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TWO-PHASE FLOW REGIME TRANSITION CRITERIA IN
POST-DRYOUT REGION BASED ON FLOW o

VISUALIZATION EXPERIMENTS
1

| by

N. T. Obot and M. Ishii .

ABSTRACT

A visual study of film boiling using photographic and high speed motion-
picture methods was carried out to determine the flow regime transition cri- -

teria in the post-CHF region. An idealized inverted annular flow was obtained
by introducing a liquid jet of Freon 113 through a nozzle, precisely centered
with respect to the internal diameter of the test section, with an annular. gas
flow. The respective ranges for liquid and gas exit velocities were 0.05-0.5
and 0.03-7.9 m/s. Nitrogen and helium were used in the study.

\
For the present configuration, there are four basic flow regimes.

Beginning from the nozzle exit, there is a smooth, inverted annular flow

section with liquid in the core and gas in the annulus; followed by the rough
wavy section with an intact liquid core, the agitated and the dispersed flow
regimes. For a given liquid jet velocity, the axial extent of each flow ,

regime decreases with increasing gas velocity through the annulus,

Generalized transition criteria and simplified correlations for the axial <

limits of the various flow regimes have been developed, by extending the
results of previcus studies on adiabatic inverted annular flow.

.
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NOMENCLATURE

| A Constant, defined by Eq. (3)j

B j Constant, defined by Eq. (4)

C1 Constant, defined by Eq. (6)

Ca Capillary number, ufvf of/
Dj Liquid jet hole diameter, m

L Axial extent of a flow section, m
.g

Re Reynolds number, pVD /p
,j

T Temperature, *C

V Velocity,m/s ..

Vrel Relative velocity, V - V , m/s
fg

2We Weber number, pV D /oj
2We ,rel Gas Weber number, p Vg re1 j/ fg 0

Greek Symbols

Void fraction at inlet to test sectiona

y Viscosity, Pa.s

3o Lcusity, kg/m

Surface tension, N/mo

Subscripts

f Liquid

9 Gas

j Liquid jet

rel Relative, or based on Vrel

.
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EXECUTIVE SUMMARY

,

An extensive experimental investigation of inverted annular flow was
carried out with the objective of characterizing the various flow regimes. A

, . .

flow visualization of a simplified film boiling geometry, consisting of a
Freon 113 liquid jet surrounded by a gas annulus, was made. The parametric
study included the effects of liquid and gas flow rates, gas species and inlet
void fraction.

From the visual study, it has been determined that there are basically
four flow regimes. Extending from the nozzle exit to as much as 20 nozzle
diameters downstream, the flow is annular with liquid in the center and the

..

gas in the annulus. Next, there is a rough wavy section; its dominant

features being the presence of a f airly intact liquid core, not much different
from that for the smooth section, and of nearly axisymmetric interfacial waves
having wavelengths of about 10 m (order of magnitude). Located imediately

z
downstream of the rough wavy section, there is an agitated section where roll-
wave entrainment and jet-induced instability predominate. Lastly, there is a

dispersed ligaments / droplets flow regime which is confined to the downstream
section near the exit of the test section. The axial limits of the flow
regimes have been determined and these depend, to a marked extent, on the jet
velocity and the relative velocity between the gas and the liquid.

Generalized transition criteria and simplified correlations of the axial
extents of the various flow regimes have been developed and these indicate two

trends; the existence of a relative velocity range over which the lengths are
dependent only on liquid parameters, followed by a range for which there is a
marked dependence on liquid and gas parameters, and void fraction. There are
clear indications that the transition from the combined smooth and rough wavy
sections to the agitated flow regime is governed by the same break-up -

mechanisms as for free liquid jets.

Droplets that were sheared off from the tops of the large amplitude roll
waves as well as those originating from the rough surfaces of the agitated
region were quite sm.'ll, the maximum size being about 500 pm. However, the

mean size for droplets in the dispersed region were considerably larger, being /

within 0.5-3 mm in diameter.

-
-

.

.
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I. INTRODUCTION,

.
,

An inverted annular flow, which consists of a liquid core 1 surrounded by a
vapor annulus (Fig. 1), is of' considerable importance in the areas of LWR ?

accident analysis, cryogenic heat transfer, and other confined, low quality,

film boiling applications. Although extensive studies of the heat transfer
characteristics for this fibw situation have been carried out by numerous
researchers [1-3], there have been very few systematic investigations of the

.

hydrodynamics of inverted annular flow, Presumably, the limited information
on the', hydrodynamics of the post CHF region reflects two things. First, such
experiments are usually difficult to design and this is further complicated by
the fact that conventional flow measurement techniques are not suitable for
film boiling studies. And, secondly, they are expensive, of ten requiring
sophisticated instrumentation including facilities for photographic and/or
high speed motion picture studies. This lack of information on the general
features of this flow field often results in unsatisfactory analysis of many
film boiling applications.

,

An understanding of the effects of the various parameters .on the pre-
vailing local flow conditions in the post CHF region (such as, the shape of'

the liquid / vapor interface, the stability as well as the disintegration of
liquid core) is of fundamental importance in flow modeling and development of
predictive equations for interfacial transfer rates. Realizing that in

typical film boiling experiments, control of test conditions as well as direct
,

measurements of the pertinent flow parameters, that would be needed for such
an understanding, are quite difficult, the recourse must be to devise
simplified experiments.

