences
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and saturated liquid inlet conditions. It has long been known that
the HEM under-predicts the mass flux for nozzle flow with inlet
conditions near the fluid saturation conditions. Early literature
reviews presented by Saha (1978) and by Hsu (1972) indicate the
HEM under-predicts critical discharge rates for short pipes and
near saturation or subcooled upstream conditions due to the liquid
superheat.

The critical mass fluxes calculated using Equation (4.4) are com-
pared with measured mass flux data for saturated and subcooled
water flow from Sozzi and Sutherland (1975) in Fig. 4.2. Inspection
of Fig. 4.2 reveals that the error in the calculated mass flux
increases as the fluid subcooling decreases and as the nozzle length
decreases. This deviation has been attributed to non-equilibrium
effects. Note: inclusion of frictional effects is important for longer
nozzles. The calculated mass flux is higher than the measured mass
flux for longer nozzles and large subcooling when friction is
ignored.

Various approaches have been proposed to more accurately
predict the critical nozzle flow of saturated and subcooled liquids.
A method proposed by Burnell (1947) includes a correction factor,
the Burnell C factor, in the Bernoulli equation.

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q0 P0 � ð1� CÞPs½ �

q
ð4:5Þ

To account for friction, the fDl/d term can be retained.

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q0 P0 � ð1� CÞPs½ �

1þ f D
l
d

s
ð4:6Þ

Examples from the literature for correlations of the Burnell C
factor include Weisman and Tentner (1978), Sallet and Sommers
(1985), and Kim (2015a). Weisman and Tentner (1978) show a cor-
relation with the nozzle inlet saturation pressure for water flow
(Fig. 4.3). Sallet and Sommers (1985) reported a correlation with
nozzle inlet stagnation temperature developed by Burnell (1947)
for water flow.

C ¼ 0:264
75:48� 0:14T

49:2

� �
whereT½¼��C ð4:7Þ
near the Saturation Curve.



Fig. 4.2. Comparison of Bernoulli Equation Calculated Flow with Sozzi and Sutherland (1975) Data.

Fig. 4.3. Weisman and Tentner (1978) Correlation for Burnell C Factor.
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Sallet and Sommers (1985) also reported that Equation (4.7)
was derived using a surface tension versus temperature
correlation.

In summary, the flow of saturated and slightly subcooled liq-
uids in nozzles is characterized by a rapid pressure decrease to a
non-equilibrium superheated state. The superheated liquid is
referred to as a metastable fluid. Upon depressurization, flashing
does not typically commence until the fluid pressure falls below
the fluid saturation pressure. The amount of pressure-undershoot
(or equivalently, the amount of fluid superheating) is determined
by non-equilibrium phenomena. The Burnell method can be
thought of as representing single-phase metastable fluid flow into
the two-phase envelope until rapid vaporization occurs at the noz-
zle throat. The thermodynamic path of depressurization into the
two-phase region is illustrated in Fig. 4.4. As the pressure is
reduced from Point A to Point B a metastable fluid is formed when
the fluid pressure decreases below the saturation pressure. Vapor-
ization commences and choking occurs at Point B rather than at the
saturation pressure. The square at the top of the two-phase envel-
ope represents the critical point.
5. Non-equilibrium flow model description

A premise of the proposed calculation method is that when sat-
urated and slightly subcooled liquids flow through converging noz-
zles, the observed non-equilibrium effects are a manifestation of
the rapid depressurization upon acceleration of the fluid in the
nozzle converging section. It has been demonstrated in bubble
nucleation literature, see for example Alamgir and Lienhard
(1981), that the amount of pressure-undershoot (e.g., superheat-
ing) depends on the rate of depressurization. The difference
between the fluid saturation pressure and the bubble nucleation
pressure increases as the depressurization rate increases. In nozzle
flow the rate of depressurization is related to the rate of fluid accel-
eration and thus also to the geometry of the converging flow area.
In other words, the amount of thermal non-equilibrium is deter-
mined by the nozzle geometry and rate of acceleration pressure
decrease. When rapid vaporization occurs at the nozzle throat,
Fig. 4.4. Flashing Commences ins

6

the nozzle throat pressure can be represented by the bubble nucle-
ation pressure. Further, Burnell’s C factor can be correlated with
the rate of depressurization due to the fluid acceleration into the
nozzle.

The proposition is illustrated using a generic converging nozzle
(Fig. 5.1) and described as follows. Note the same principles also
apply to square-edged inlets if acceleration into the vena contracta
is properly modeled. The fluid is accelerated in the converging sec-
tion of the nozzle due to the pressure driving force. The rate of this
acceleration pressure loss determines the amount of superheating,
e.g., the undershoot pressure, as determined by the bubble nucle-
ation pressure. For a given overall pressure drop, as the friction loss
in the straight section of the nozzle increases, the amount of pres-
sure drop available for acceleration loss in the converging section
decreases, i.e., increasing the length of the straight section of the
nozzle downstream of the converging section decreases the accel-
eration losses in the converging section. Thus, the departure from
equilibrium in the converging section decreases as the friction loss in
the straight section increases. This interpretation is consistent with
the rule of thumb that equilibrium flow occurs when the nozzle
length is greater than 100 mm (4 in.); namely, the length provides
enough friction loss (e.g., back pressure) to cause the bubble nucle-
ation pressure to approach the fluid vapor pressure in the converg-
ing section. Furthermore, for a range of nozzle lengths, the friction
losses of the metastable fluid in the straight section of the nozzle
can be represented by the single-phase Darcy–Weisbach equation
(Equation (5.1)) and choking occurs due to rapid vaporization
essentially at the nozzle throat. The Darcy–Weisbach equation
can be used to compute pressure drop for laminar or turbulent
flow using an empirical friction factor (Benedict, 1980).

