
Conclusions 
The concept that the gas flow behavior controls two-phase, 

' fcical flow for higher void, or quality, flow rates is substantiated 
. -, the exprimental and analytical results. Further, the analyti-
,. results indicate that one dimensional flow equations with 
. sonably accurate estimates for the droplet size and for the 
I, ig and heat transfer coefficients will adequately describe critical 
...] near-critical flow over a wide range of Row conditions. The 

.. jor uncertainty of this project is associated with the lack of 
•.•ormation regarding the flow structure, specifically, the en-
i lined liquid droplet distribution and the wave phenomenon. 
11 is required are experimental term to account for the gas flow 
, a blocked by the liquid. 
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D I S C U S S I O N 

•• E. Henry3 and M. A. Grolmes3 

fhe phenomenon of two-phase critical flow is a very complex 
' fsical process and the author is to be complimented on doing 
• 'ery detailed and much needed experimental study where 

visual flow regime observations accompany the standard mea
surements of pressures, temperatures, and mass flow rates. 

However, there are several aspects of the justification for a 
vapor choking mechanism which are questionable. 

1 I t has been shown [16],4 tha t the one-dimensional equations 
for two-phase critical flow can be expressed as 

G* = - d_ 

dP 

xk (1 - x) 

k 
[(1 - x)kv, + xva] 

where x is the quality, k the ratio of the gas to the liquid velocity, 
and Vi and va are the specific volumes of the liquid and gas phases, 
respectively. This representation states that the critical flow 
of a two-component mixture is not only controlled by the com
pressibility of the gas but also by the compressibility of the liquid 
phase (usually small) and the rates of interphase heat and mo
mentum transfer—which, as shown in reference [16], are not 
necessarily small. To formulate a gas controlled model, one has 
to override the two-phase compressible properties of the one-
dimensional momentum equation, i.e., equation (1) of this paper 
can be cast in the form of equation (2) with a singularity when 
the denominator is zero. The point of singularity for equation 
(1) is not solely governed by the compressibility of the gas phase. 
Hence the imposition of equation (2) comprises an override of the 
inherent compressible nature of equation (1). 

2 Justification by plugging experimental mass flow rates into a 
momentum equation and achieving a pressure profile comparable 
to the data is somewhat suspect. Netzer [17] performed similar 
calculations for two-phase, two-component, nozzle flows without 
imposing the gas controlled restriction on the system of equations. 
The agreement with experimental pressure profiles is equal to that 
shown in this paper. Therefore it is felt tha t such agreement does 
not constitute justification for a gas controlled mechanism. 

3 If a gas controlled mechanism governs the critical flow 
phenomenon in an annular-dispersed flow pattern, then it follows 
that a pressure wave should propagate through such a mixture 
at a velocity equal to the sonic velocity of the gas phase. Ex
perimental data for such a two-component system were reported 
by Evans, et al. [18] and Hamilton [19] and are shown in Fig. 5. 
The results are nondimensionalized with respect to the single-
phase gas sonic velocity (o„). I t is readily apparent that the 
measured propagation velocities are less than the gas sonic 
velocity. Hence the propagation is controlled by something in 
addition to the compressibility of the gas. The models shown 
in the figure are thoroughly discussed in references [20 and 21]. 

4 Numbers in brackets designate Additional References at end of 
discussion. 
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They are based on a general two-phase representation including 
interphase momentum transfer resulting from the virtual mass of 
droplets and waves. 

4 Finally, if one accepts a gas controlled mechanism for chok
ing of an annular-dispersed mixture, what type of mechanism 
can be postulated for the critical flow and other compressible 
properties of bubbly mixtures described in references [21, 22, 
and 23]? 