The main objective of the / inverted annular flow research program was to
determine the effects of inlet liquid and gas conditions on the flow regimes*

. in the post CHF region. A flou visualization of a simplified film boiling
configuration, consisting of a Freon 113 liquid core surrourided by a gas
annulus, was made. From an analysis of the still photographs arc high speed
motion pictures, it was determined that there are basically four flow regimes
and it was also possible to determine the axial extents of these flow zones
with remarkable consistency. Predictive equations, in generalized and
simplified forms, were then developed for the axial linilts of the different
flow regimes.

k
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Fig. 1. Possible Flow Regimes in Post Dryout Region

II. REVIEW 0F EXPERIMENTAL STUDIES OF POST-CHF REGION

Most of the research on post CHF region dealt mainly with heat trans-
fer. Excellent reviews of the widespread . literature were provided by Jordan

11} and Clemments and Colver (2}. A subsequent review by Kalinin et al. [3]
considered both free and forced convective film boiling in great detail.

Complete tabulations as well as extensive graphical comparisons of the various
predictive equations for heat transfer were given. However, because heat

transfer or hydraulic resistance is significantly influenced by the regi.ne of
film boiling. some of the disagreement among the various correlations ere not
so readily explained due to insufficient understanding of the complex hydro-
dynamics of the post CHF iegion.-

The present state of knowledge of the structure and mechanisms of film
boiling derives primarily from visual and high-speed motion picture

_ _ . - _ _ _ _ _ -
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observations. For external horizontal surfaces, still photographs and motion

(
pictures taken by Westwater and Santangelo [4] showed a viscous-like flow

'
pattern in which small ripples caused only slight disturbance of the liquid-

f vapor interface. Similar studies with vertical external surfaces have been
carried out by numerous researchers (Hsu and Westwater [S,6), Coury and Dukler
[7]; to mention but a few). The series of still photographs of Hsu and
Westwater indicated the presence of wavy motion, the waves themselves being !
neither regular nor sharply defined. The magnitudes of the interfacial

deformations were found to be more pronounced for vertical than horizontal
tubes, with similar effects on heat transfer. Accordingly, Hsu and Westwater
concluded that film boiling outside of a vertical tuba was far superior to
that with horizontal tubes.

!

Coury and Dukler measured interfacial wave characteristics, instantaneous
and time-averaged rates of heat transfer. They concluded that the fluctua-

tions in surf ace temperature were driven by the action of large interfacial
waves of low frequency. Subcooling was found to diminish the interfacial
oscillations.

"isual and high-speed motion picture observations of film boiling in
channels have been reported by a number of researchers. For example, Chi and
co-workers [8-10) considered film boiling of saturated hydrogen under tran-
sient cooling conditions and obtained the following flow regimes along the '

| horizontal test section: annular, slug and dispersed flows. For the range of
flow conditions covered in their study, Kalinin et al. [11] observed both the
annular and slug flow regimes.

For upward flow of liquid nitrogen in a vertical tube, Laverty and
Rohsenow (12] obtained two distinct flow regimes: an annular flow with liquid
in the center and vapor in the annulus occurred at the beginning of the heated |

section, followed by a dispersed region of filaments / droplets of liquids at
greater tube lengths. In a subsequent study, Forslund and Rohsenow [13]
confirmed the large departure from. thermal equilibrium in the dispersed flow
film boiling. They made measurements of the droplet size at the exit of the
test section, from which it was concluded that the droplet breakup process
along the tube was governed by the critical Weber number criterion; the Weber
number being defined in terms of the relative velocity between the gas and the
liquid, vapor / gas density, droplet diameter and liquid surface tension.

i

. _ _ - _ _ _ _ _ _ _
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A detailed experimental study of adiabatic inverted annular flow was

carried out by DeJarlais (14], DeJarlais et al. [15), and Ishii.and DeJarlais
[16] using coaxial downward flow water jets and various gases in a glass
tube. The disintegration of the liquid core into droplets was found to be /ue
to two different mechanisms: wave instabilities at the interface and roll-

wave entrainment. Correlations for core shape, breakup mechanisms and

dispersed core drop size were developed, by extending the results of free jet
instability, roll-wave entrainment and churn turbulent droplet stability

studies.

Since the absence of film boiling conditions (no wall wetting, droplet
vaporization in the vicinity of heated wall, etc.) may limit the applicability
of the adiabatic results, an extensive and consistent flow visualization study
of a diabatic inverted annular flow was performed by DeJarlais [17] and Ishii
and DeJarlais [18,19]. A simplified upward flow geometry, consisting of a
liquid jet of Freon 113 surrounded by a gas annulus, was studied. In addition
to the existence of an annular and dispersed flow regime, in line with the

results of Laverty and Rohsenow [12), the presence of two well-defined regimes
- the agitated and the inverted slug / churn flow, was also documented. The

,

axial extent of each flow regime, as well as the transition from one regime to
another, was found to depend markedly on the relative velocity between the gas
and the liquid, in agreement with the observation of Laverty and Rohsenow. No

correlations were developed for the extents of the flow regimes.

The channel flow film boiling studies reviewed so f ar dealt almost

exclusively with visual, still and movie-camera observations of the complete

structure of the two-phase flow field. Although it has long been known that
the prevailing film boiling regime has profound effects on heat transfer and
on the hydraulic resistance, only several studies of film boiling hydraulic

resistance have been reported (Kalinin et al. [11), and Graham et al. [20]).
Also, there is almost no systematic study of the rather complicated void

fraction distribution for film boiling in channels for a range of inlet flow

conditions. Ottosen [21] obtained void fraction data using y-ray adsorption
technique in the flow visualization experiments in a vertical glass tube with
liquid nitrogen as a coolant. He noted that the transition from an annular to
a dispersed flow occurred at void fractions in excess of 80% at atmospheric
pressure. Kurilenko et al. [22] made measurements of void fraction by

L____-___-_____-_______
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radioisotope method using vertical and downward flow transient quenching of a
steel tube with liquid nitrogen, but the scope of the study was quite limited.