DP ¼ f D
l
d
qu2

2gc
ð5:1Þ

This interpretation is consistent with observations that flashing
primarily occurs near the location of minimum pressure (Shin and
Jones, 1993), e.g., the nozzle throat.

The Bernoulli equation with the throat pressure equal to the
saturation pressure (Equation (4.4)) can be used to estimate the
ide the Two-Phase Envelope.



Fig. 5.1. Generic Converging Nozzle.
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mass flux when single-phase flow occurs over most of the nozzle
length and equilibrium flashing approximately coincident with
choking occurs essentially only at the nozzle throat. This view of
choking is commonly accepted for equilibrium flow of subcooled
and saturated fluids. It will subsequently be shown that, by appli-
cation of bubble nucleation dynamics to estimate the nozzle throat
pressure, the Bernoulli equation with the throat pressure equal to
the bubble nucleation pressure can be used to estimate the mass
flux when single-phase flow occurs over most of the nozzle length
and non-equilibrium flashing approximately coincident with chok-
ing occurs essentially only at the nozzle throat. The difference
between the flow of equilibrium fluids and metastable fluids in nozzles
is that equilibrium fluids flash at the thermodynamic vapor pressure
while metastable fluids flash at a pressure lower than the thermody-
namic vapor pressure.

6. Overview of bubble nucleation and growth

Vapor bubbles can only form if sufficient energy is available to
overcome the cohesive forces of the liquid and create a void space
for the vapor. Bubbles with sufficient energy to attain a critical size
can survive and grow to larger sizes while bubbles with insufficient
size collapse. Nucleation is the formation of the critically sized or
larger bubbles. The radius of a spherical bubble of this sufficient
size is known as the critical radius.

Fig. 6.1 illustrates the three phases of bubble growth in super-
heated liquids. Bubble nucleation commences after a finite delay
time. Upon nucleation, the bubble radius is just larger than the
critical radius. Initially surface tension impedes bubble growth.
After the bubble grows somewhat (Miyatake et al. (1997) suggest
doubling the diameter), inertia forces dominate and the bubble
growth is primarily due to the difference in the pressure of the
vapor inside the bubble and the fluid pressure exterior to the bub-
ble. The pressure of the vapor inside the bubble is related to the
local fluid thermodynamic vapor pressure by the Poynting correc-
tion factor. During this phase the bubble growth is approximately
linear with respect to time. As the bubble grows further, its tem-
perature drops causing a temperature difference between the sur-
7

rounding fluid and bubble interior. In this phase the bubble growth
rate is dominated by heat transfer from the surrounding liquid,
which causes the addition of vapor to the bubble by evaporation
at the vapor–liquid interface. During this phase the bubble growth
is approximately proportional to the square root of time.

Common assumptions in equilibriummodels of two-phase flow
cannot account for bubble dynamics when the bubble nucleation
delay time is significant compared to the fluid residence time in
the nozzle and when significant pressure and temperature differ-
ences exist between the liquid and vapor phases. According to
Yoon et al. (2006), thermal non-equilibrium has been shown to
be related to bubble nucleation because several researchers used
a nucleation delay time on the order of 1 ms in homogeneous
non-equilibrium models to predict experimental results. Bubble
nucleation delay is consistent with experimental results and pro-
vides an explanation for rapid phase transition phenomena. The
challenge is to relate bubble nucleation phenomena to nozzle flow
phenomena.
7. Metastable fluid formation and bubble nucleation in nozzle
flow

The importance of non-equilibrium effects in nozzle flow has
long been recognized. According to Angelo et al. (2012), the idea
of a metastable fluid is not new; rather it was introduced by Silver
and Mitchell (1951). Because the degree of superheat is directly
related to the amount of pressure decrease below the saturation
pressure, these concepts can be used interchangeably to describe
deviation from equilibrium upon pressure reduction.

Credit has been given to Alamgir and Lienhard (1981) for first
examining pressure-undershoot. They developed a semi-
empirical correlation, motivated by classical nucleation theory, to
predict the pressure-undershoot below the saturation pressure at
the onset of flashing during the rapid depressurization of hot
water. Alamgir and Lienhard developed the depressurization rate,
R’, dependent heterogeneity factor correlation given by Equation
(7.1) and the pressure-undershoot correlation given by Equation



Fig. 6.1. Bubble Growth Development.
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(7.2). For convenience, Equation (7.2) will be referred to as the
‘‘Alamgir and Lienhard correlation”.

u ¼ 0:1058T28:46
r 1þ 14 R

0� �0:8
� �

ð7:1Þ
Ps Tið Þ � Pn ¼ 0:252
r3=2T13:73

r 1þ 14 R
0� �0:8

� �1=2
ffiffiffiffiffiffiffiffi
kTc

p
1� v f

vg

� � ð7:2Þ

Note: Lienhard et al. (1986) provided a review of equations of
state and the prediction of spinodal lines and incorrectly showed
the quantity (1-vf/vg) under the square root sign (their Equation
28). The term should be outside the square root sign as shown in
Equation (7.2). This correction is consistent with the original
Alamgir and Lienhard (1981) correlation (their Equation 13). Also
note the precise value of the constant in front of Equation (7.2) is
0.2507 rather than 0.252. When reference is made to the Alamgir
and Lienhard correlation their value of 0.252 is retained.

