A Generalized Correlation for
One-component Homogeneous Equilibrium

Flashing Choked Flow

This paper presents, for the first time, a generalized correla-
tion for one-component homogeneous equilibrium choked flow.
This particular critical flow model has long been used as a refer-
ence because it is merely an extension of the standard gas-
dynamic model. In this respect the flashing two-phase mixture is
treated much like a single-phase compressible fluid while
undergoing an isentropic expansion with equal phasic velocities
and temperature. In many engineering applications, this model
in fact provides a best-estimate calculation (Moody, 1975;
Lahey and Moody, 1977; Fauske, 1985). The calculational pro-
cedure requires seeking a maximum in the mass velocity expres-
sion derived from the first law of thermodynamics.

G = [2(h, — W)]'*/v (1)
where subscript o denotes a stagnation condition. Here the spe-
cific enthalpy and specific volume are expressed in terms of
quality and the phasic properties, i.e., b, = g, + Xohyp0, A = b +
xhg, and v = v, + xvy,. The static quality is determined along a
constant entropy line,

Sfo = 51
S1e

2

X = (5, — 8)/8p,= X, +

For an isentropic process the second law allows Eq. 1 to be writ-
ten as

(3

G=[2‘/’;P— vdp}l/z/v

Calculational methods using either Eq. 1 or Eq. 3 generally
require extensive thermophysical data as well as trial-and-error
procedures.
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Derivation of Correlating Parameter

To obtain simple approximate results for the isentropic flash-
ing process, Epstein et al. (1983) proposed a simple explicit
expression that relates local pressure to local specific volume in

the form of
LA L S
Ufo h P

for an isentropic two-phase expansion from an all-liquid (satu-
rated) stagnation condition. The parameter w was found to be a
unique function of the stagnation pressure for a given fluid,
which was expressed in graphical form. Grolmes and Leung
(1984) later utilized this P — v relationship in Eq. 3 to obtain an
analytical solution for choked flow, again for an all-liquid stag-
nation condition. Specifically, the critical pressure ratio, 5, satis-
fies the following relation,

4

7+ (@ = 20)(1 =) + 2e®lng + 2021 —9) =0 (5)
while the critical flow rate is given by
Pa 1/2
G- n( ) (6)
WU,

The parameter w was presented in terms of stagnation proper-
ties. (As defined here w is equivalent to 1/8 in the paper by
Grolmes and Leung and Eq. 7 is an approximate solution for an
isentropic expansion.)
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where

h 1 1/2
G =—f’—(——) (8)
b 0 \GoT,

which is called the limiting flow by Grolmes and Leung, and is
also known (Fauske, 19835) as the critical flow rate for the equi-
librium-rate model for the all-liquid inlet condition.

The present study extended the above analysis to a two-phase
inlet condition and, as such, w is more appropriately defined in
terms of the stagnation two-phase specific volume, v, = v, +

XoUsg0, 1.€.,
v P,
o)) o

In this two-phase regime, Eq. 5 for the critical pressure ratio still
applies, while the critical mass flux is now given more generally

by
/
G=n(P°)12 (10)

Wb,

Thus the above equation suggests a correlation scheme by plot-
ting the normalized mass flux G/ VP, /v, against the parameter
w. Since one is not required to obtain an exact isentropic expan-
sion formula for w in such a correlation method, an approximate
result based on an isenthalpic (constant enthalpy) process may
be justified. As will be demonstrated, this approach allows w to
be expressed more readily in terms of the stagnation properties
and proves to be successful in correlating a wide range of fluids
and inlet conditions. Thus with the isenthalpic quality given by

h,— h
x =2

by ~ h,=x . CAT, - T)
hfx

o

X, +

(1

hfx hfg

and together with the following approximations and the Clapey-
ron relation:

Ug » Uy, Ugy » Up,

by ~ hyos

G = Cpo» Pugy = Py,
P, —P by hy

| S (12)
T, - T vaT g7,

one arrives at a simple expression for the correlating parameter

©— XoUfgo n CfoTDPa (Uj_go)z _ XoUsgo " Pa (13)

2
v, U, R U, v,Gi

Perhaps not too surprising, this result reduces to the more
restricted form in Eq. 7 for zero quality inlet.