Although some progress has been made in the identification of the various
flow regimes, as reflected here by the findings of previous investigators, the
general state of knowledge of the detailed structure and mechanisms of two-
phase flows for film boiling has not been entirely satisfactory. Compre-

hensive experimental investigations of these complex hydrodynamics of the post
CHF region are certainly needed in order to provide data for further develop-
ment of theoretical models.

Although the emphasis in this review has been on the experimental
studies, it should also be mentioned that a number of computer codes and
analytical / empirical models have been developed for predictions of void frac-
tions, wall temperatures and heat fluxes in the post-CHF region [23,24]. A

review of the numerous analytical and empirical methods for annular and slug
flow film boiling was carried out by Groeneveld (25] while Chen [26), in his
review examined phenomenological questions relevant to our understanding of
the transport mechanisms in the post-CHF heat transfer. More recently,
Yadigaroglu and Bensalem [27] presented a critical and thorough review of the
various approaches that are used for modeling of interfacial mass generation
in two-phase flows, including a detailed discussion of the mechanistic models
ior inverted annular and dispersed flow film boiling. A common conclusion

that can be inferred from these reviews amounted to this: there is need for
experimental data base that would permit validation of the existing models as
well as development of improved models.

III. EXPERIMENTAL FACILITY AND TEST PROCEDURES

Since very elaborate description of the apparatus and test procedures
were given elsewhere (17-19], these will be briefly sumarized here, with no
exhaustive details.

A. Test Apparatus

The steady state film boiling experimental facility, shown schematically
in Fig. 2, consisted of a transparent quartz tube, a simplified inverted
annular flow geometry formed by a round liquid jet core surrounded by an
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Fig. 2. Schematic of the Experimental Facility I

annular gas flow. The liquid jet of Freon-113 was discharged into the test
section using thin-walled interchangeable stainless steel tubes (9.02 and 10.8 1

mm. ID), each of which was precisely centered with respect to the internal
diameter of the heated quartz tube, while the gas (nitrogen or helium) was
introduced via the annular gap between the stainless steel nozzle and the
quartz tube. The corresponding void fractions were 0.56 and 0.37 for Dj=
9.02 and 10.8 mm, respectively. Liquid and gas flow rates were measured with
turbine flowmeter and rotameters, respectively; temperatures at all critical
locations being sensed with chromel-alumel thermocouple.

The heeted portion of the test sections, 1.0 m in length (Fig. 3),

consisted of two quartz tubes, finished in much the same way as Liebig or West
condensers. The dimensions of the inner and outer quartz tubes were 16 x 13.6
mm OD/ID and 35 x 31 mm 00/10, respectively, giving an annular gap of 31 x 16
mm 00/10 through which a high temperature heat transfer fluid (Syltherm 80 by
Dow Corning) was circulated. The inner quartz tube extended beyond the outer
one to give an unheated entrance length of 150 mm (Fig. 3).

,

|
! Inverted annular flow could be established in the test section by heating

the heat transfer fluid above minimum film boiling temperature and then intro-
ducing saturated or subcooled test liquids such as Freon-113 into the inner

_ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _. . .. . . . .. .
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Fig. 3. Details of the Test Section I

tube directly. The drawback with this approach is one of lack of control .of
the annular gas conditions. The alternative simplified inverted annular flow
geometry, one that was used for the present study and afforded accurate
control of the flow conditions at the inlet to the test section, was obtained
by introducing a circular liquid jet through the stainlets steel tube with a
surrounding annular gas flow (Figs. 2 and 3), the latter being discharged
through an annular plenum located below the quartz test section.

;

8. Test Procedures and Photographic Technique

Preliminary preparations prior to a trial run included degassing of the
freon supply tank and the establishment of the desired freon temperature by
heating and/or cooling, charging of the gas accumulation tank to 60-80 psig,
heating of the Syltherm loop to a stable temperature of 225-270*C, cooling of
the separator tank (used to recover the freon from a two phase mixture leaving
the test section) to about 0*C or lowLr, and a check on the lighting condi-
tions to be used for photographic and/or motion picture observations.

During a trial run, visualization of the hydrodynamic behavior within the
test section was accomplished using both still photograph and high speed
motion pictures. For the former, a 35 mm SLR camera was used along with 400
ASA black and white film. Lighting was provided by either of two 3 us strobe
lights, each delivering a 0.5 w-s pulse of light. With this short exposure
time, small (0.1 nm) droplets traveling at speeds above 10 m/s were observed
without significant blurring of the image. The light from the strobe was
bounced off a white background onto the test section.

. ,

! !
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For a given test run, a series of still photographs were taken using a 55
m lens which provided a complete view of a 0.3 m length of the test section
on each 35 mm film frame. The pictures were taken at five or six locations,
spanning the full length of the test section, including the entrance and exit
sections. At each location, two to five photographs were taken, giving about
10-30 frames for each trial. To obtain more detailed structure of the flow j

field, additional still photographs were taken with 105 mm or 200 mm lenses.
Either back or side strobe lighting was used.

For some selected trials, motion pictures were taken using several
different cameras and Kodak VNX 430 (400 ASA) color reversal film, with a film
speed of 500 fps for most trials. Lighting was provided by four 450W flood
lights, these being directed onto the same background as noted above for the
still photographs. The interested reader may wish to refer to the detailed
discussion of the qualification methods for optical and/or photographic
techniques which is given in [17].

;

IV. ANALYSIS AND DISCUSSION OF RESULTS

In this section, a brief overview of the hydrodynamics of the flow field
is given, followed by a discussion of the predictive equations for the axial
extents of the different flow regions. Also, selected data for drop sizes in
the agitated and dispersed flow regions are presented and discussed.

