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Abstract—A one-dimensional mechanistic model is developed to calculate the critical mass flux of an
initially two-phase, saturated or subcooled fluid. A new formulation is incorporated to account for bubble
formation, growth and convection. The model allows for thermal non-equilibrium vapor drift velocity and
non-uniform bubble distribution.

The model has been qualified in comparison with available critical flow data for water in horizontal and
vertical discharge pipes and converging-diverging nozzles. Predictions compare favorably with experimen-
tal data over a wide range of pressures and pipe diameters and lengths.

1. INTRODUCTION
Two-phase flow of vapor and superheated liquid exists during blowdown of a two-phase

vapor-liquid mixture or of an initially saturated or subcooled liquid. An understanding of the
physics governing the two-phase flow of one-component superheated liquids is useful in the
design of boilers, refrigeration and desalinization equipments and in the handling of liquified
gases. Much of the progress in modeling superheated flows has been derived from the need to
predict critical flow rates in the blowdown safety analysis of water cooled nuclear reactors.

The flow of a superheated liquid is basically a metastable process. Studies of superheated
flashing flows are, therefore, directed towards the determination of the vapor generation rate as
the system relaxes from its excited or thermodynamic non-equilibrium state to equilibrium. This
relaxation is typically carried out by heat diffusion and evaporation processes.

Over the past two decades there have been many theoretical and experimental studies of
non-equilibrium flashing flow. The main aspects of the problem related to critical flow are
discussed in several review articles by Boure (1977), Jones & Saha (1977), Ardron & Furness
(1976) and Wallis (1980). A comprehensive review and discussion of analytical models and key
experimental results in the area of two-phase critical flow has been compiled by Abdollahian et
al. (1980, 1982), with about 250 references cited. It has generally been found that phase
equilibrium blowdown models are not valid for discharge from short pipes or nozzles. For such
geometries the two-phase expansion is too rapid for the two phases to reach equilibrium.
Temperature and pressure measurements indicated substantial liquid superheat during blow-
down from short nozzles. Furthermore, the vapor and liquid phases typically attain different
velocities. These observations call for the development of a non-homogeneous and non-
equilibrium model to predict the experimental data.

Non-equilibrium models are generally divided into empirical methods (Henry et al. 1970;
Henry 1980; Simpson & Silver 1962) and mechanistic models (Edwards 1968; Winters & Merte
1979; Malnes 1975; Ardron 1978). The first approach accounts for non-equilibrium vapor
generation by introducing one or more empirical coefficients to keep the flow quality below its
equilibrium value. The coefficients are typically fitted to experimental data with no attempt to
describe the mechanism of vapor formation. In the second approach, the problem is formulated
from a mechanistic point of view. The vapor generation is generally modeled as a bubble
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growth process following Plesset & Zwick (1954) or Forster & Zuber (1954). It is assumed that
the rate of growth is governed by transient conduction in the liquid surrounding each bubble
with no effects from neighboring bubbles.

Incorporating a bubble growth model in the analysis of superheated liquid flow requires
simultaneous solution of the fluid field equations in conjunction with constitutive relations to
account for bubble convection, growth and interfacial energy transfer. Various approximations
are typically made to simplify these equations. Winters & Merte (1979) used a lumped
parameter approach and neglected the effect of relative velocity and bubble convection. Ardron
(1978) approximated the spatial variation of the temperature difference across the bubble
surface by an arbitrary linear function and thus omitted the energy conservation equation. The
one-dimensional two-fluid equations for the conservation of mass and momentum were then
solved numerically to predict the critical flow data assuming the liquid temperature is constant.
While it is demonstrated that the above models are successful in predicting critical flow data for
initially subcooled or saturated conditions, the effect of the various approximations made in
deriving the vapor phase equation on the predicted critical mass flux is not fully elaborated.

This paper develops a mechanistic model for non-equilibrium critical flow of an initially
two-phase, saturated or subcooled liquid. The model is based on a one-dimensional drift flux
formulation of the mass, momentum and energy field equations of the two-phase mixture and
incorporates a new formulation of the vapor phase equation. It allows for interphase liquid-
vapor relative motion, thermal non-equilibrium wall heat flux and radial non-uniform dis-
tribution of bubbles. Predictions of the new model are compared with available data for steady
critical flow in nozzles, pipes and converging-diverging test sections. The effect of the pipe
length and reservoir stagnation conditions on the critical flow rate is analyzed. The predicted
critical mass flux for long flow channels are typically lower than the homogeneous equilibrium
prediction due to wall friction. Predictions for short discharge pipes are shown to be affected by
thermal non-equilibrium in the flow and lie above the predictions which are based on the
homogeneous equilibrium approximation.