The Alamgir and Lienhard correlation is dimensional, with
depressurization rate units of Matm/s (Mega-atm/s). Surface ten-
sion, Boltzmann constant, temperature and pressure units are
self-consistent. The correlation was developed for

0:62 � Tr � 0:935and0:004 � R
0 � 1:8Matm=sð405 � R

0

� 182;000MPa=sÞ
The model should not be used to accurately predict the nucle-

ation pressure for smaller depressurization rates without changing
the correlation constants.

Abuaf et al. (1983) stated that ‘‘according to accepted concepts”
for nozzle flow with subcooled inlet conditions, the liquid acceler-
ates in the converging section causing the local pressure to drop
8

below the saturation pressure. The resulting metastable super-
heated fluid flow is essentially a single phase until it reaches the
flashing inception point. Abuaf et al. utilized the correlation devel-
oped by Alamgir and Lienhard combined with a correlation for tur-
bulence intensity to demonstrate the flashing inception point is
essentially located at the plane of minimum cross-sectional area
in converging–diverging nozzles.

With flashing inception at the nozzle throat, single-phase flow
was considered upstream of the throat. For liquids with constant
density, the critical mass flux was then given by

Gc ¼ CD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q P0 � Ps þ DPFið Þ

p
ð7:3Þ

The pressure differential to flashing inception (DPFiÞ is obtained
using the Alamgir and Lienhard correlation. Note the similarity
between the Abuaf et al. equation and the Burnell equation. The
pressure differential to flashing inception and the Burnell C factor
both provide an estimate of pressure undershoot below the satura-
tion pressure for flashing to commence.

The depressurization rate for nozzles was given by Abuaf et al.
as

R
0 ¼ G3

c

q2

dðlnAÞ
dz

þ R0
0 ð7:4Þ

This expression for the depressurization rate is derived from the
Bernoulli equation for steady frictionless flow. The additional tran-
sient component (R0

0) is equal to zero for steady flows. The depres-
surization rate at the nozzle throat was used by Abuaf et al. to
determine the pressure differential to flashing inception.

Levy & Abdollahian (1982) used a slight modification to the
Alamgir and Lienhard correlation based on the data of Reocreux
(1974). Their final expression for the critical flow rate was virtually
identical to those proposed by both Alamgir and Lienhard (1981)
and Abuaf et al. (1983). In the Levy and Abdollahian model, the
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flashing inception occurs when the liquid pressure reaches an
amount below the saturation pressure corresponding to the liquid
temperature. Levy and Abdollahian used an average decompres-
sion rate over the length of the nozzle.

R
�
¼ 1

4
Gt þ Geð Þ G

q

� �2

t
� G

q

� �2

e

" #,
Dz ð7:5Þ

The subscripts ‘‘t” and ‘‘e” correspond to throat and entrance,
respectively, and Dz is the nozzle length. A critical assumption
by Levy and Abdollahian (1982) is that a constant amount of super-
heat is maintained as the pressure decreases along the flow path
through the nozzle, i.e., it did not account for any relaxation phe-
nomena. They claimed the assumption of maintaining the liquid
in non-equilibrium conditions is supported by the substantial
relaxation times that could be inferred from the Marviken full-
scale critical flow test data (Marviken, 1982).

The methods described for water by Alamgir and Lienhard
(1981), Abuaf et al. (1983) and Levy and Abdollahian (1982) form
the basis for the method described in this paper. The proposed
method uses the Alamgir and Lienhard (1981) correlation (Equa-
tion (7.2)) to estimate the nozzle throat pressure. Contributions
to the art include a description of how both nozzle geometry and
fluid thermodynamics determine the bubble nucleation pressure
at the nozzle throat. The nozzle converging section geometry
determines the depressurization rate (Equation (7.4) with the tran-
sient component equal to zero). The method applies to both con-
verging nozzles and sudden contractions by determining the
point in the nozzle where the maximum depressurization rate
occurs. In converging nozzles the change in flow area with respect
to nozzle length determines the depressurization rate. In sudden
contractions the depressurization rate is determined by fluid accel-
eration into the vena contracta. It is also recognized that the nucle-
ation pressure estimated using Equation (7.2) represents the
minimum nozzle throat pressure when rapid vaporization occurs
at the nozzle throat. Sufficient pressure driving force must also
be available for the depressurization due to acceleration to achieve
the minimum nozzle throat pressure. If sufficient pressure driving
force is not available, then the potential pressure-undershoot given
by Equation (7.2) is not fully realized and an ‘‘approach to equilib-
rium” factor is utilized. The method is called herein the ‘‘bubble
nucleation method”.