A relevant comment here deals with the data used to generate the correla-
tions shown subsequently. These were obtained by analyzing the still photo-
graphs, taken with the 35 mm black and white film, in the following manner.

|
The extent of the different flow regions were established by carefully
studying the developed negatives using a light table fitted with binocular
microscope, the reference scale being the image of the graduated scale (in cm)
mounted alongside the test section. For drop size analysis, the negatives
obtained with the 55 mm SLR lens were projected onto a screen, with a minimum
negative-to-screen image magnification of 500. By this procedure the drop
sizes were determined down to the 100-200 mm size range. Although determina-
tion of the flow regime or the sizes of the droplets were accomplished with
little difficulty, a shortcoming is the rather time consuming frame by frame
analysis. Motion pictures of the flow field were analyzed on a motion picture )

i

_ _ _ _ _ - _ _ _ _ _ _ _ _ - _ _ _ _ _ - . --
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analyzer, with x-y plotting cross hairs and film projection speeds from 48 fps
down to zero.

A. An Overview of the Hydrodynamics of the Flow Field

Prior to presentation and discussion of the results for the axial extent

of the flow regimes, it is instructive to rcview the flow patterns that were

established for this simplified inverted annular flow. Since.a more detailed
discussion of the general features as well as extensive photographic illustra-
tions are contained in DeJarlais and Ishii (17], this brief sumary is

intended to provide the reader with a clear picture of the most important
characteristics of the various flow regimes, and will not contain exhaustive
details.

1. Smooth (Small Surface Wave) Section

This smooth region begins from the nozzle exit and can extend to
about thirty nozzle diameters depending, of course, on the relative velocity I
between the gas and the liquid core. For a given liquid jet exit velocity,

the maximum length occurs at very low gas exit velocities, decreasing markedly
]with increasing gas velocity to almost zero at high gas velocities. The i

shearing ef fect on the liquid jet by the gas; notably, the comp.lete elimina- .

'tion of a smooth section as observed in the present study at high gas veloci-
ties, parallels that usually encountered in twin fluid atomization processes.

2. Rough Wavy Section

With increasing distance downstream, the liquid interface becomes
wavy with nearly symetric waves, the wavelengths of which are roughly 10 m
(order of magnitude). Except for the existence of a rough wavy interface,
this region of the flow field is quite solid, with a fairly intact liquid core
filling the center of the test section. As with the smooth section, its axial
extent varies according to whether the gas velocity is greater or less than
the liquid jet velocity. For example, with V rel (i.e., V -V ) > 0, the physi-g f
cal length of this flow regime decreases (from about 10-20 nozzle diameters)
with increasing Vrel to the point that, at a Vrel of about 2 m/s, both the ;

smooth and rough wavy sections are nonexistent, the prevailing regimes- being
an agitated zone in the immediate vicinity of the nozzle exit and large liquid

_
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slugs / ligaments over the remaining portion of the test section. By contrast, 1

test ~ trials with Vrel < 0 resulted in lengths that were within 10-50 jet hole
diameters. It is pertinent to note that in DeJarlais and Ishii [17], also

(18,19), this regime is referred to as the agitated solid core while the
present agitated section, to be discussed next, corresponds to the inverted
slug / churn flow in (17-19).

|

3. Agitated Section

With increasing downstream distance and/or at sufficiently high gas
velocity, the nearly axisymetric interf acial waves become very irregular and
transform to large amplitude or roll waves. Farther from the rough ' wavy
section or at a still larger gas velocity, significant interfacial deformation
occurs, resulting in the break-up of portions of the roll-waves into ligaments
and droplets. This mechanism of liquid break-up or drop formation has been
treated quite well by Ishii and Grolmes [28] and DeJarlais [14], hence the |
details will not be given here. Other general features of this flow regime|

include the formation of skirt-like annular sheets of liquid due to extreme '

growth and distortion of the roll-waves, the presence of highly agitated'
liquid annulus in the vicinity of the heated wall and of large liquid slugs in
the central portion of the test section. With these general characteristics,
it is quite clear that, unlike the smooth or rough wavy section, this section
of the flow which may extend beyond the end of the heated portion of the test
section (depending on the liquid and gas flow rates, see Table A.IV of the
appendix) is very unstable.

4. Dispersed (Ligament and Orop) Section

For the ranges of liquid and gas velocities covered in the present
study, this flow regime was generally confined to the downstream locations
nearest to the test section exit. For test trials with high relative veloci-
ties,i.e.,(V-V)>1m/s,thedominantfeatureofthedownstreamflowfieldg f
was that of dispersed ligaments / droplets with either of the gas species. Fori

low-to-moderr.te Vrel values, many of the large liquid ligaments or slugs at
the exit of the test section were very much distorted. If the test section

were sufficiently long, it is likely that these ligaments would eventually
disintegrate into smaller, stable drops.
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B. Predictive Equations for the Axial Extent of Flow Regimes

1. Formulation of the Generalized Correlations '

From a detailed study of an adiabatic inverted annular flow [14-16],
it was established conclusively that the correlated jet break-up data followed
two distinct trends; one for the region over which the jet break-up length was
independent of void fraction, relative velocity or gas density, with a marked-
sensitivity of the break-up to these variables for the . second region. The

break-up lengths for these two regions were closely approximated by the-
following equations:

3=480Re}0.53We .5 (1)
0 |

L /0
B

j=685Re}0.53 We.5(We
0 g,rel"}"" (2)-L /D lB

Since the two curves intersect at We ,rel a = 1.73, this critical value of/g ;

the modified Weber number provides a useful criterion' for determining the
validity range for each equation. Another important finding was that the
break-up mechanisms for an adiabatic inverted annular flow were similar to
those documented in the literature for free jets.