2. CONSERVATION EQUATION

Basically we establish a four-equation model: three mixture balance equations and one phase
mass balance. This set is closed if two restrictions are imposed. We assume: (1) vapor is at
saturation temperature corresponding to the imposed liquid pressure and (2) a drift velocity is
given as a function of physical properties. The remaining dependent variables are the vapor
void fraction, pressure, liquid enthalpy and mixture mass flux.

2.1 Mixture equations

The mixture conservation equations used are based on the one dimensional drift flux model
(Lahey & Moody 1977; Dobran 1981). For steady-state conditions the two-phase mixture mass
equation is:

ad; {GA)=0. {1]

The steady-state momentum equation is given by:

1 d (AG?\ , 2fG* . , l_q_( @ pipc ,;)____Q__(d_P)
X&”z(T)+ oD TPEcost g4 5 Y az " \dz )\

(2

where p, p and jp denote respectively the liquid, vapor and mixture density. « is the vapor
volumetric concentration, G is the mixture mass flux, V¢; is the drift velocity of the vapor
phase with respect to the center of volume, f is a friction coefficient, D and A are the local duct
hydraulic diameter and flow area and @' is the duct inclination angle. P is the pressure at
position z, g is the acceleration due to gravity and the subscript loc. denotes local property.
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Equation [2] is written in Eulerian form in terms of the center-of-mass of the two phase
mixture and incorporates the conventional simplifying assumptions that some of the averages
of products of dependent variable across the duct are identical to products of averages.
Momentum transfer due to turbulence is neglected. The last term on the left hand side of [2] is
due to the relative velocity between the phases. It represents the net momentum flux with
respect to the center of mass of the flowing two phase mixture. Local irreversible pressure loss
associated with an abrupt area change is accounted for in the last term on the r.h.s. of [2].

The steady-state mixture energy equation for non-equilibrium two-phase flow is:

1d(, popr )= {G }dP 4Py
G+ Adz(A Vahia)={5+5 b poaVey | S+ 3]

Here H is the specific enthalpy of the two-phase mixture and h; g is the latent heat. In [3] we
have neglected the effects of frictional heating and change of kinetic energy due to the relative
velocity between vapor and liquid. Equation [3] is written for non-homogeneous flow and
allows for heat flux q” from a heated boundary surface of perimeter Py. The second term on the
Lh.s. of [3] represents the drift of energy through the center of mass plane of the two phase
mixture.

2.2 Vapor phase equation
Assuming that the vapor density is uniform over the flow cross-section, the steady state
equation of conservation of mass of the vapor phase is:

2 (Avoape)=Tq 2

where ug is the vapor phase velocity averaged over the phase volume and T is the mass of
liquid evaporated per unit time and length of the flow path. The magnitude of this evaporation
term depends on the transient and thermodynamic conditions in the flow, which are in turn a
function of position z.

3. CONSTITUTIVE AND STATE RELATIONS

Equations[1]-[4] form a complete set of field equations. To close the model requires a set of
constitutive and state relations to describe the fluid mixture properties and the exchange of
momentum and energy between the fluid mixture and the bounding surfaces. This section
describes the relations for the wall friction coefficient, f, local irreversible pressure drop AP,
drift velocity V¢, wall heat flux and thermodynamic and transport properties of vapor and
liquid. A relation for the vapor formation rate I, is developed separately in the following
section.

3.1 Pressure drop and heat flux
For turbulent flow, which is the condition most usually of interest here, a suitable empirical
relation for f is (Streeter 1961):

Vl—f 3.48+410g(D/9 X 1079). 5]

The general local irreversible pressure drop equation is similar to that for friction pressure
drop:

GZ

AP =K % (6]
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where the single phase form loss coefficient, K is determined from handbooks of hydraulic
resistances, (e.g. Streeter 1961).

Since no data is currently available on the effect of wall heat flux on the critical two-phase
flow, the wall heat flux term in [3] was set equal to zero.

3.2 Drift velocity
The vapor drift velocity is expressed in terms of the void-weighted average velocity of the
vapor phase (Lahey & Moody 1977):

va=2( G)_ pVg +(Co- G
Gj

p\" "5 )T 5—(Co—1)pL-po)er

M
where C, is a concentration parameter which quantifies the effect of the radial distribution of
void and Vg is the void weighted vapor drift velocity with respect to the center of volume of
the two-phase mixture.

