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TWO-PHASE CRITICAL FLOW WITH APPLICATION
TO LIQUID-METAL SYSTEMS
(Mercury, Cesium, Rubidium, Potassium,
Sodium, and Lithium)

by

Hans K. Fauske

ABSTRACT

Existing data and models for critical two-phase flow
of steam-water mixtures are examined. One model in par-
ticular shows considerable success in predicting the phenom-
ena of critical flow. A Fortran program for an IBM-704
digital computer, for the application of this model to predict
void fraction, slip ratio, and critical flow rates to the flash-
ing flow for various liquid-vapor metal systems in pipes when
the conditions are suchthat critical flow may be experienced,
was developed. Calculations have beenmade for the following
liquid-metal systems: mercury (temperature range, 450-
1600°F), cesium (temperature range, 500-2300°F), rubidium
(temperature range, 500-2300°F), potassium (temperature
range, 900-2500°F), sodium (temperature range, 950-2500°F),
and lithium (temperature range, 2000-3500°F). The vapor
fraction or quality ranges from 0 to 100%.

It is shown that the critical flow rates for liquid-
metal systems calculated from the best model describing
steam-water data are considerably higher in the low-quality
region than predicted from a so-called "homogeneous flow
model." This is explained by the large slippage between the
liquid and the vapor phases, because the ratio of the densities
of the liquid state to the vapor stateis usually large for me-
tallic fluids.

I. INTRODUCTION

Although steam-water systems have been utilized for a long time
as a coolant, the higher heat fluxes experienced in current reactors,
missiles, rockets, and space applications require the use of coolants with
more attractive thermodynamic properties than water. For this reason
the problems of two-phase flow and of heat transfer to liquid metals have
recently received a great deal of attention. Although considerable critical



flow data are available for water, no data exist for liquid metals. Extrapo-
lation of a correlation built up of experimental parameters based primarily
on water is dangerous because the physical properties of liquid metals
differ markedly from those of water. Particularly striking for a given tem-
perature is the occurrence of extremely high liquid-to-gas density ratios
for liquid metals. However, one would be on much safer ground to utilize a
model or theory with no experimental constants that explain steam-water
data in order to estimate critical flow rates for liquid-vapor metal systems.

In the present report the best available theory is utilized to calcu-
late void fractions, slip ratios, and flow rates for liquid-vapor metal sys-
tems in pipes under critical flow conditions. It is postulated that the
mechanism causing critical flow for a liquid-vapor metal system is the
same as for a steam-water system. Therefore, the only apparent dissimi-
larity betweenthe two systems is the respective physical properties.

In the two sections that follow, existing data and models for critical
two-phase flow of steam water are summarized.



II. EXISTING DATA FOR STEAM-WATER CRITICAL FLOW IN PIPES

The primary purpose of this section is to summarize the present
available data sources for one-component, two-phase critical flow of water
in constant-area tubes. Only works which have specifically treated the
phenomenon of critical flow will be mentioned.

Data of Isbin et al.

Isbine_ta_l.<l) in 1957 reported on the results of one of the first non-
classified studies undertaken explicitly to measure critical flows of steam-
water mixtures over a wide range of qualities. Critical exit pressures from
4 to 43 psia were obtained, and the quality ranged from saturated vapor to
1 w/o vapor. Discharges were measured from -, %-, i—-, and 1-in. pipes
and from annuli of intermediate cross-sectional areas. The experimental
mass flow rates were found always to be greater than the values calculated
on the basis of a homogeneous-flow model, discussed in the section that
follows. Several empirical methods for correlating the data were deter-
mined, and comparisons were presented of the predictions of several semi-
analytical flow models. All of these models showed substantial deviations

from the measured flow rates at small qualities (less than 20%).
Faletti's Data

D059y Faletti(z) presented one of the most extensive studies car-
ried out on two-phase, one-component critical flow. The flow of steam-
water mixtures was studied in concentric annuli having center rods of
0.187- and 0.375-in. OD. Critical throat pressures ranged from 26 to
106 psia, and qualities ranged from 0.1 to 97.5%. The data were correlated
by plotting the ratio of the observed mass velocity to the theoretical mass
velocity (homogeneous equilibrium theory) versus the quality. This is the
same approach as was used by Isbin. Also, Faletti found his measured flow
rates to be considerably higher than predicted from the homogeneous-flow
theory. This work was recently and excellently summarized by Faletti
and Moulton.