On the basis of the above information, it was envisaged that the maximum
extent of each flow regime could be correlated in terms of the nondimensional
variables in Eqs. (1) and (2). Accordingly, the present data were reduced and
the results are presented graphically in Figs. 4-7. The first three figures
show, successively, the upper bound to the range of axial extents for the
smooth, rough wavy and agitated flow sections. Beyond the agitated flow I

regime lies the dispersed ligaments / droplets section. The extent of this zone
is shown in Fig. 7 from which it may be noted that it extends beyond the
heated portion of the test section for most trials. The data used to prepare-
these plots are also presented in tabular form in Table A.IV of the appendix.

,

In each of Figs. 4-7, data'are shown for the two gas species (helium and
nitrogen) tested. To provide useful insight on the role'of relative velocity,
it was considered worthwhile to further identify the data points in Figs. 4-6
according to whether the average gas velocity at the annulus (V ) is less or-g

greater than the liquid jet velocity (V ) at the inlet to the test section.
f

1

!
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Another general comment, one that is of particular importance, relates to
the interpretation of the data for L /D . Each value of L , always measuredB j B

from the nozzle exit, is scaled with the constant nozzle diameter, D .j Thus,
depending on the liquid and gas velocity, the observed maximum length, L /D ,

.8 j
for the rough wavy section. includes that for the smooth region, while that for
the agitated regime may include both the smooth and rough wavy regions. Like-

wise, the L /0j value for the dispersed zone may encompass all or some ofB

those for the preceding upstream regimes.

.. . . . _ . _ . . . . . _ . . . _ . . _ . . . . . . . . . . . . . . . . . . . ..
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The general trends on ' Figs. 4-7 are twofold; a nearly constant L /0jB

value with increasing We ,rel a for the region over which the maximum limits-/g

depend solely on the inlet liquid jet conditions, Rej and Wej, followed by
steadily decreasing values with further increases in We ,rel a , which is the/g

expected trend when L /0j is dependent ca both liquid and gas conditions atB

the inlet to the test section. For the smooth section, the length of which
exhibits the greatest sensitivity to variations in relative velocity, gas

10-3density and void fraction, the few data available for We ,rel a/ <
g

together with those shown in Fig. 4 favor the observation that this extent is
essentially independent of gas Weber number for We ,pe3 a2 < 10-2,/g

An exception to the trends noted above is observed to occur for the

dispersed flow section (Fig. 7). Here, it will be noted that, over the entire
10-3 s We ,rel a s 103/ range, L /0j is almost determined solely by the liquidgg

jet Reynolds and Weber numbers, Rej and Wej. Conceivably, with increasing i

modified gas Weber number conditions would eventually have been obtained for

| which L /0j would decrease markedly with We ,rel a , in line with the trends/B g

| on Figs. 4-6. The general trend on this figure appears to support this view.
|

A closer examination of the results in Figs. 4-6 reveals one consistent
trend with test trials for which the liquid jet velocities were larger than
the annular gas velocities at the inlet to the test section. It may be noted

that, for the smooth, rough wavy or agitated section, the axial limits for Vf
>V tend to lie above the mean regression line determined for data with Vf<g

V ; notably for the range of We ,rel / over which L /Dj is only susceptibleg g 8

to liquid conditions. It may also be noted that the above trend is most

pronounced for the smooth section, with vestiges in the rough wavy and
,

agitated regions. The clear implication here is that viewing the results in
,

terms of the absolute values of relative velocity does not provide a very
'

accurate picture of the axial limits of the flow regimes.

Over the range where L /0j is independent of / a H nearWe ,rel aB g ,

regression using only data for V7<V resulted in relations of the form:g

Re-0.53 We .5 (3)
0L /0 yAj )B j

The numerical values of constant, A , together with the approximate ranges ofj
validity of Eq. (3) are sumarized in Table I. From comparison of the Aj

i
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values in Table I with the value in Eq. (1), i.e., Aj = 480, which was devel-
oped from adiabatic tests based on the break-up mechanism of free liquid jets, I

it is quite apparent that Eq. (1) would predict lengths that are somewhat j

higher than, but not significantly different from, the combined lengths j
determined here for the smooth and rough wavy sections.

When L /0j depends on We ,rel/ , the data are approximated by:8 g

Re}0.53 We.5[Wel I (4)
0

L /0 s88 3 4 g,rel

The appropriate values for B , mj along with the ranges of validity are alsoj
given in Table I. The values for Bg and mj vere determined by logarithmic

'

least squares technique and the correlation coefficients were between 0.85 and
0.9 these being as good as can be expected for carefully run experiments
using a visual analysis for flow regime characterization; especially since
replicate runs sometimes resulted in lengths that differed by as much as
100%. It may be noted that, for the constants Aj and Bj (Table I), the last
digits have been rounded to zero or five and the error introduced by this I

!

procedure is less than one percent. 1

2. Simplified Correlations

The presentation in the preceding section is important in two
respects. First, it provides good insight into the mechanisms that determine
the axial extents of the various flow sections. And, second, good estimates
of the critical gas Weber number for transition, from regions with no effect
to those with marked dependence on relative velocity, can be established for
nearly all of the flow sections.