In conclusion, this detailed experimental study is a valuable 
contribution to the two-phase literature but it does not provide 
justification for a gas controlled critical flow mechanism. 
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H. N. McManus6 and J. Markowsky6 

The author is to be complimented on his handling of a difficult 
experimental and analytical problem. However, these writers 
would call attention to several informational omissions which 
make the data difficult of evaluation. These are: (a) the lack 
of a precise venturi contour, (6) the exact location of the geo
metric throat of the nozzle, and (c) discussion as to how the 
difficulties (singularities) associated with equation (2) were coped 
with. The author has definitely shown that in a two phase flow 
of an essentially separated character the gas flow choking condi
tions will describe the situation to a very good approximation. 
The reason for this is that the transport of energy and momentum 
between phases is relatively slow and, hence, for small residence 
times little deviation from adiabatie gas conditions occur. The 
findings of this work essentially confirm those of references 
[24 and 25]. ' 

The author's use of equation (2) for determining critical How 
conditions raises an interesting point. Equation (2) is the classic 
gas dynamics relation for single phase flow. In a numerical 
treatment the fact that this equation exhibits difficulties of 
definition in the region of the throat is a troublesome one. I t 
is implied that the author's criterion of critical flow was that this 
equation be defined. In its present form this infers that the 
gas phase attain sonic velocity at the throat, i.e., Mach number 
equals 1. While for the range of data treated this appears to be 
a reasonable approximation, it will be in some cases not accurate. 
Carofano [24] has shown through a more exact treatment that 
the gas velocity for a separated flow can be several percent 
below gas sonic at the geometz'ic throat and only reaches 

6 Professor of Mechanical Engineering, Cornell University, Ithaca, 
N. Y. 

6 NASA Fellow, Cornell University, Ithaca, N. Y. 
7 Numbers in brackets designate Additional References at end of 

discussion. 
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sonic velocity downstream of the throat. This occurs since IIH; 
gas velocity gradient is quite sensitive to heat transfer, pha-ie 
velocity ratio (slip), and evaporation rate, as well as geomedy 
variation in the region of the throat. Fig. 6 shows this variation 
for some steam-water and air-water runs. I t is obvious thai if 
mass and/or heat transfer is enhanced by departing further frum 
the separated flow situation, the depression of velocity at ilu-
throat would become more marked and would indeed approach 
the homogeneous acoustic velocity as a limit. 

The author has presented an interesting paper. We woulil 
again offer our compliments and would welcome clarification IMH! 
comments on the points raised. 

Additional References 

24 Carofano, G. C , "An Analytical and Experimental Studj of 
the Flow of Air-Water and Steam-Water Mixtures in a Converging-
Diverging Nozzle," PhD dissertation, Cornell University, 1968. 

25 Carofano, G. C , and McManus, H. N., Jr., "An Analytics! 
and Experimental Study of the Flow of Air-Water and Steam-Wntcv 
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D. A. Sullivan8 

Dr. Smith should be commended on this paper for it represent 
not only a break with many traditional one-dimensional, ho
mogeneous models but also establishes the "vapor choking" 
criteria which is one of the fundamental concepts in the devol"p-
ment and verification of a separated flow model. Many o:ic-
dimensional and two-dimensional models have been proposed i:i 
the literature to describe annular-dispersed flow with varying de
grees of success. These models can be subdivided into l«o 
general groups: homogeneous flow models and separated fluw 
models. 

The homogeneous models are based on a lumped parameter •'!'-
proach using "average" properties. In many papers aulh"iJ 

have stated that their models are based on an annular flow pal-
tern. But when the critical flow equations are written, l he 
"mean" density is used. Consequently, at the theoretical chim
ing condition neither phase is sonic in most theories. The 
present work refutes that conclusion. Only those models which 
allow slip between the phases have met with reasonable succc--'. 
The model proposed by H. K. Fauske [27]9 is one of the n W 
successful analyses of this type. 