8. Relaxation time

The conceptual model proposed for initially subcooled and sat-
urated liquid flow through a nozzle is described by single-phase
flow over the length of the nozzle with flashing, and choking,
occurring at the nozzle throat. Application of the proposed model
should be limited to situations where superheated fluid (i.e., meta-
stable fluid) flow occurs over essentially the entire length of the
nozzle and flashing occurs at the nozzle throat. Shin and Jones
(1993) pointed out that treating the flashing inception as a single
point has been previously justified since in many cases, such as
converging–diverging nozzles, flashing occurs in a zone that is
quite narrow. However, in other cases, such as constant-area flows
with friction-dominated pressure profiles, the flashing may con-
tinue over a wider range of the nozzle length. This effect makes
it important to determine range of applicability for the proposed
method. In this regard, it is important to determine the relaxation
time phenomena.

Moody (1975) and Fauske (1985) indicated for subcooled and
saturated inlet conditions, flashing water-steam flow approaches
equilibrium conditions for flow lengths larger than about
100 mm (4 in.). Kim (2015b) indicated the criterion could be
127 mm (5 in.) for subcooled and two-phase water, but should
9

be changed to 305 mm (12 in.) for saturated water. Kim (2015b)
also suggested an L/D ratio of 25 as a criterion for the transition
from non-equilibrium choking to equilibrium choking for nozzle
and pipe flashing water-steam flows. In contrast, Nilpueng and
Wongwises (2009) studied the flow of HFC-134a through short
tube orifices and observed metastable liquid flow at the tube cen-
tral core surrounded by two-phase bubble flow followed by two-
phase bubble flow after the metastable core disappeared. The
length of the metastable core increased with the amount of sub-
cooling but had disappeared before the end of the 15 mm
(0.6 in.) long tubes used in their studies.

Sudi et al. (1994) studied the relaxation time of water in a
4.95 mm (0.19 in.) inside diameter by 1,055 mm (41.5 in.) long
stainless steel tube. They defined the relaxation time as the time
between the saturation inception point and the relaxation incep-
tion point. Effectively the saturation inception point is when the
fluid reaches its bubble point pressure at the inlet temperature.
The relaxation inception point was determined in their experi-
ments by noting when the liquid temperature starts to decrease
along with the liquid pressure. Their data showed required relax-
ation lengths between 350 and 450 mm (14 and 18 in.) and corre-
sponding relaxation times between about 55 and 85 ms.

Downar-Zapolski et al. (1996) defined the relaxation time, b, in
terms of quality for use in the Homogeneous Relaxation Model
(HRM).

Dx
Dt

¼ @x
@t

þ u
@x
@z

¼ � x� xE
h

ð8:1Þ

Locally, in a Lagrangian description of the flow, the relaxation
equation exhibits an exponential approach to equilibrium from
an initial state x0.

x ¼ xE � xE � x0ð Þexp �t
h

� �
ð8:2Þ

Downer-Zapolski et al. indicated that for h = 1 s, the predictions
of the HRM are equivalent to the Homogeneous Frozen Model
(HFM) and for h = 0.001 s (1 ms), the HRM predictions are equiva-
lent to the Homogeneous Equilibrium Model (HEM). An implication
for subcooled and saturated liquid flow in nozzles is that relaxation
time, not length or length/diameter ratio, should be the criterion for
approach to equilibrium.

9. Thermodynamic considerations

The amount of superheating upon rapid depressurization of a
subcooled or saturated liquid is constrained by the fluid thermody-
namic properties. A depressurization diagram is illustrated in
Fig. 9.1 for water. The upper (or leftmost) curve represents the
water saturation pressure and the lower (or rightmost) curve rep-
resents the liquid thermodynamic stability limit, called the spin-
odal curve. The curves in between represent the expected
pressure-undershoot below the saturation pressure using the
Alamgir and Lienhard correlation (Equation (7.2)). A thermody-
namic path for near isothermal rapid depressurization, such as
experienced during isentropic expansion of a subcooled liquid, is
illustrated starting at point A and ending at point B. For small
depressurization rates, the amount of pressure-undershoot before
nucleation occurs is small and flashing occurs near the saturation
pressure. As the depressurization rate increases, the amount of
pressure-undershoot also increases and flashing occurs at pres-
sures further below the saturation pressure. At an extremely high
depressurization rate, the amount of pressure-undershoot is lim-
ited by the spinodal pressure. Note that as the nozzle inlet temper-
ature (point A) approaches the thermodynamic critical
temperature, the spinodal curve approaches the vapor pressure
curve and thus decreases the maximum possible amount of



Fig. 9.1. Water Depressurization Diagram.
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pressure-undershoot. These observations are important for non-
equilibrium liquid flow because, for a fixed inlet pressure, as the
amount of pressure undershoot below the vapor pressure increases
the pressure differential to drive the flow increases and thus the
flow rate also increases.

Given an undershoot pressure equal to the nozzle throat pres-
sure, Equation (9.1) is used to calculate a Burnell C factor for use
in Equations 4.5 or 4.6.

C ¼ 1� Pu

Ps
ð9:1Þ

Fig. 9.2 illustrates the Burnell C factor diagram for saturated
water developed from the Alamgir and Lienhard correlation
(Equation (7.2)) and Equation (9.1). Comparison of Fig. 9.2 with
Fig. 9.2. Water Burnell

10
the Weisman and Tentner (1978) correlation (Fig. 4.3) shows
the Weisman and Tenter correlation fits between the curves
for 1,000 and 10,000 MPa/s (0.01 and 0.1 Matm/s).