For flow in a horizontal pipe Vg; was set equal to zero. For vertical flow the drift velocity
was calculated by (Lahey & Moody 1977):

1/4
Vi = 1.41[i(&;”—“)] cos ¢’ [8]

(U8

where o is surface tension and cos @' = 1 for liquid upflow and cos 6' = —1 for liquid downflow.
Equation [8] is strictly applicable for equilibrium bubbly flow. This equation is used here since
no better expression is currently available for non-equilibrium situations.

3.3 State equations

The state equation for steam and water was obtained from analytical fits to steam table data
and are accurate to within a few percentage points for the pressure and temperature ranges of
interest. To simplify the computation procedure it was assumed that the vapor is an ideal gas
which obeys the saturated vapor pressure law obtained by the Clausius-Clapeyron equation:

9&-_-9},2_"_1’; 9]

4. EVAPORATION RATE

To determine the evaporation rate term I'g we consider the growth in the superheated liquid
of vapor bubbles of radius r. The determination of r requires the simuitaneous solution of the
equations for the vapor pressure in the bubble, the time dependent thermal conduction in the
liquid layer surrounding the bubble and the dynamics of the bubble. A number of approximate
solutions available in the literature greatly simplify the analysis. Since in the following the
bubble population is averaged over the flow cross section, the influence of the wall on the
bubble radius history is ignored. In addition, convection heat transfer is insignificant for small
bubble size and low relative velocity. The bubble radius is, therefore, determined by a
conduction bubble growth model (Forster & Zuber 1954).

(VLG B -, _ 3
r_2k(—hL§pJ;-—L-)(TL T,)\/t,k—\/ﬂ_. [10]

Here T is the temperature of the liquid surrounding the bubble and T is the vapor temperature
taken to be at saturation, A and C, are the liquid conductivity and specific heat respectively. In
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a steady temperature and pressure field [10] can be restated as:

V 2(A (-'p)L
hiapc

(T~ T,)
dt =g’ Lr »B=

(11

The principal assumption is now made that the rate law [11] is valid also in an element of the
vapor phase which travel with the speed of the vapor. Equation [11] can be stated in the
Lagrangian view as

2_ (T —Ts)z
il (121

where Dr/Dt is a substantial derivative.

In order to arrive at a constitutive relation for the vapor rate of formation, a concentration
N is defined as the number of bubbles of radius r lying between r and r + dr, per unit volume of
fluid and vapor mixture, per unit radius difference dr. The number of bubbles whose radii lie
between r to r+dr is therefore N dr, per unit volume of fluid and vapor mixture. In a short
time interval d¢ a bubble which did lie inside the range r — dr to r — dr + (Dr/Dt) dt will pass into
the range r to r+dr. Similarly, a bubble which was located inside the range r to r+
[(Dr/Dt) + d(Dr/Dt)] dt will leave the range r + dr. The reason for including the term d(Dr/Dt) is
that Dr/Dt is a function of r as seen by [12] and Dr/Dt is considered in neighboring r intervals.
Hence, the increase in the number of bubbles in the range dr and time dt is in view of these
considerations, and the definition of N,

—dNdr= {(N+dN)[%+d(%)] N g:} dt = {dN——+N d(Dt)} dt

which is correct to first order of the differential terms. Hence, on division by dt and dr and
combining the terms on the r.h.s:
INY  _8(\Dr
( n )Wh - ar(N_ Dt) {13]

(8N/3)grown Tepresents the bubble concentration growth rate of bubbles of radius r lying
between r and r+ dr per unit volume of fluid and vapor mixture, per unit radius difference dr.
Under steady-state conditions the rate of change of bubble density due to growth is balanced by
convection, yielding

Ny _1a
(W)M- 22 (N Aug) [14]

In this balance one observed that (dN/dt)goum is the growth rate per unit length in the flow
direction. From [12] to [14] one obtains

SR .. B X
e R B e L) [15]

Defining, (N/r) = n, 1/2(r|BT,)* = v and [1—(Te(2)I T(z))F = ¢(2), {15] becomes

an an
¢(Z)31-_+ E«—XE(A ug). [16]

Equation [16] is a new bubble species equation. Its solution describes the bubble number and
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their radii distribution n(z, v) along the flow channel. The function ¢(z) describes the tem-
perature field of the liquid-vapor mixture. It is directly related to the system pressure and liquid
specific enthalpy. Therefore, a solution scheme should be considered in which [16] is solved
along the flow channel in conjunction with the mixture and phase field equations. Such a
scheme is described in this and the next sections.

The vapor generation rate I'; is now determined by integrating (AN/dt)gowi OVer the range
of bubble radii in the flow

4 Re (3N
Tg= 3 'rrpc;AJ‘0 (Yt—) rdr (17

growth

where R.. is an arbitrary large bubble radius. Once n has been found from [16] one can
determine (3N/3t)growtn from [14] for the determination of I'(z).