Fauske's Data

In 1961, Fauske(4) presented critical-flow data at considerably
higher pressures than previously reported. Critical two-phase, steam-
water flows were measured over a range of quality from 0.01 to 1.0,
total flows from 500 to 4200 1b/sec—ft2, pressures from 40 to 360 psia, and
with pipe diameters of 0.125-, 0.269-, and 0.5-in. ID. A theory was devel-
oped for the two-phase, critical-flow phenomenon, and extensive compari-
sons of predicted with experimental values showed substantial agreement.
This theory will be derived in the section that follows. Details of this
work are reported elsewhere. 5



Zaloudek's Data

(6) presented his data on two-phase critical

Also in 1961 Zaloudek
ore Cross sec-

flow in pipes. Experiments were limited to circular full-b
tions of 0.520- and 0.625-in. diameter, and lengths up to 4 ft. Test-section
exit qualities from 0.4 to 99% and critical mass velocities between 10% and
10 lb/sec-ft2 were investigated. Corresponding critical pressures ranged
from 40 to 110 psia. The results obtained were correlated by employing
the conventional technique of comparing results with theoretical predictions
of the homogeneous-flow model. Also in this investigation the measured
flow rates were considerably higher than predicted from the homogeneous-

flow theory.

James' Data

In 1962, James(7) presented critical-flow data at considerably larger
pipe sizes than previously reported. Steam and steam-water flashing flow
were used to obtain critical discharge pressures for pipes over the stagna-
tion enthalpy range from 230 to 1200 Btu/lb and for the critical pressure
range from 14 to 64 psia. Pipes used were 3, 6, and 8 in. in diameter. A
method similar to that of Isbin et al. 1) was used to correlate the data.

For experimental details and procedures of these works, the reader
is referred to the respective reference. In the section that follows various
flow models are derived and compared with the above-mentioned data.

The following major conclusions can be extracted from these works
briefly summarized above:

1. Each set of experimental data seems to agree fairly well with
the others. No irregularities appear, although experimental techniques
are not always the same.

2. No geometry or upstream-mixing effects appear. Hence, for
the geometries examined, the critical-flow phenomenon can be described
by the local conditions at the exit of the test section only.

3. In all cases the measured critical-flow rates were higher than
values calculated from the homogeneous-flow model, particularly in the
low-quality region.

: 4. A theoretical model has been developed that satisfactorily
describes the above-mentioned data (see next section).



III. MODELS OF CRITICAL TWO-PHASE FLOW

Before discussing individual flow models, the basic equations of
change governing a two-phase flow system will be written:
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where U is the average velocity of the ith phase in the x direction.

Equations (1) and (2) will now be utilized to derive various simpli-
fied models.

A. Homogeneous-flow Model

In this theory, the momentum and continuity equations are applied
to a homogeneous mixture in which the average velocities of liquid and
steam are equal. Furthermore, steady-state flow is assumed, and the
critical-flow condition is defined under the restraints that the change in
mass flow rate with respect to the pressure is zero at constant entropy.
Under these conditions, Eqgs. (1) and (2) reduce to the following equations
which define the critical mass flow rate:

o @) ;
ct = g () (3)
v = vf+ VigX . (4)

B. Annular-flow Model

An annular-flow pattern is assumed with an average liquid velocity
in the annulus and an average steam velocity in the core, but different in
magnitude. The process is considered isentropic with both phases in
equilibrium. Under these conditions, Eqs. (1) and (2) reduce to the follow-
ing equations, which define the critical mass flow rate:

<
1
o
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The unknown quantity introduced here, the void fraction a, has
indeed never been measured for steam-water systems under critical-flow
conditions. It has, therefore, been the practice to utilize void-fraction
correlations obtained under restricted flow conditions where normally the
velocities are much smaller than pertaining to critical flow. Two of the
most frequently used void-fraction correlations will be quoted here.

1. Modified Martinelli Data for Void Fraction

The Martinelli values of void fraction were modified and fitted
to a curve at the Bettis Atomic Power Laboratory, Westinghouse Electric

Corporation. (8)

2. Modified Armand Formula for Void Fraction

The Armand formula for void fraction, modified at the Hanford
Atomic Products Operation, General Electric,(9) is as follows:

(0.833 + 0.167X)Xvg
ag = 2 (7)
(1 - X)Vf v ng

The incorporation of these two void-fraction correlations with
Egs. (5) and (6) renders two possible solutions for the critical-flow rate.