It is very important to distinguish between the undershoot pressure
as estimated from the Alamgir and Lienhard correlation and the flash-
ing pressure at the nozzle throat as is discussed later in the analysis of
the Sozzi and Sutherland (1975) data. The pressure-undershoot
value estimated using the Alamgir and Lienhard correlation repre-
sents the maximum possible departure from equilibrium. The min-
imum possible departure from equilibrium is of course zero, i.e.,
flashing at the fluid saturation pressure. The pressure at which
flashing occurs at the nozzle throat is between these two extremes
and is determined by the fluid initial conditions and the nozzle
geometry.
C Factor Diagrams.



Fig. 10.2. Nomenclature Applied to Sozzi and Sutherland (1975) Nozzle 2.
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10. Sozzi and Sutherland water flow data analysis

Sozzi and Sutherland conducted a series of blowdown experi-
ments to measure the critical flow rate of water through various
nozzles. The experiments included subcooled, saturated and two-
phase flow entering the nozzles. The data analysis herein is only
applicable to subcooled or saturated liquid nozzle inlet flows.

The Sozzi and Sutherland experiments were performed by dis-
charging high pressure water from a vessel to atmosphere through
various nozzles. The nozzles were mounted with the entrance to
the nozzle flush with the inside wall of the blowdown vessel to
minimize irreversible pressure losses of the fluid as it accelerated
from the stagnation condition to the minimum cross-sectional area
of the nozzles. Sozzi and Sutherland’s ‘‘nozzle 2” was chosen for
this analysis (Fig. 10.1) because its geometry is representative of
pressure relief device nozzles. Note in the Sozzi and Sutherland ter-
minology, the ‘‘length” of the nozzle refers to the length of the
straight section downstream of the converging section. For exam-
ple, a ‘‘zero” length nozzle does not actually have zero length;
the actual length is the converging section length.

The throat pressures were not provided in the Sozzi and Suther-
land data so throat pressures calculated using the Burnell equation
(Equation (4.6)) were compared to the bubble nucleation pressures
calculated using the Alamgir and Lienhard correlation (Equation
(7.2)). The shape of the converging section is required in order to
calculate the depressurization rate, but it was not specified in the
Sozzi and Sutherland article. It was, however, described as a
‘‘rounded inlet,” as depicted in Fig. 10.1. For convenience, it was
assumed the shape of the nozzle inlet could be represented by a
sine function. The depressurization rate associated with steady-
state acceleration of an incompressible fluid was then calculated
as follows. The nomenclature is illustrated in Fig. 10.2.

h ¼ h0sin
pz
2L

� �
ð10:1Þ

dc ¼ D� 2h0sin
pz
2L

� �
ð10:2Þ

A ¼ p
4

D� 2h0sin
pz
2L

� �h i2
ð10:3Þ

u ¼ _m
qA

¼ dz
dt

ð10:4Þ

The Sozzi and Sutherland nozzle 2 dimensions are D = 43.2 mm,
d = 12.7 mm, h0 = 15.25 mm and L = 44.5 mm. Upon rearranging
and integrating the velocity equation, Equation (10.4), from time = 0
to t and z = 0 to L, the residence time in the converging section is
found to be
Fig. 10.1. Sozzi and Sutherland (1975) Nozzle 2 with Length of Straight Tube.
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s ¼ q
_m
p
4

Z L

0
D� 2h0sin

pz
2L

� �h i2
dz ð10:5Þ

s ¼ qL
_m

p
4
D2 þ p

2
h2
0 � 2Dh0

� �
ð10:6Þ

The acceleration pressure drop of the yet non-flashing incom-
pressible liquid flow in the converging section is calculated using
the steady-state differential mechanical energy balance (Equation
(4.1))

� dP
dz

¼ qu
du
dz

ð10:7Þ

Upon combination with the incompressible continuity equation
(duu ¼ � dA

A ) and multiplication by the velocity, Equation (10.7)
becomes

dP
dt

¼ u
dP
dz

¼ qu3

A
dA
dz

¼
_m3

q2A4

dA
dz

ð10:8Þ

Equation (10.8) is equivalent to Equation (7.4) with the tran-
sient component equal to zero. From Equation (10.3), the deriva-
tive of the area is

dA
dz

¼ �p2h0

2L
D� 2h0sin

pz
2L

� �h i
cos

pz
2L

� �
ð10:9Þ

The final relationship between the depressurization rate and
nozzle geometry is obtained by combining Equations (10.8) and
(10.9).

dP
dt

¼ �
_m3

q2A4

p2h0

2L
D� 2h0sin

pz
2L

� �h i
cos

pz
2L

� �
ð10:10Þ

The depressurization rate to use in the Alamgir and Lienhard
correlation, Equation (7.2), is found by determining the maximum
depressurization rate given by Equation (10.10). The maximum
depressurization rate determines the lower bound on the throat
pressure. The location of the maximum depressurization rate is
obtained by differentiating Equation (10.10) with respect to z
and setting that result equal to zero to obtain Equation (10.11).
The location of the maximum depressurization rate is obtained
by solving Equation (10.11) for z.

D� 2h0sin
pz
2L

� �
¼ 14h0cos

pz
2L

� �
cot

pz
2L

� �
ð10:11Þ

For the Sozzi and Sutherland nozzle 2 geometry, the location of
the maximum depressurization rate is found to occur at
z = 37.656 mm (1.471 in.). The depressurization rate at that loca-
tion is found using Equations (10.10) and (10.12) and then used
in the Alamgir and Lienhard correlation to estimate the pressure-
undershoot.