Equations [14] and [17] must be considered together with the vapor phase equation [4]. It is
[4] which determines the void fraction, a. By multiplying [14] with 4/3mpgAr’ dr and integrating
with respect to r, one obtains with help of [17]

R,

4 d =
To=3m a;{pGAuG fo nr* dr}. [18]
A comparison with [4] then shows that the void fraction is

_4 f Fo

a=z1a nr'dr. [19]
3% 4

It should be noted that [10] and [12] were originally derived to predict bubble growth at
constant pressure. Their use in a variable pressure field along a flow path should therefore be
considered as an approximation. The approximation is weakest mainly in region of rapidly
changing pressure, e.g. near an orifice or at the choking plane in case of two phase critical flow.
However, since the objective of the present calculations is to predict the location of the
choking plane rather than its detailed structure, [10] and [12] are considered acceptable. Models
for bubble growth in a variable pressure field (Jones & Zuber 1978; Cha & Henry 1981) can be
incorporated in the evaporation rate model developed in this paper. This extension is presently
under investigation.

4.1 Solution by Laplace transformation

Equation [16] is a first order nonhomogeneous hyperbolic equation which requires both
“initial”’ conditions at T = 7, and boundary conditions at z = 0, taken as the entrance to the flow
section. In the general case of two-phase stagnation conditions we consider at the entrance to
the flow channel an input of N bubbles per unit radius difference per unit volume with linearly
distributed radii in the range ro to ry, i.e.

N@)dr=nrdr [20}

For a given n,, the maximum bubble radius (r, or 7;) at the entrance can be determined by the
known stagnation void fraction «(0) (i.e. [19]) and ry
a0)=3 I it dr =1 (- 1) [21]
To

A suitable boundary condition for n(0, 7) is therefore given by:
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n(@, 1) = {'('; 7o f>" fl Uy [22]

Note that for subcooled or saturated entrance conditions [22] is reduced to
n0,7)=0, 1> 7,. [23]

Along the flow channel, foreign bodies and pipe surfaces normally provide ample nuclei for
vapor formation. The number of vapor nuclei per unit volume of a two phase mixture per unit
radius difference is described by:

@ 7) = ndl1 - a(@l exp| T2 0| 24

which is comparable to the expression used for the embryo density in homogeneous nucleation.

In[24] k, is the Boltzman constant, and n, is a constant describing the normalized number
density of bubble nucleation sites in the liquid per unit radius difference. AG is the maximum free
energy of bubble formation given by Cole (1979)

16 o’
A6 = T P -l (23]

¢ is a factor which depends on the character of the cavities in the surface and the liquid contact
angle. Typically 0=y <1.

In [24) we assume that for the computation of n all vapor nuclei are formed with a uniform
initial radius r, (or o). It is important to note that the actual equilibrium nucleus radius depends
on the local thermodynamic condition in the flow and in particular on the local liquid superheat.

The vapor species equation [16] can be written as

h2) 2+ 2= —ng(2) [26]

where
d
t =1— 70, h(z) = $(2)/uc(2) and g(2) = 3z [0(Auc)
In terms of z and t the boundary and initial conditions are

n(z 0) = ngl1- ()] exp(:-k'fﬁ%), 250
n(, t)=n{U(t)— U(t - t,)} 27

where t, = 7, — 1 and U(t) is the unit step function. The Laplace transform of [26] with respect
to t yields with the imposed initial condition

% n(z, §) +[h(2)S + g(2)In(z, S) = h(z)n(z,0) [28]

where

n(z, S)= I: exp(— St)n(z, t) dt. {291
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The general solution to this first order differential equation is

nz,8)=C exp{ - Io ‘ [h(z")S +g(z"] dz'} + exp{ -~ L ’ [Sh(z") + g(2"] dz’}.
. Lz exp{ J:) : [h(z"S + g(z") dz”}[h(z’)n(z', 0)1dz". [30]
The constant of integration C can be evaluated using the Laplace transform of n(0, t) from [27]
C= ’s’l [1-exp(— Sty)]. B1
Substituting h(z) and g(z) in [30] and performing the integration the general solution reduces to

n(z, S)= m(@0) —=exp[ — Sa(z)] + expl — Sa(z)] exp[Sa(z')]m(z')[h(z')n(z 0)]dz’,z>0

m(z) m(z)
32
where
a@= [ e [32a]
and
m(z) = A(z)ug(z) [32b]
The inversion of the first term yields
mz 1) = m MUt - a(a)] - Ult - (1 + a@)D. 3]

This term describes the growth of the vapor bubbles introduced at the entrance as they flow
along the channel. Equation [33] represents a positive pulse of magnitude n,m(0)/m(z) and of
duration a(z) <t <(t;+ a(z)). Due to the term a(z) this part of the solution accounts for bubble
growth due to heat conduction and pressure change.