3. Fauske Model

The following assumptions are made in the development of the
model (for a more detailed discussion, see Ref. 5):

a. An average velocity exists for each phase and is different
in magnitude for each phase.

b.  The vapor and liquid are in equilibrium throughout the
flow path.

c. Critical flow is attained when the flow rate no longer in-
creases with decreasing static pressure:

dG
- (8)

d. The pressure gradient attains a finite, maximum value for
a given flow rate and quality:

d
ld_j‘)'G,X = {Max}Finite . (9)



In a two-phase flow system, the pressure drop becomes a function
of slip ratio besides the usual variables occurring in single-phase flow.
From Eq. (9) it can be seen that all system variables are fixed except the
void fraction a. The void fraction is, in other words, one extra degree of
freedom in the two-phase system. If isentropic flow is assumed for these

conditions, the maximization of the flow rate is achieved by varying the
void fraction a:

o Rate of momentum

= 10
BOLg gain by convection e Q)

Under these conditions Eqgs. (1) and (2) reduce to the following
equations defining the critical mass flow rate:

o (B) an

1-x(ve 1/2 -1
ag = —X—<—V—> + 1 g (13)

Il
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IV. COMPARISON OF FLOW MODELS AND EXPERIMENTAL DATA
FOR CRITICAL FLOW OF STEAM-WATER

Due to the extremely steep pressure gradients prevailing under

w conditions, one would expect slip to occur between the liquid

critical=flo
steam-water

and vapor phases, even more so for liquid-metal than for 4 :
systems. It is, therefore, to be expected that models including slip will

yield results closer to the experimental findings than obtained from the
homogeneous-flow model. Since void-fraction measurements have not
been carried out for critical flow, various void-fraction correlations for
restricted steam-water flow have been utilized. To extrapolate these to
liquid-metal systems may be dangerous. A theoretical relationship for
the void fraction under critical-flow conditions has been developed in the
Fauske model. Because of its theoretical derivation, there appears to be

no reason why this relationship should not hold for liquid-metal systems.

Nahavandi and Rashevsky,(lo) in describing the loss-of-coolant
accident in a nuclear reactor, compared the same flow models as described
in this report. Figures 1, 2, and 3 are reproduced from their report and
illustrate their conclusions as quoted below:

1. The Fauske theory yields consistent results over a wide range
of pressures and steam qualities encountered in the two-phase steam-water

region.

2. The annular-flow theory with modified Martinelli or Armand
void fractions is in good agreement with the Fauske theory for steam
qualities above 10%. At lower steam qualities, the calculated values of
mass flow velocities by this theory become inconsistent and are not de-
pendable. This discontinuity is caused by the inaccuracies of modified
Martinelli and Armand void fractions at low steam qualities.

3. The homogeneous-model theory does not agree generally with
the other theories except at very high steam qualities.

4. The Fauske theory appears to be the best choice for the predic-
tion of critical flow discharge of steam-water mixtures. On the basis of
this theory, a critical flow chart has been prepared.

In Fig. 4 the critical-flow solutions for the Fauske model are shown
for a pressure range from 20 psia to the critical pressure, and for qualities
from 0.01 to 1.0. In Fig. 5, 6, 7, 8, 9, and 10 comparisons between the
Fauske model and the previously discussed data are shown. Particularly
encouraging is the good agreement with the New Zealand data, which were
obtained with the use of considerably larger pipe sizes than had been pre-
viously reported in the literature.
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V. APPLICATION TO LIQUID-METAL SYSTEMS

Theoretical predictions by Fauske of the two-phase critical-flow
phenomenon for steam-water, have yielded such encouraglng a'greemen.t
with experimental data that it seems legitimate to mak'e a '51m11ar applica-
tion to the critical flow of liquid-vapor metal systems in pipes. The fol-
lowing liquid-metal systems were considered: mercury (E’empera.tu.re
range, 450-1600°F), cesium (temperature range, 500-2300°F), rubidium
(temperature range, 500-2300°F), potassium (temperatu?e range, 900-
2500°F), sodium (temperature range, 950-2500°F), a.m.i lithium (tempera-
ture range, 2000-3500°F). The vapor fractionor quality ranged from

0 to 100%.

The equations as programmed on an IBM 704 computer are as

follows:
ko= (vg/vf)l/2 ; (14)
Ky SN N N (15)
S N T ST
dx ~ il de ng ) 16
e (Rt - .
1/2
- 144k
€ = g
dvg 2 27 dX
Jif1e= X+kX)X]W + [vg(1+2kX~ 2X) + ve(2kX - 2k - 2K? X +k?)] 5

(17)

Equation (17) is obtained by substituting Eqs. (12) and (13) into Eq. (11)
and performing the differentiation with respect to pressure.