R
0 ¼ � dP

dt

� �
max

ð10:12Þ
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An example depressurization rate calculation result is illus-
trated in Fig. 10.3. The distance on the abscissa is from the nozzle
entrance to the end of the converging section. One can see in the
illustration the peak depressurization rate occurs over a short dis-
tance in the nozzle converging section.

The throat pressures calculated using the Burnell equation for
the various nozzle lengths were overlaid on the water depressur-
ization diagram (Fig. 10.4). One can see the general trend is as
expected. More detailed comparisons for l = 0 mm (0 in.) and
l = 12.7 mm (0.5 in.) are illustrated in Figs. 10.5 and 10.6. The
agreement between the bubble nucleation method and the Burnell
method indicates acceleration losses are a major contributor to the
amount of fluid superheat, i.e., metastability. However, for longer
nozzle lengths a more detailed investigation reveals another phe-
nomenon that must be considered.

Figure 10.7 depicts the combined effects of initial subcooling
and depressurization rates on the resulting deviation from equilib-
rium at the nozzle exit. The results are illustrated for the 114.3 mm
(4.5 in.) long nozzle. The 114.3 mm nozzle length data was selected
to demonstrate that non-equilibrium conditions can still occur at
the exit of nozzles greater than 100 mm in length. For small
depressurization rates or for large degrees of initial subcooling,
the bubble nucleation pressures, and thus the nozzle throat pres-
sures, approach the fluid saturation pressures; namely, the Burnell
C factors approach zero. For large depressurization rates or for
small degrees of initial subcooling, the bubble nucleation pres-
sures, and thus the nozzle throat pressures, approach the bubble
nucleation pressures predicted by the Alamgir and Lienhard
correlation.

In Fig. 10.7a, the depressurization rate is small (ca. 2,500 MPa/
s), compared to that in Fig. 10.7b and c (ca. 3,500 MPa/s) as indi-
Fig. 10.3. Example Calculated Water Depressurization Rate for
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cated by the peak depressurization rate located at
z = 37.656 mm. The amount of initial subcooling is also small as
indicated by the small difference between the saturation pressure
and the pressure at the nozzle inlet (z = 0). The local fluid pressure
decreases due to acceleration as it flows through the nozzle con-
verging section, as indicated by the solid line. The nozzle throat
pressure approaches the Alamgir and Lienhard nucleation pres-
sure, Pn, because the local pressure is smaller than the vapor pres-
sure when the fluid has reached its maximum depressurization
rate. Thus, in the case of shorter nozzles with larger peak depres-
surization rates, the nozzle throat pressures approach the Alamgir
and Lienhard nucleation pressure.

Fig. 10.7c represents the opposite extreme of a large amount of
subcooling with a large peak depressurization rate. For this case,
because of the large degree of initial subcooling, the local pressure
is still larger than the fluid vapor pressure at the location of max-
imum depressurization rate. Consequently, in this case, the nucle-
ation pressure at the nozzle throat approaches the fluid vapor
pressure.

Fig. 10.7b illustrates an intermediate case where the depressur-
ization rate is large and the local pressure at the location of maxi-
mum depressurization rate is near the fluid vapor pressure. In this
case the flashing pressure at the nozzle throat is between the two
extremes. As illustrated, the Alamgir and Lienhard nucleation pressure
can be considered the maximum potential amount of non-equilibrium
given enough pressure driving force to cause it to occur.

The non-equilibrium phenomena shown in Fig. 10.7 can be
quantified by defining an ‘‘efficiency” to adjust the pressure-
undershoot determined by the Alamgir and Lienhard correlation.
The ‘‘driving force” for non-equilibrium is the difference between
the fluid saturation pressure and the local pressure at the location
Sozzi and Sutherland (1975) Nozzle 2 for l = 0 mm (0 in.)



Fig. 10.4. Sozzi and Sutherland (1975) Water Depressurization Diagram.

Fig. 10.5. Sozzi and Sutherland (1975) Depressurization Diagram for l = 0 mm (0 in.)
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Fig. 10.6. Sozzi and Sutherland (1975) Depressurization Diagram for l = 12.7 mm (0.5 in.)
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of the maximum depressurization rate. The ‘‘efficiency” can be
thought of as an approach to equilibrium.

ðPsat � Pn;relaxedÞ ¼ gðPsat � Pn;A�LÞ ð10:13Þ
The nucleation pressure calculated using the Alamgir and Lien-

hard correlation is adjusted with the approach to equilibrium ‘‘ef-
ficiency” to determine the nozzle throat pressure, Pn,relaxed. The
nozzle throat pressure is then used in Equation (10.14) to estimate
the mass flux.

G ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q0 P0 � Pn;relaxed

	 

1þ f D

l
d

s
ð10:14Þ

In practice a trial-and-error solution is required because the
maximum depressurization rate and the local pressure at the loca-
tion of the maximum depressurization rate are not known a priori.

The approach to equilibrium efficiency is depicted as a function
of the ‘‘driving force” for nucleation in Fig. 10.8. A solid line is
drawn at an efficiency of one to indicate values larger than one
are not used. The reasons for values greater than one obtained dur-
ing the data analysis are described in the next paragraph.