The inversion of the second term on the right hand side of [32] is conducted formally.
Assuming that the Laplace inversion integral can be interchanged with respect to the z' integral
we have

()= [ B bz n(z, 02 Yexpl — S(at) - a2} d B34

where £~! represents the inverse Laplace transformation operator. Now consider

z’"{exp[—S(a(z)—a(z'))1}=2“‘{ gexpl- Sl - “"“’]} 4 Utt-(a(2)- a@)
=a[r @@-aZ)]. (3]

Hence by[32a] h(z')dz’ = da(z') we obtain

noz, t) = [ '"(”n(z 0)5[t — (a(z) - ()] da(2). [36]
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Equation {36] can be written as

rrnn_((zz’)) n(z',0), 0<t<a(z)

nz 1) = 0, t> a(z)

[371

where 2/, is the point at which the vapor bubble was originated. z' is given by the explicit
solution of

a(z)=a(z)—t. [(38]

Equations [37] and [38] describe the growth of a vapor nuclei originated at z’ as it moves to
position z. The complete solution of the vapor phase equation in the general case of the two
phase entrance conditions is then given by:

n(z, t) = ny(z, t) + nyz, t). [393

Equation [39] is illustrated for certain parameter values in figure 1. The bubble size function, ¢,
is plotted vs distance from the entrance of the flow channel for the general case of two-phase
entrance conditions with =0 and P(0) = P,. Bubbles of maximum radius corresponding to ¢,
exist at the entrance. As the bubbles move along the flow channel their radii increase. In
addition, new bubbles of a radius corresponding to t =0 are eontinuously introduced along the
channel. The solution has therefore two discontinuities as can be seen from [33] and [37]. The
first, at t,+ a(z), corresponds to the maximum radius the bubbles can attain at a certain
distance along the channel. At larger radius the bubble number density drops to zero as seen
from [33]. The second discontinuity, at t = a(z), represents the boundary between the bubbles
introduced at the entrance with density n, and the new bubbles which result from growth of
vapor nuclei along the channel with density n,. It is interesting to note that in the case of
subcooled or saturated stagnation conditions no bubbles are introduced at the entrance and
therefore the group n, does not exist.

Equation [39] is used to determine the evaporation rate along the fiow channel. From [12],

166_ —T T T T
"]
e :
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Fig. 1. Variation of bubble size function, ¢, along a flow path. Curves represent discontinuities between
different bubble populations.
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[13] and [17] one obtains
R
To= 3 mooABTo~ T2 [ () ar [40)
Jo ar

Equation [40] can be written in terms of 7 as:

ro= -2 npcsarery [~ (2)" (1]

Since, as shown in figure 1, n =0 at 7 = 7., [41] can be integrated by part to yield:
3 o
I'g= 3 F(2) I nr'cdr [42]
0

where

F(z )—§—‘C pcAS(2)BT,'.

Substituting [39] for n(z, t) in [42] we obtain after some rearrangements:

F To+a(z)

mg)){ f n(z', m(z)r"* dv + nym©O)(r, + a(2))** - (1o + a(z))”’]}. (43]
Considering the functional relation between 7 and z' [38], the integral in [43] can be written in
terms of z' as

Fo@=ED L2 [* (2, rom(@)no+ a(2) - a@)h(z) dz
m(z) 12

+ nm©@)[(r, + a(z»"’—(ma(z»’”]} 44]

Once the pressure and liquid temperature are calculated for z’ <z one can determine n(z', 7o)
from[27], a(z') and m(z’) from[32a] and [32b] and perform the integration in{44] to obtain the
vapor generation rate at z, ['g(z). This, in turn, can be substituted into the macroscopic vapor
equation[4] to yield, with help of [1]-[3], the pressure and liquid temperature at z.

For subcooled flow the integrand in [44] is zero for the subcooled portion of the expansion
for which T; < T,, The integral term in [44] accounts for the formation and growth of bubbles
along the flow path. To apply [44] requires suitable specification of no, n,, ¥ and 7 in [27]. In
the absence of direct measurements of these parameters the assumption is made that no=n,
and 7,=0. This leaves two adjustable parameters in the model, no and ¢ which entered the
analysis through [24].