To date, most true separated flow models have been two-dimen
sional analyses. One of the earliest significant papers utilizing:i 

two-dimensional analysis was published by Calvert and William* 
[26]. Several thorough two-dimensional analyses have appeal ' ' 
in the literature in recent years [28, 31, 32, 33]. The prcs.'iil 
paper represents one of the few one-dimensional separated ll"* 
models. As the author points out in reference [29], the sepa
rated model physically describes the flow pattern and is aniona'1'1' 

8 Creare Inc., Hanover, N. H. 
8 Numbers in brackets designate Additional References at end •> 

paper. 
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to greater sophistication in attempting to include the physics of 
entrainment and the behavior of the gas-liquid interface. 

Annular dispersed flow is indeed a very complex phenomenon. 
It does not seem possible to theoretically analyze all the significant 
mechanism occurring particularly in the interfacial region. A 
reasonably practical approach would be not to at tempt to account 

. for all the phenomena but to develop idealized theories which 
represent extreme (limiting) possibilities and then one can adapt 
these simple models by introducing a minimum of empirical cor
relations. Empiricism very often limits the applicability of an 
analysis. In the present work the author uses six empirical cor
relations: droplet diameter, heat transfer coefficients and drag 

, coefficients for both the film and the spray, and a blockage factor 
* w determine the effective gas throat area. How significant are 

We contributions of each of these correlations? Can reasonable 
\ results be obtained with fewer or no empirical relationships? 
j "'so, is a closed-form solution possible to enable the practicing 

i togineer to use the work presented without numerically integrat-
"lg differential equations? 
_ The author's effort to establish "near equilibrium" flow condi-

I 'ions necessitates large entrainment and complex interfacial pat-

I Journal of Basic Engineering 

terns. The question of what are "equilibrium conditions" seems 
unresolved in the literature. 

Prof. G. B. Wallis and I have conducted similar experimental 
and theoretical work with low quality flow in a two-dimensional 
horizontal nozzle which is reported in reference [30]. A major 
feature of the work was the injection system which was designed 
to minimize entrainment and interfacial disturbances. In con
trast to the author's work, the phases were injected directly into 
the nozzle inlet. The experimental test section is shown in Fig. 7. 
The air was injected above the water and the interface was 
created at a knife edge. To create interfacial wave systems, the 
gas must do work on the liquid surface which requires time and 
distance. Without the wave system, interfacial entrainment is 
suppressed. At the nozzle throat, the flow can be described as 
"ideal annular" (without large interfacial waves and entrain
ment). 

In the theoretical analysis the throat area is separated into the 
gas flow area, Ag, and the liquid flow area, Af, using the gas void 
fraction, a. 

4i 
A, 

A i — total throat area 
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The air was described by the isentropic equations for com
pressible flow of an ideal gas and the liquid phase, by Bernoulli's 
equation. The pressure was assumed uniform across the nozzle 
at any axial location. The equations were combined using the 
gas void fraction. 

The liquid flow rate was an independent parameter and the gas 
flow rate, dependent in the experimental work. Therefore, the 
dimensionless gas flux, Oa*, is written as a function of the dimen-
sionless liquid flux, Gf*, and the gas throat Mach number, Mr 

r * = ^,_ JRT«o 
" ~ ~ i V i J 9o 

where: 

A—total geometric cross-sectional area 
m„—gas flow rate 
Pog—gas stagnation pressure 
Tug—gas stagnation temperature 
R—gas constant 
go—gravitational constant. 

The experimental versus theoretical gas flux (critical and sub-
critical) results are shown in Fig. 8 for one of the four nozzles 
tested. The experimental results fall between those values pre
dicted by the separated and homogeneous models. 

A blockage factor was correlated as a function of the single-
phase (air only) gas blockage factor, Ba, and the ideal liquid void 
fraction, 1 — a. I t was found tha t the two-phase blockage factor 
could be approximated by a linear function which, in effect, 
squares the ideal (theoretical) gas void fraction. Using the 
single-phase blockage factor and squaring the theoretical gas 
void fraction, the experimental versus theoretical gas flux results 
were again plotted in Fig. 9. The numbers in these figures repre
sent the number of overlapping data points. Therefore, it is 
possible to predict with reasonable accuracy two-phase annular 
critical and sub-critical nozzle flow with a simple separated model 
with only one empirical function. 