The premise for the use of the Bernoulli or Burnell equations to
estimate nozzle critical flow is that rapid vaporization occurs pre-
dominately near the nozzle exit. The difference between the two
equations is that boiling is ‘‘delayed” below the saturation pressure
when using the Burnell equation. A nucleation delay time of 1 ms
has been reported (see for example Sozzi and Sutherland (1975)
‘‘Discussion of Results”). With a 1 ms nucleation delay time, flash-
ing almost certainly occurs downstream of the Sozzi and Suther-
land ‘‘zero” length nozzle and likely also occurs downstream of
the 12.7 mm (0.5 in.) long nozzle. The residence time in the
straight section of the 12.7 mm (0.5 in.) long nozzle is 0.14 –
14
0.17 ms assuming all liquid flow. The transition between flashing
downstream of the nozzle and flashing in the nozzle likely occurs
in the 38.1 mm (1.5 in.) long nozzle, with flashing possibly occur-
ring downstream of the nozzle for the most subcooled data points
and within the nozzle for the least subcooled data points. The data
points in Fig. 10.8 having efficiencies greater than one are for the
shortest nozzles where flashing is likely occurring downstream of
the nozzles and are thus not applicable for the current model
premise.

The nozzle throat pressures were not generally provided in the
Sozzi and Sutherland (1975) data so the nozzle throat pressure cal-
culated using Equation (10.13) (notated as Pnucleation to represent
use of the nucleation theory) is compared to the nozzle throat pres-
sure using the Burnell equation in Fig. 10.9. The agreement is gen-
erally acceptable. To be clear, experimental values of the
stagnation pressure and mass flux were used in Equation (4.6) to
calculate the Burnell C factor and the ‘‘Burnell” throat pressure
along with the equation Pt ¼ ð1� CÞPs. Disagreement between
the two calculation methods occurs for the two shortest nozzles
(0 and 12.7 mm) when flashing takes place downstream of the
nozzle.

Two comparisons of the mass fluxes calculated using the bubble
nucleation method and the experimental data are found in
Fig. 10.10. Again the bubble nucleation method provides generally
good agreement with the measured data except for the shortest
nozzles. Calculation of the Burnell C factor is straightforward given
the nozzle throat pressure. The Burnell C factor calculated using
the nucleation theory is compared to that calculated using the Bur-
nell equation in Fig. 10.11. Again, when choking is concurrent with
flashing at the nozzle throat, the two methods agree. The excep-
tions are when choking occurs downstream of the nozzle throat
in the two shortest nozzles.



Fig. 10.7. Pressure-undershoot at Point of Maximum Acceleration for l = 114.3 mm (4.5 in.)
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11. Conclusions

Unification of bubble nucleation kinetics and thermodynamic
stability analyses used to describe Rapid Phase Transitions (RPT),
Boiling Liquid Expanding Vapor Explosions (BLEVE) and flow
through nozzles provides a method to quantify non-equilibrium
effects on calculated nozzle choking pressures and critical mass
flow rates. It was shown that the deviation from equilibrium in
converging nozzles is determined by the maximum depressuriza-
tion rate due to fluid acceleration combined with the amount of
initial subcooling of the entering fluid. The proposed method
addresses known deficiencies of the Homogeneous Equilibrium
Model for flow of saturated or slightly subcooled liquid through
nozzles. Conclusions from thermodynamic considerations and the
study of the Sozzi and Sutherland (1975) data are:

1. Nozzle flow can approach equilibrium flow when:
2. initial fluid temperature approaches the critical temperature

because the amount of superheating due to rapid depressuriza-
tion is constrained by the spinodal curve, e.g., less superheating
is possible due to thermodynamic instability

3. small rates of depressurization due to fluid acceleration occur,
e.g., small available pressure driving force or appropriately
rounded nozzle inlet geometries limit the maximum depressur-
ization rate
15
4. the local pressure is above the fluid saturation pressure at the
location in the nozzle where the maximum depressurization
rate occurs, e.g., at a given temperature, as the amount of sub-
cooling increases due to increasing pressure, greater accelera-
tion losses are required to decrease the local pressure to
below the vapor pressure at the location of the maximum
depressurization rate

5. long residence time in the nozzle straight section downstream
of the converging section allows enough time for fluid
relaxation

6. Otherwise, non-equilibrium flow should be considered for satu-
rated or slightly subcooled liquid flow into a nozzle.

7. The inlet geometry of short nozzles plays a key role in the
amount of superheating because the inlet geometry determines
the maximum rate of depressurization for a given pressure driv-
ing force. Empirical correlations developed from data using noz-
zles with rounded inlets may not be applicable to nozzles with
sharp-edged inlets because of geometry effects. In the case of
rounded inlets (wherein no vena contracta is formed), the
change in area with respect to distance (dA/dz) determines the
maximum rate of depressurization. In the case of square-
edged inlets, the fluid acceleration from the point of fluid
detachment at the contraction plane to the vena contracta
determines the maximum rate of depressurization. Where a
vena contracta is formed, it is important to note whether fluid



Fig. 10.8. Efficiency of Converting Potential Bubble Nucleation Pressure to Nozzle Throat Pressure.

Fig. 10.9. Sozzi and Sutherland (1975) Nozzle 2 Outlet Pressures.
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Fig. 10.10. Sozzi and Sutherland (1975) Nozzle 2 Mass Fluxes.