It should be noted that since ug depends on a (and therefore on n), [16] and [26] are
non-linear partial differential equations. To apply the solution scheme outlined above, an
iterative technique had to be used to linearize [26). u was taken initially as a constant and then
updated by the solution n(z,t) from the previous jteration. Typically convergence to within
0.1% is obtained after two iterations.

5. NUMERICAL CALCULATIONS
The field equations were combined by substituting the conservation of mass equation [1]
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into [2]-[4]. The resulting set of equations can be represented in the matrix form
By=b [45]

where y is a three component vector

r_ (d, 9P dh)
(dz’dz’ dz 146}

and B and b are a 3 X3 matrix and three component column vector respectively, described in
Appendix A.

A fully explicit finite difference scheme has been formulated to solve [45] which yields the
pressure, void fraction and liquid enthalpy (or temperature) in the channel. The vapor
generation rate I'g(z) was updated at each mesh point using [44].

5.1 Entrance geometry

Equation [45], describes a one-dimensional fiow field in a duct of arbitrary geometry. A
detailed description of the actual ducts and entrance nozzles geometries were utilized to
integrate the field equations along the flow path starting from the input stagnation conditions. In
a constant area section the flow field is straight forwardly represented if we take dA/dz = 0. The
initial values of P, h; and « are taken as the stagnation values.

6. RESULTS AND DISCUSSION

The theoretical model was qualified in comparison with available high pressure data on
adiabatic critical flow of water at subcooled, saturated or two-phase entry conditions. The
phase distribution parameter C, was arbitrarily set to 1.1 in all computations. This value of C,
as well as the model used for V; (see [8]) were recommended for equilibrium flow situations
(Lahey & Moody 1977). However, since the effect of C, on the predictions is generally small
this deficiency is considered acceptable.

The predicted critical mass flux depends largely on the degree of thermal non-equilibrium in
the system which, in turn, is affected by the number density of nucleation sites and bubbles in
the mixture. Edwards (1968) recommended bubble densities in the range of 22 x 10" to 2 x 10
per m. If, in addition, the initial bubble radius and radius difference are assumed as 10~ m the
recommended range of initia] normalized bubble number density per unit radius and radius
difference becomes 2 x 10* to 2 x 10* m™>, respectively.t In this work the value of ny=n,=
7.5x 10® m™ was found to fit the data best.

The surface parameter, ¢, depends on many parameters such as pipe surface condition,
water purity, pipe surface area to fluid volume, etc. No physical model is currently available to
compute this parameter but an estimate can be made from Alamgir & Lienhard’s (1981) paper.
The surface parameter was taken in this work as ¢ = 10~® which fits [11] in Alamgir & Lienhard
(1981) at its lower bound. Figure 2 gives an indication on the sensitivity of the predicted
pressure along a pipe to variations in n, and the surface parameter . Illustrative calculations
are presented for flow of an initially saturated water in 6.35 mm diameter pipe at stagnation
pressure of 67 bar. It has been shown that the results are relatively insensitive to the value of
in the range of <107°, In addition, it is interesting to note that in case of two-phase entry
conditions, the rate of vapor generation is dominated by the growth of the relatively large
bubbles (n,) which exist initially at the entrance and the contribution of the new bubbles (n,) is
generally small.

To predict the critical mass-flux as a function of pipe length, an exit mass flux was
postulated. The changing flow conditions were then tracked along the pipe starting from the

TWe are grateful to the reviewer for suggesting this range of bubble density.
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Fig. 2. Effect of no and  on the predicted pressure along the flow path.

stagnation point at z=0. At some distance along the pipe the pressure gradient becomes
arbitrarily large (dP/dz > 50 bar/mm). This point was identified as the choking plane. By
repeating the calculations for other mass flow rates one obtains a set of solution points which
describes the critical mass flux as a function of pipe length, L.

Critical flow tests were conducted by Sozzi & Sutherland (1975) with saturated, subcooled
and boiling water. The effect of initial fluid enthalpy, entrance geometry and flow length was
studied. Tests were carried out by blowing down vessels from an initial pressure in the range of
55-75 bar. In figure 3 the present model is compared with data for subcooled and two phase
entry conditions. The entrance geometry of nozzle No. 2 in Sozzi & Sutherland (1975)
experiments was approximated by a smooth elliptic contour which leads from the vessel into a
straight 12.7 mm diameter pipe. The stagnation quality, x,, indicated in figure 3 is defined by the
measured stagnation density. Critical mass fluxes based on a homogeneous equilibrium com-
putations are also indicated in figure 3.