I t should be noted that in Figs. 8 and 9, the gas flux and not the 
total flux is plotted. In terms of the total flux, the simple theory 
even without empiricism deviates from experiment by only a few 
percent. In the literature many authors compare total flux with 
experiment which is an outgrowth of the homogeneous theory. 
This practice can be quite misleading particularly at low qualities. 
For example, a 10 percent error a t 2 percent quality represents an 
error 5 times larger than the gas flow rate. Therefore it seems 
imperative that the flow rate predictions be compared for each 
phase individually. This would be a natural outgrowth of the 
separated model. The critical pressure ratios measured agree 
closely with the present paper so that the "vapor choking" con
cept seems verified. 
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Author's Closure 
I am very pleased to see the three preceding discussions 

They show a lively and current interest in the field and present 
important and different points of view. As to the hypothesis 
which states the gas control concept presented in my puper 

there appears to be two yes and one no votes by the discussers 
I t will take more work to resolve this question. I am pleased 
to see, however, a beginning of the resolution and definition of 
different analytical approaches which are treated in the first and 
third discussions. 

First, to respond to the comments of Professor McManus mul 
Mr. Markowsky regarding material omitted in this paper from 
the more detailed treatments of references [1 and 2]. I apologize 
for the omissions and suspect that the attempt to make the 
presentation concise was a bit overdone. 

As for the numerical difficulties with equation (2), and the 
comments regarding the critical flow conditions, the discussers 
are correct in assuming there are difficulties and approximations 
in this area. The critical condition was determined by first 
observing the behavior of the numerical solution of equation (2). 
Even though the steps were very, very short in this region, the 
numerical solution showed an erratic behavior in the region of 
critical flow. The actual critical point was determined by extrap
olation using manual computations from the upstream step 
just previous to the erratic behavior of the numerical solution. 
This extrapolation was over a range of no more than 0.025 of the 
total velocity gain in the venturi and subsequently involved a 
very small change in pressure. The solution was extrapolated to 
the point where the gas velocity was equal to the gas-phase 
critical velocity as the discussers surmised. Their statement 
that this is an approximation is also correct. This is because all 
the transport phenomena was not considered in determining the 
critical gas velocity; although, the shift from isentropic behavior 
toward isothermal behavior was considered in determining 
this single-phase critical velocity of the gas. The variation from 
single phase flow gas behavior is probably correctly shown in 
Fig. 6, supplied by the discussers. The errors associated with 
my approximation are not considered to be large as compared to 
the other uncertainties of this preliminary solution. 

Considerable effort was devoted to the determination of the 
effective venturi throat or the critical flow condition. As de
scribed in reference [1] of this paper, the possible throat locnlions 
were determined by three separate methods. The first method 
was to determine the point of critical flow from the venturi 
geometry (the venturi core was conical). The second method 
determined the effective throat by locating the axial point, 
experimentally, where critical pressure was achieved in all gas 
flow where the gas was clearly in critical flow by evidence of a 
shock downstream. The third was to examine the minimum 
pressure point for subcritical single-phase flow. For this, it was 
required to employ a very small pressure tapping because the 
pressure gradient across the tapping significantly affected the 
determination of that location. Fortunately, all three of these 
locations fell within a range of about 0.020 in. After careful 
consideration and examination of the data of many runs, it was 
decided that the location determined by the critical pressure 
point for all gas flow would represent the most probable critical 
flow point for the venturi or the effective throat. This localior 
was about 0.007 in. downstream from our best determinatioi 
of the geometrical throat of the venturi. 