For low-to-moderate gas velocities satisfying the conditions V -Vf>0g

and L /0j = f(Rej,Wej), a further simplification of Eq. (3) can be made in8

order to provide predictive equations that may be readily applied for design
calculations. Realizing that Wej/Rej = uf f of (= Capillary number, Caj), Eq.V/
(3) can be re-written as

(L/0))Re.5 We-0.5 *(L/0)Ca-0.5<A/Re.03 (5)
0

B j B 3 j

or

_ _ _ - _ - _ - - _ - _ - _ _ _ - _ - - _ _ _ _ - _ - _ _ _ - _
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sC(We)/Re))1/24 j j (6)s C /CaL /08 3

A straightforward re-analysis of the data for each trial was carried out
0by dividing the already computed values in Table A.IV by Re .03 For the.

3
1,774 s Rej s 13.279 range covered in the present study, Re varied from
1.252 to 1.330, with an average value which could be stated as 1.29610.034,
i.e., with about a 3% variation about the mean value. Although very good

estimate of the constant Cj for each flow section can be obtained by simply
dividing the appropriate value in Table I by 1.296, a linear regression using
the new data set resulted in the following correlations:

g, rela)s10-2 (7)Smooth section: L /0 s 60/Ca , for (We /B 3 j

g, rela)s10-1 (8)Rough wavy section: L /0 s 295/Ca , for (We /8 3 j

Agitated section: L /0 s 595/Ca , for (Weg, rela)s3.5 (9)/B 3 j

Dispersed section: L /03 > 595/Ca , for @eg,rel / s 10 (10)B j

In addition to the individual ranges specified above, Eqs. (7)-(10) are
valid for 0.0028 s Caj s 0.02. As with Table I, the last digit is rounded to
zero or 5. Equations (7)-(9) give estimates that are close to the values
observed experimentally, with a 6-20% error band. As might be expected from
the trend in Fig. 4, the largest percentage differences were calculated for
the relatively short smooth section.

A final comment here deals with Eq. (10) which might appear at first to
exclude the presence of a dispersed section over a third of the initial heated
portion of the test section. Of the numerous trials with Vrel s 2 m/s, about
80% of the measured lengths satisfied Eq. (10). For all test trials with Vrel
> 2.0 m/s, Eq. (10) did not apply. For instance, for the two nitrogen trials
(#262, #296, Table A.IV of the appendix) with Vrel = 7.6 and 5.0 m/s, the
onset of a dispersed ligament / droplet section was observed to occur at about
10-13 jet hole diameters downstream from the nozzle exit, which is consider-
ably less than about 34 diameters that could be inferred from Eq. (10). This
continual depletion of the liquid core into ligaments / droplets of liquid with
increasing relative velocity, a generally expected trend, is qualitatively in
agreement with the observations of Laverty and Rohsenow [12).
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C. Droplet Generation and Drop Size Distributions

Downstream of the rough wavy section, a significant portion of the liquid
surface area consists of small droplets formed by roll-wave entrainment and by
jet instability within the agitation region. These droplets were quite small,
with sizes under 200 pm in diameter. In the immediate vicinity of the heated
wall, these small droplets were probably short-lived due to very rapid

vaporization.

Typical size distributions for droplets formed by roll-wave entrainment |
and by instability at the rough surfaces of the agitated region are shown in
Fig. 8 for three trials, two (708 and 727) with helium and the other with '

nitrogen. To obtain these data, photographs taken with the 200 nun lens
(resolution down to roughly 25 pm, but limited depth of focus) focussed at the,

1
depth corresponding to the outer (facing) surface of the liquid nozzle were
analyzed. With these focussing, droplets within 2-3 mm of the heated wall ;

nearen to the camera were in sharp focus. Oroplets observed shearing from |
roll-wave crests or within 10 mm of the leading (downstream) edges of the i

agitated masses were measured, provided they were within sharp focus, the
3

others being ignored. i

l
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For high, positive relative velocities, the flow field near the exit of

the test section is characterized by dispersed droplets, with unstable and

distorted liquid ligaments / slugs for moderate relative velocities. These

droplets are largely the result of roll-wave entrainment and jet instabili-

i ties, and the maximum drop size depends on the stability of the liquid core .v

remnants and liquid mass in the agitated region. Typically, droplets / slugs
over 3 mm were observed to be quite distorted and far from being spherical, a
possible indication that these large drops (or small slugs) were unstable and
would eventually disintegrate into smaller droplets in a sufficiently long
test section.

Typical drop size distributions in the dispersed flow region are given in
Fig. 9 for three trials, two (216 and 224) with nitrogen and the other with

| helium. These data were obtained by analyzing still photographs taken with
the 55 mm lens (resolution down to about 100 um). Spherical or near spherical . .

droplets were recorded by diameter while unstable, distorted slugs were
measured along long and short axes, and recorded by estimated total volume,'

'

assuming cylindrical form with the short axis corresponding to the diameter. : .

The following coment ton F made about the results in Figs. 8 and 9.
The maximum droplet size generat at the roll-wave crests / agitated surf aces i

as well as droplet size distributions in the dispersed film boiling regime
should depend on the gas and liquid physical properties and on the relative
velocity. In view of the rather complicated nature of the droplet size
dependence on these parameters, combined with knowledge that smaller droplets
are short-lived due to vaporization, no definite conclusions concerning these
effects can be made from the limited information available.

V. SUMMARY AND CONCLUSIONS

A visualization study of a simplified film boiling flow geometry,
consisting of a Freon 113 liquid jet surrounded by a gas annulus, was carried

.,

out with the objective of determining the various flow regimes. It has been
established that the axial flow pattern for this model of an inverted annular
flow consists basically of four regions; namely, a nearly smooth section which
begins at the nozzle exit, a rough wavy section with an intact liquid core, an
agitated and a dispersed flow regions, the latter being confined to the region

.