Results and Comparisons

Hall and Czapary (1980) have compiled the most extensive
tables of homogeneous equilibrium critical flow for water. Their
calculational procedure was based on Eq. 1 together with the
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well-established steam-water property tables. Figure 1 shows
that Hall and Czapary’s data up to a reduced thermodynamic
temperature of 0.9 can be correlated successfully by the pro-
posed scheme. Because of the available space in the figure, only
selected quality (x,) values of 0.0, 0.01, 0.03, 0.1, 0.3, 0.6, and
1.0 in their table were used. Even then more than half of these
data points cannot be shown due to overlapping. Figure 1 illus-
trates that both the flow rate and the critical pressure ratio can
be correlated remarkably well for w > 4.0 by the analytical solu-
tion. The discrepancies at the higher quality end (ie., w
approaching 1.0) are due to increasing departure from the
assumed isenthalpic solution for w. However, the points in this
region do not exhibit any greater scatter, suggesting that the
correlating parameter is still effective. Thus in equation form,
the solution for 5 in Eq. 5 can be more conveniently approxi-
mated by

7 = 0.6055 + 0.1356(In w) — 0.0131(In w)? (14)

while for w = 4.0, the best fit to the calculated flow data follows
from Egs. 10 and 14

G/ VP, Jv, = [0.6055 + 0.1356(In w)

— 0.0131(In w)*]/&™ (15a)
and for w < 4.0, a best fit yields
G/VP,[v, = 0.66/** (15b)

As for the goodness of fit, the selected water data (150 points) in
Figure 1 were correlated with a standard deviation of 0.7%.
Comparison of this correlation with ten common fluids at a
stagnation pressure of 5 bar (absolute) is shown in Figure 2. The
calculational method is based on the expanded integral form of
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Figure 1. Correlation of critical flow parameters for
water.
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Figure 2. Correlation of critical flow parameters tor ten
common fluids and water at 5 bar.

Eq. 3 as presented by Grolmes and Leung. Here Freon-11 prop-
erties are taken from a DuPont (1965) publication, while the
rest are taken from Yaws (1977). The critical flow data calcula-
tions of Figure 2 were correlated successfully by Eq. 15 with a
standard deviation of 0.8%. A similar comparison was per-
formed at a higher stagnation pressure of 15 bar, yielding a stan-
dard deviation of 2.0% using Eq. 15. While the calculated data
for critical pressure ratio exhibited somewhat more scatter than
that for the flow data calculations, the correlation can still be
regarded as good. In equation form, the best fit for » can be
given by,

7 =0.55 + 0.217(In ) — 0.046(In w)* + 0.004(In w)* (16)

Applicability of the Correlation

The present critical flow correlation is accurate enough for
most engineering application up to a reduced temperature of 0.9
or a reduced pressure of about 0.5. As the critical point is
approached, property variation becomes significant; thus most
of the assumptions made in Eq. 12 are violated. However, as
shown in Figure 3, the departure can be reasonably correlated
using the reduced temperature as an additional parameter.
Besides the water data of Hall and Czapary, only two other
fluids, ammonia and Freon-11, which possess extensive tabu-
lated data (Reynolds, 1979, and DuPont, 1965, respectively),
were correlated and the calculations for G and 5 were performed
using Eq. 1. (The expanded integral form of Eq. 3 as presented
by Grolmes and Leung is inaccurate in this region due to
neglecting liquid compressibility effect.) In this near-critical
region, the C, value in the « term is more correctly given by
(dh;/dT), rather than the specific heat at constant pressure. As
a practical matter, the ability to evaluate critical flow rate in
this region is most often hampered by the lack of reliable or con-
sistent thermodynamic data.
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Figure 3. Suggested correlation at near-critical region.

Conclusions

The validity of the present correlation for calculating critical
flow parameters has been demonstrated for eleven fluids with
widely differing properties. Since only stagnation properties are
required, it is extremely easy to apply in most engineering calcu-
lations and it will be most useful for those cases where extensive
property data are not readily available. The correlation can fur-
ther provide quick bounding estimates on flow rates due to
uncertainties in physical properties and/or stagnation condi-
tions.
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Notation
C; = liquid-phase specific heat at constant pressure

C; - average C;between T, and T, Eq. 11
G = mass velocity or flux
G, = limiting flow, Eq. 8
h = specific enthalpy
P = pressure
s = specific entropy
T = temperature
v = specific volume
x = static quality or vapor mass fraction
w = correlating parameter, Eq. 13
1 = critical pressure ratio

Subscripts

¢ = thermodynamic critical point
/f = liquid phase
g = vapor phase
fg = difference between vapor and liquid phase property
o = stagnation condition

1745



Superscripts
— = average property value between 7,and T, Egs. 11 and 12
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