Fig. 10.11. Sozzi and Sutherland (1975) Nozzle 2 Burnell C Factor.
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reattachment downstream of the vena contracta occurs. In the
case of short nozzles where fluid reattachment does not occur,
the relevant flow area is the vena contracta cross-sectional area.
Also without flow reattachment, there are no frictional losses
along the nozzle wall.

12. Summary

A bubble nucleation method to estimate the flow rate of satu-
rated and slightly subcooled liquids through ‘‘short” nozzles is pro-
posed. The premises of the method are:
17
1. The available pressure driving force causes rapid depressuriza-
tion of the fluid at the nozzle inlet due to the reduction in area
available for flow determined by the nozzle geometry. The
method is applied to both converging and square-edged inlet
geometries by following the flow streamlines.

2. The potential pressure-undershoot is determined using a
pressure-undershoot correlation at the point in the nozzle
where the maximum rate of depressurization occurs.

3. The realized pressure-undershoot is determined by adjusting
the potential pressure-undershoot with an approach to equilib-
rium ‘‘efficiency” based on the amount of superheating at the
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location in the nozzle where the maximum depressurization
rate occurs. The nozzle throat pressure is determined by the
realized pressure-undershoot value.

4. Rapid vaporization occurs essentially at the nozzle throat after a
bubble nucleation time delay resulting in choking essentially at
the nozzle throat.

The applicable ranges of the proposed method are summarized
as follows:

1. The single phase Bernoulli and Darcy–Weisbach equations are
used to describe the pressure drop of the metastable fluid
through the nozzle, thus the metastable fluid should be consid-
ered incompressible.

2. Upon depressurization, the Alamgir and Lienhard correlation is
used to determine the pressure-undershoot. The Alamgir and
Lienhard correlation was developed for

0:62 � Tr � 0:935and0:004 � R
0 � 1:8Matm=sð405 � R

0

� 182;000MPa=sÞ
3. Nucleation should commence within the nozzle. Yoon et.al
(2006) suggested a nucleation delay time of about 1 ms. The
residence time in the straight section of the 12.7 mm (0.5 in.)
long Sozzi and Sutherland Nozzle 2 was less than 0.2 ms indi-
cating nucleation initiated downstream of the nozzle. The resi-
dence time in the straight section of the 38.1 mm (1.5 in.) long
Sozzi and Sutherland nozzles was 0.5 – 0.7 ms, and that data fit
the correlation, indicating perhaps 1 ms is a conservative esti-
mate for the minimum nozzle residence time.

4. Rapid vaporization, and coincident choking, is premised to occur
essentially at the nozzle throat, thus the method is limited to
modeling ‘‘short” nozzles. The definition of ‘‘short” will certainly
depend on the amount of initial fluid subcooling, the maximum
depressurization rate, the fluid relaxation time and the nozzle
geometry. Sozzi and Sutherland (1975) suggested nozzle flow
approaches equilibrium flow, as calculated using the Homoge-
neous Equilibrium Method (HEM), for nozzles around 127 mm
(5 in.) long. The residence time for the 114.3 mm (4.5 in.) long
Nozzle 2 data set was about 2 ms. The proposed bubble nucle-
ation method fit the Sozzi and Sutherland Nozzle 2 data for Noz-
zles as long as 228.6 mm (9 in.), corresponding to about 5 ms
residence time. For longer nozzles the exiting fluid was predicted
to be saturated, indicating the model may be valid for nozzle res-
idence times as long as 5 ms.

The proposed method was developed with data from experiments
using water, but bubble nucleation theory indicates applicability to
other pure components with proper scaling of the Gibbs number.
Development and validation of Gibbs number scaling methodology
is an area of proposed future research. Wide boiling mixtures are
unlikely to experience rapid vaporization, indicating application of
the method is likely limited to pure components and perhaps mix-
tures with a narrow boiling range. Finally, the method was developed
using data from experiments in which acceleration pressure losses
dominated and rapid vaporization occurred essentially at the nozzle
throat. In nozzles with friction dominated pressure profiles, flashing
may occur over a wide range of the nozzle length and other methods
such as the HNE and DEM should be considered.

13. Recommendations for further work

Recommendations for further work are:

1. The Alamgir and Lienhard (1981) pressure-undershoot correla-
tion was developed from rapid depressurization experimental
18
data, for example see Alamgir, et al. (1980). The rapid depres-
surization experiments typically involved filling a closed tube
with water, heating and pressurizing to the desired initial con-
ditions, ‘‘bursting” open the outlet end of the tube and then
measuring the depressurization rate and pressure-undershoot.
Similar experiments with imposed backpressures are recom-
mended to quantify the back pressure effect on depressuriza-
tion rate and amount of pressure-undershoot. These
experiments are recommended with a variety of other chemi-
cals (including mixtures) to verify the Gibbs number composi-
tion dependency.

2. Critical flow experiments with nozzles having various inlet
geometries, e.g., varying the radius of curvature and beta ratio,
are recommended to validate the interpretation of geometric
effects changing the fluid streamlines and use of the maximum
depressurization rate in the pressure-undershoot correlation.
These experiments should also include a variety of other chem-
icals (including mixtures) to validate application to nozzle flow
calculations of the pressure-undershoot correlation and the
approach to equilibrium correlation. The nozzle lengths should
also be varied to determine the location of flashing inception
and the role of the boiling nucleation time delay.
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