W
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i

near the exit of the test section. The axial limits of these flow regimes
depend markedly on the relative velocity between the gas and the liquid. The
axial extent of each flow zone (L ), expressed in terms of the liquid jetB

nozzle diameter (0) as L /0 , has been correlated using the liquid jetj B j

Reynolds and Weber numbers (Rej and Wej, respectively), and a modified gas
Weber number based on relative velocity (We ,rel a ), where a is the void/g
fraction.

For any particular flow regime, the proposed correlation follows two
2distinct trends, one for the We ,rel/ range over which L /0j depends only ong B

the liquid jet parameters (Rej and Wej) and the other for the region where
L /0j is a function of Rej, Wej and We ,rel a . For the former, the maximumB /g

extent of each flow regime is approximated by the relation:

Re-0.53 We .50
L /0) ; A4B

..
-
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.

where Aj is a constant, the numerical value of which is different for the
different flow regimes. For adiabatic inverted annular flow, DeJarlais et al.,

,

[15] established thet the nondimensional break-up length was adequately
represented by the above equation with Aj = 480. However, from comparison of

the present values of Aj with that noted above for the adiabatic case, it is
.' concluded that the adiabatic equation will predict lengths that are 20-30%

,
higher than the combined length determined here for the smooth and rough wavy

: sections.
-

With knowledge that Wej/Rej = pf f or (= Capillary number, Caj), theV/*

desire to provide correlations that can be readily applied for design

. calculations prompted a further simplification of the above equation to the '

N- following form:

L /0) s C /CajB j

where the constant, Cj, assumes values of 60, 380 and 595 for the smooth,
rough wavy and agitated flow regimes, successively. Since the dispersed

ligaments / droplets flow regime always lies downstream of the agitated section
for low relative velocity, a close approximation of its extent is given by: 1

f. '

L /0) > 595/CajB

IS
Over the range of conditions for which L /0j depends on the liquid jet8

parameters and the modified gas Weber number, the predictive equations are of
the form:

L /0 sB Re-0.53 We.5(Weg,rel"|
0 /B j j

where both Bj and mj assume different values for the smooth, rough wavy and
agitated regions. The general form of this equations, first proposed by
DeJarlais et al. [15] for adiabatic inverted annular flow, was found to pro-
vide adequate representation of sinuous jet instability break-up at moderate
interfacial shear, and roll-wave entrainment break-up at high interfacial
shear. The present constants, Bj and mj, are somewhat different from those

established for an adiabatic study and the adiabatic equation gives L /0jB

values that are almost double the combined length for the smooth and rough
wavy sections.

_
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Typical size distributions for droplets generated at the roll-wave crests
(the maximum size being about 500 um) as well as those formed in the dispersed
flow regime (0.5-3 mm in diameter) have been presented.
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APPENDIX

,

EXPERIMENTAL DATA
1

1

This appendix is divided into four sections, the first two of which give
test conditions for trials with nitrogen for a = 0.56 and 0.37, while condi-
tions with helium and a = 0.37 are summarized in the third section. In each
case, the data are tabulated under four main headings:

,

TRIAL RUN: A suffix lettering scheme, i.e., B, C, 0, etc., is used

to indicate trials for which numbers were not assigned
previously.

..

TEMPERATURE, *C: T and T refer to gas and liquid temperatures,g f

respectively. -

3DENSITY, kg/m : og = gas density evaluated using measured temperature and
pressure via ideal gas law.
of = liquid density obtained from thermodynamic proper-
ties of " Freon" 113 by E.I. duPont Company

EXIT VELOCITY, m/s: V = average gas velocity at annulusg

Vf = average liquid jet velocity

In the last section, the reduced data for the axial extent of the various
flow regions are presented for selected trials. These are tabulated under the
following column headings:

TRIAL RUN:

Vrel, m/s: Relative velocity defined as V -V.g f
L /D : Maximum nondimensional extent of each flow region.B j

A = smooth (small surface wave) section
B = rough wavy section

C = agitated section
D = dispersed (ligament and drop) section.

'

:

x

'\
2

-

* *
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(L/0)We}0.5Re .53:0
B 3 nondimensional groups, wt,9re Rej and Wej are the liquid

jet Reynolds and Weber numbers evaluated at the inlet
.. to the test section. This is also divided into four

.- columns, i.e., A, B, C, and D, the definition for each

letter being exactly the same as given above.
We ,rel/ : gas Weber number scaled with the square of the voidg

fraction (a).

Data for liquid surface tension are needed for computations of Wej and
We rel. The values used in the present analysis correspond to those reportedg

by Sinitsyn et al. (1972).

REFERENCE

1. Sinitsyn, YE. N., Muratov, G. W., and Skripov, V. P., "The Surface
.

Tension of F-11, 21 and 113," Heat Transfer-Soviet Research, Vol. 4, #4,
p. 79 (1972).
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A.I. Sumary of Trials with Nitrogen and a = 0.56

3Temperature. *C Density, kg/m Exit Velocity, m/s
Trial

og x 10-3Run T T o y y
g f g g f

|

1 27 26 1.30 1.57 1.324 0.484
,

2 27 26 1.31 1.57 3.106 0.484

3 27 26 1.32 1.57 5.160 0.484
4 27 26 1.36 1.57 7.983 0.484
5 27 26 1.32 1.57 4.108 0.484
6 27 26 1.35 1.57 6.463 0.484

''

7 23 23 1.35 1.57 1.194 0.730
8 23 23 1.35 1.57 2.472 0.730
9 23 23 1.38 1.57 3.641 0.730

10 23 23 1.41 1.57 5.561 0.730
11 23 23 1.46 1.57 7.715 0.730
I? 23 23 1.31 1.57 1.212 0.247

'

13 23 23 1.31 1.57 0.767 0.247
14 23 23 1.35 1.57 1.603 0.247

~

'