All of the discussions mention the related subjects o: 
a separated-phase model and the sonic velocity. In a two-
phase mixture the sonic velocity is closely related to, but no1 

necessarily the same as, the critical velocity.34'36 I think tin' 
consensus is that the sonic velocity will be equal to the critical 
velocity if the times for relaxation (determined by sonic puis*1 
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, 7 Critical flow data from a steam-water system [36] 

frequency and critical flow pressure-time gradients) are equal. 
Transport phenomena a t the liquid-vapor interface will cause a 
variation in the sonic velocity as shown in Fig. 6 and this could 
generally explain the data shown in Fig. 5. Therefore, this 
change in sonic (and critical gas) velocity is not necessarily 
related to mixture equations such as the one presented in the 
discussion of Drs. Henry and Grolmes. 

As for the basic analytical approach discussed in [1] by 
Drs. Henry and Grolmes, I agree completely with Dr. Sullivan's 
first two paragraphs. Neither of the two approaches he outlines 
can be said to be right or wrong. They are simply different 
and I think each may have a useful place in two-phase flow. 
It still appears to me that one has the choice of considering the 
mixture behavior as discussed by Drs. Henry and Grolmes in 
[1] or of considering the behavior of the phases separately. 

The equations used by Netzer were very similar to those used 
in my work. The essential difference was that I tried to account 
for the transport processes more thoroughly. There is nothing 
in these equations that involves an assumption that the gas 
behavior primarily controls the flow characteristics. The idea 
of gas-control was supported by the resultant analytical and 
experimental data and the relatively small changes shown in the 
behavior by substantial changes in liquid rates shown in reference 
[1] and by a t least some success in treating critical flow. 
Netzer did not assume critical conditions as I treated them nor 
did he employ a blockage factor or account for liquid a t the wall. 
The introduction of these into the analytical model did not 
change the general pattern of the flow behavior and I think 
both systems support the gas-controlled concept. 

As for a proposed mechanism for critical conditions where 
(he phases do not essentially flow separately, I think one can 

only say, generally, that it must be a function of the compressi
bility of the fluids and the interface processes. Any further 
statements by me would be almost entirely speculative. At 
this point I would probably try to use a "mixture" type equation 
to describe such a flow. Perhaps one should, however, heed the 
suggestions of Dr. Sullivan in his last paragraph when treating 
such a flow condition. 

The experiments Dr. Sullivan reports are very interesting 
and the data are quite useful. I t is very encouraging to see 
further work with a blockage factor concept. I t is extremely 
interesting to note the similarity in the analytical and experi
mental results and in the interpretations of my work and that 
repor ted in references'[24, 25, 30]. To my knowledge, all of 
these works were performed at about the same time and com
pletely independently. 

Regarding Dr. Sullivan's comments with respect to the use of 
empirical correlations, I agree tha t at this tune at least some of 
these could be handled effectively in another way. The purpose 
of my treatment was to investigate their influence (indicated by 
my work to be secondary) and to provide a reasonably accurate 
model which could be used as more is known and understood 
regarding two-phase flow. 

With respect to the influence of the transport processes, the 
author has now reduced and prepared for publication, the results 
of steam-water study which was a companion project conducted 
during the critical flow program at Harwell. The experimental 
and analytical results are presented in the same form as those in 
the paper. An example of them is shown in Fig. 7. The 
pattern of the experimentally observed behavior was much the 
same as that for air-water flow. The analytical comparisons 
were made by using the same equations as for the air-water 
systems, that is, there was no expression for mass transport, 
tha t is, for evaporation or condensation. This approximation 
appeared to be reasonably good which may indicate that mass 
transport at the point of critical flow is a factor substantially less 
influential than the controlling behavior of the gas flow. From 
the limited data of the steam-water system, however, it did 
appear that the experimental data pressures fell below the 
analytically determined pressures which was not the consistent 
pat tern for the air-water flow. This behavior is not conclusive, 
but it does tend to indicate that the omission of the mass trans
port introduced an observable variation in comparing the ana
lytical and experimental data. Further details of this work 
may be found in reference [36] ,10 
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10 Numbers 34-36 in bracket designate Additional References at 
end of Closure. 
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