The variables used are pressure p, metal-vapor quality X, and mass
flow rate G. The pressure and quality are taken as independent variables.
The mass velocity is used as dependent variable and is calculated in terms
of the pressure and steam quality. The computational scheme is as follows:

I. Assume a value for the pressure

2. Calculate the slip ratio from Eq. (14).

3. Assume a value for the quality.

4. Calculate void fraction from Eq. (15).

5. Calculate dx/dp from Eq. (16).

6. Calculate the mass flow rate from Eq. (17).

! Maintaining the pressure constant, assume a new value for the

steam quality, and repeat steps 4 to 7 until all the values of
quality array are used.
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8. Assume a new value for the pressure and repeat steps 2 to 8
until all the values of pressure array are used.

Input data beside p and X are Vg, Vs Sg, Sf, dvg/dp, de/dp, and
ng/dp. The physical and thermodynamic properties of the various liquid
metals are taken from Weatherford et al.(11)

The Fortran source program listing and the output print-outs are
presented in Appendices A and B. The output print-outs consist of the in-
put data and the calculated values for dX/dp, slip ratio k, void fraction Olg,
and critical flow rate G for the various liquid metals.

In Figs. 11, 12, and 13 the computed results are shown for rubidium.
Figure 11 shows how void fraction 0, varies with quality X, the pressure p
being taken as a parameter. Figure 12 presents the slip ratio k as a func-
tion of pressure. In Fig. 13 the critical-flow rate G is plotted versus the
quality, with pressure as parameter. The range of quality is from 1 to 100%
and that of pressure from 1 to 300 psia. These graphs indicate the various
trends of the computed results and are similar for each liquid-metal system.
The computed results in tabulated form may be found in Appendix B.

Lol =2
(/=0 =
= Fig. 11
Goel— , L
= Theoretical Prediction of
w
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Conditions
= )
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i | L |
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QUALITY isolllllllrlll
100 t— -
o -
Fig. 12 5 "
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flow Conditions il
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Figure 14 clearly indicates the large difference obtained in critical-
flow rates when using a slip model and the homogeneous-flow model. It is
to be expected that large slip ratios exist for liquid-metal systems for the
large pressure gradients prevailing under critical-flow conditions. Since
the ratio of the densities of the liquid state to the vapor state is usually
large for metallic fluids, it is reasonable to conclude that the lighter phase
will be accelerated significantly more than the heavier phase when large
pressure drops are occurring. As the calculations show, the momentum
due to forced convection are smaller for slip than for no-slip flow. Con-
sequently, for a given Ap, a larger total flow rate is obtained for slip than

for no-slip flow.

FAUSKE THEORY

CRITICAL TWO-PHASE FLOW RATE, 10% Ib/(SeC)(ﬁz)

(o} 0.05 0.10 0.45
QUALITY

195t ket

Comparison of Flow Rates
Calculated from Fauske
Theory and Homogeneous-
equilibrium Theory for
Rubidium at 5 psia

As a final remark, although the theory has been proven satisfactorily
for steam-water systems, the numerical results given herein must be con-
sidered estimates, and experimental verification of the theory for critical

flow of liquid metals is needed.
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APPENDIX A
FORTRAN LISTING PROGRAM
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Table 1

COMPUTER INPUT DATA FOR RUBIDIUM
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Table 2
CRITICAL FLOW DATA FOR RUBIDIUM
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Table 2 (Contd.)
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Table 2 (Contd.)
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Table 3

COMPUTER INPUT DATA FOR LITHIUM
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Table 4

CRITICAL FLOW DATA FOR LITHIUM
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Table 4 (Contd.)
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CRITICAL FLOW DATA FOR POTASSIUM
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Table 10 (Contd.)
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Table 11

COMPUTER INPUT DATA FOR SODIUM
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Table 12
CRITICAL FLOW DATA FOR SODIUM
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NOMENCLATURE

mass flow rate, lby,/(sec)(£t?)
gravitational constant, 32.2 ft/secZ
conversion factor, 32.2 1bm-ft/(1bf)(secz)
L-lg/\._lf - slip ratio, dimensionless
static pressure, lbf//ft2
entropy, Btu/lb
velocity, ft/sec
average velocity, ft/sec
specific volume, ft"'//lbm
length in direction of flow, ft

Greek Letters
void fraction, dimensionless
density, lby,/ft?
shear force, lbf/ftZ
quality, dimensionless

i&scripts

refers to liquid phase
refers to vapor phase
change in properties between the vapor and liquid state
refers to the ith phase

refers to differentiation under conditions of constant entropy
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