Predictions of the present model are generally shown to be in good agreement with the data.
However, critical flow rates in short pipes (L/D <?2) are under predicted by 5-10%. This is
probably due to the assumption of constant bubble nucleus radius and neglecting the process of
bubble nucleation delay at the entrance to the discharge nozzle. Nucleation delay time of about
1 ms has been observed in a number of depressurization tests with water. For subcooled entry
conditions a delay of 0.5 ms in bubble generation can shift the choking plane by about 4cm
which is more than three pipe diameters. It should be noted, however, that for two-phase initial
conditions, the bubbles at the entrance to the discharge nozzle provide a sufficient number of
sites for bulk nucleation that the delay phenomenon is not as pronounced as for subcooled or
saturated entry conditions. Very good agreement with the data is therefore obtained for
two-phase stagnation conditions with L/D > 1.

Fauske (1965) measured the critical flow of initially saturated water in a 6.35 mm diameter
pipe over a wide range of stagnation pressure 5 < P, < 150 bar. Horizontal discharge pipes with
sharp entrance geometry were used. Test results are compared with model predictions in figure
4. Agreement is shown to be good for long pipes. Critical mass flux is however underpredicted
in short pipes (L/D <6). This is probably a result of the inherent limitations of the one dimen-
sional model when applied to describe the physical phenomena in a sharp edged entrance
geometry. The predicted rate of bubble growth and formation is sensitive to the pressure
conditions and liquid superheat. Therefore, neglecting radial forces in the entrance leads to an
erroneous answer due to inaccurate pressure drop prediction. Also, previous investigations (e.g.
Edwards 1968) have suggested that an annular flow pattern may exist downstream of a sharp-edged
entrance in which a vapor film surrounds a low void fraction two-phase jet. Obviously the bubble
growth model does not accurately describe the degree of thermal non-equilibrium in such
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Fig. 4. Comparison of the theoretical predictions with data of Fauske (1965).

separated flow configurations. Increased critical velocity may result from a decreased heat transfer
area in annular flow compared to bubbly flow. The entrance effects apparently become small far
from the entrance which explains the good agreement between the measured and predicted data for
L/ID>6.

To investigate the predictive capability of the model for large scale experiments, cal-
culations were performed for a set of blowdown tests of an experimental program made at the
Marviken Power Station in Sweden (Abdollahian et al. 1982). The discharge nozzle considered
for these predictions had a rounded entrance foliowed by nominally 500 mm constant diameter
test section from 166 to 1809 mm in length. Since the upstream conditions changed very slowly
during the 50-80 s blowdown, relative to the rapid (100 ms) adjustment of the flow in the test
section, the data was treated in a quasi-steady manner, i.e. constant stagnation conditions were
assumed. Calculated results are compared with observed mass flow rate for initially subcooled
MF Vol. 10, No. 1—C
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Fig. 5. Comparison of theoretical predictions with Marviken data at subcooled stagnation conditions.

conditions in figure 5. The predicted results agree with the measured flow rate to within the
specified measurement accuracy. The experimental data is slightly underpredicted for the short
test section. As discussed before, this may be due to bubble nucleation delay.

Data from the Marviken test for initially saturated conditions are compared in figure 6. Good
agreement is achieved over the whole range of length. The error bars in figure 6 are those
quoted in the experiment.

Flashing water flows in a converging/diverging nozzle were investigated by Abuaf et al.
(1980). The test section consisted of a symmetrical converging/diverging portion 559 mm long
with inside diameter of 51 at the inlet and exit and 25 mm at the throat. Critical flows were
measured for inlet water temperature of 99.5°C and inlet pressures in the range of 1-10 bar.
Figure 7 compares the predicted and measured inlet critical mass flux as a function of the inlet
pressure. The critical inlet mass flux was set so as to induce a choking flow at the nozzle throat.
In all cases analyzed inception of flashing (T, < T,) is also predicted very close to the nozzle
throat. These predictions are qualitatively in agreement with the experimental observations.
The predicted maximum inlet mass fluxes are also in agreement with the measured data. At the
low inlet pressure range the model underpredicts the measured mass flux by 5-10%.

The model was used to compute various parameters of importance for the prediction of
two-phase critical flow. For instance, figure 8 shows typical profiles of the vapor and mean
velocities and the mixture density along a 6.35 mm diameter horizontal pipe with reservoir
pressure of 64 bar. The small vapor drift velocity indicated in figure 8 results from the assumed
non-uniform vapor distribution (C, = 1.1).

Vapor void fraction and velocity ratio profiles for the same run are shown in figure 9. For
horizontal pipe with local drift velocity Vg; = 0 the velocity ratio is:

s=%9=—ac°———. (47
T

In figure 9 velocity ratio is 1.175 at a location of one diameter upstream of the choking plane.
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Fig. 7. Comparison of theoretical predictions with experimental data in a converging/diverging nozzle
(Abuaf et al. 1980).

These relatively small predictions of the interphase relative motion is in general agreement with
other theoretical and experimental observations (e.g. Henry et al. 1970; Edwards 1968).

Typical profiles of liquid temperature and superheat along the flow channel are shown in
figure 10, for Fauske’s experimental set-up at stagnation pressure of 86 bar. Liquid temperature
is shown to drop by more than 10°K before choking. It should be noted that the liquid
temperature is sometimes taken as constant to simplify the analysis (e.g. Ardron 1978). Such an
approximation while eliminating the need to solve the energy equation, may lead to erroneous
results and overestimation of vapor generation rate. The rate of liquid cooling increases near
the choking plane due to rapid depressurization.

Figure 11 shows typical results of I'c/A along a 6.35 mm diameter pipe for two mass fluxes
and reservoir pressure of 64 bar. The vapor generation rate increases sharply near the choking
plant. T'; is a function of the stagnation pressure and mass flux.
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Fig. 11. Typical predictions of vapor generation rate along a pipe.

7. CONCLUSIONS

A one-dimensional, non-equilibrium mechanistic model has been developed to calculate the
critical mass flux of an initially two phase, saturated or subcooled liquid discharging from a
reservoir. The model is based on the concept of bubble growth being controlled by heat
conduction through the surrounding superheated liquid. An approach has been taken to
describe the number and size of the vapor bubbles along the flow path which, in turn,
determines the linear rate of vaporization. Good agreement with the data over a wide range of
stagnation pressures and geometries was obtained by choosing two parameters which describe
the initial normalized bubble density and the heterogeneity factor. For all calculations, the
empirical constants of the model were unchanged. It is shown that the theory can describe
steady state choking phenomena and departure from thermal and mechanical equilibrium.

Limitation of the present theory arises from a single phase entry conditions when applied to
very short pipes and high mass fluxes. In these cases the neglect of bubble nucleation delay and
flow separation caused a noticeable systematic under prediction of the critical flow rate of
subcooled and saturated data. The effect of bubble delay is not pronounced when two-phase
entry conditions are analyzed. Mechanistic models for bubble delay, variable nucleus radius
and flow separation at the entrance are required for further refinement of the model.

Critical two-phase flow is shown to be a strong function of the size and configuration of the
discharge pipe or nozzle. Discharge flow in pipes of up to twenty diameters in length are
significantly higher than predicted by a homogeneous thermal equilibrium model. Predictions
for long pipes (L/D >20) are affected by flow friction and lie below the predictions based on
homogeneous frictionless flow.
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APPENDIX A
To .combine the field equations into a matrix form, it is convenient to use the following
identities:

p=apg+(1—-a)p. [A1]
PH = apg + (1 - a)phy. [A2]
It is further assumed that Vg, hg and p, are sectionally constant and are uniform over the

cross-section. With these assumption and using [9] the components of the square matrix B and
column vector b in [45] are:

By By, 0

B= By Bn Bn [A3]
By B3 0

_ 86 (pL—po)é
Bu=a=uymt™ 5

B _b [ J1_(-aXe—ps)]__ as’ )dpo
2" G {“'f[pc PG ] (1—a)pL} dP

By =221+ 9)+y(~p0)

a(l—a)1+ s)pL] dps
all—a)l+S)o

Bzz=X"[a'Y" F; dP

1
By = m [(1 - a)pL— sapg]

By = ﬂ"PEEHG

p
By, =PL B(1 - oC,)aug 228
32 [—, o G dP
where

1

E=—_.___
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EXCo-1 V
Y = apePL (ng ) (Co+ pLG Gj)

. Vo, _ ]
X= hLGﬁ[l-’—a G (pL pG)

—1-—2068 [0 _ Y.
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The vector b is
b,
b,
b= b, [A4]

p < £4A_2 gplcosy (911)
'"Adz D G&  G\dz/,,.

b, = 9 Pu__apopVGE dA
2 GAhLG AGﬁ dz

r 1 E dA
by= —Ag" X [aquG - E aGCOpG] E

o [zgi_co—l]

e=1-—sEpGl_a G 5

For homogeneous flow [A3] and [A4] are simplified by using

E=Cy=¢=1
=2
b
The resulting matrix and vector for homogeneous flow are
[ pL=pc p_adps i
F; G* 5 dP 0
PLOG 1 ,a(-a)prdps (A-a)pr
Bp=| &b ___° 4 ~ T -
p hich p° dP  hh
ugpgpr  2(1—a)UgpL dpg 0
p p dpP J

and
[ 1dA 2f gp*cos® p (dP\ ]
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