15 23 23 1.35 1.57 2.472 0.247
16 27 27 1.32 1.56 0.880 0.602

| 17 27 27 1.33 1.56 1.520 0.602
18 27 27 1.33 1.56 2.071 0.602
19 27 27 1.35 1.56 3.273 0.602
20 27 27 1.38 1.56 5.361 0.602 '

21 27 27 1.41 1.56 7.8G 0.602
22 27 27 1.32 1.56 0.648 0.365
23 27 27 1.33 1.56 4.108 0.365
24 27 27 1.29 1.56 4.192 0.365
25 27 27 1.30 1.56 1.109 0.365
26 27 27 1.30 1.56 1.536 0.365
27 27 27 1.30 1.56 2.923 0.365
28 27 27 1.30 1.56 5.551 0.365
29 27 27 1.33 1.56 6.914 0.365
30 27 27 1.26 1.56 0.661 0.148
31 27 27 1.29 1.56 1.224 0.148

-

. .
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3Temperature. *C Density,kg/m Exit Velocity, m/s
| Trial

of x 10-3 y y{ _

Run T Tr og g g

32 27 27 1.29 1.56 1.645 0.148
33 27 27 1.27 .1.56 2.538 0.148

*

34 27 27 1.26 1.56 2.973 0.148
35 27 27 1.27 1.56 3.791 0.148
36 27 27 1.29 1.56 3.774 0.247
37 27 27 1.30 1.56 5.511 0.247
38 27 27 1.36 1.56 0.865 0.730
39 27 27 1.29 1.56 0.655 0.098

,

40 27 27 1.30 1.56 0.994 0.098
41 27 27 1.29 1.56 1.336 0.098
42 27 27 1.29 1.56 1.645 0.098
43 27 27 1.29 1.56 2.121 0.098
44 27 26 1.37 1.57 5.628 0.730
45 27 26 1.33 1.57 6.513 0.484
46 27 26 1.29 1.57 0.777 0.247

'

47 27 26 1.27 1.57 0.660 0.098
48 27 26 1.24 1.57 2.154 0.098
49 27 26 1.25 1.57 2.772 0.098
50 27 26 1.25 1.57 3.407 0.098
51 27 26 1.29 1.57 0.656 0.074
52 27 26 1.29 1.57 0.997 0.074
53 27 26 1.21 1.57 1.339 0.074
54 27 26 1.27 1.57 1.653 0.074
55 27 26 1.25 1,57 2.138 0.074
56 27 26 1.25 1.57 2.772 0.074
57 27 26 1.25 1.57 3.390 0.074

'58 27 26 1.25 1.57 4.225 0.074 -

59 27 26 1.27 1.57 5.261 0.074
60 27 26 1.35 1.57 1.607 0.730

,

a
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A.II. Summary of Trials with Nitrogen and a = 0.37

3Temperature, *C Density, kg/m Exit Velocity, m/s
Trial

pg x 10-3Run T T V Vg f o g fg

201 27 26 1.36 1.57 0.231 0.255

202 27 26 1 ,41 1.57 0.070 0.255

203 27 '6 1.38 1.57 0.144 0.255
204 27 26 i 1.<7 1.57 0.028 0.255

205 27 26 1.36 1.57 0.302 0.255

206 27 26 1.39 1.57 0.399 0.255
207 27 26 1.36 1.57 0.491 0.255
208 27 $6 . 1.36 , 1'.57 ' 0.678 0.255.

209 27 26 ' D.35, 1.57 0.868 0.205-

210 27 26 , ' 1. 33 ' 1.57 1.069 0.245
211 25 25 1.41 1.57 0.07 0.255
212 25 7.5 1.3b ,1.5N (0.302 0.255
213 25 _ , 25 1.31 '1.57 .,1.253 0.255 1

1.34 1.57 0.072 0.052 {214 25 25 i
>

215 25 2S [ 1.41 1.57 0.028 0.052 \

| 216 25 25' 1.33 / 1.57 0.145 0.052
,

217 25 25 1.31 1.57 0.236 0.052 |

218 25 25 1.31 1.57 0.309 0.05Z

219 25 25 1.29 1.57 0.414 0.052 |,

220 25 25 1.31 1.57 0.501 0.052 j
221 25 25 1.29 1.57 0.698 0.052 ,

l
222 25 , 25 1.29 1.57 ) 0.89? 0.052 ;

I223 25 25 1.' 7 'l.57 1.181 0.052/,

'

224 25 25 i.' . 2,6 ,1! 57' 1.528 0.052
225 25 25 1.?6 '1. 57 ' 2.188 0.052

,
226 25 25 1.N , 1.57

'

3.874 0.052 |
\

1 -
'

I,

I 227 26 ;26 1,32 '.1.57 0.070'. 0.255 o
'

,

228 26 "26 ; 1.3[ 1.57 0.3r7 0.255
229 26 ?6 \

,
1.31 1.57 1. a 0.255

230 26 26 1.3? 1.57 0 0.062. ,

231 26 26' 1.29 1.57 0. h. 0.052
'

s

,

L

'
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3Temperature. *C Density, kg/m Exit Velocity, m/s
Trial

g f og of x 10-3Run T T y y{g

232 26 26 1.27 1.57 1.273 0.052
233 26 26 1.24 1.57 5.160 0.052
234 26 26 1.42 1.57 0.227 0.510
235 26 26 1.40 1.57 0.399 0.510
236 26 26 1.40 1.57 0.668 0.510
237 26 26 1.37 1.57 0.964 0.510
238 26 26 1.36 1.57 1.228 0.510
230 26 26 1.37 1.57 0.072 0.069 e

240 26 26 1.40 1.57 0.028 0.069
241 26 26 1.35 1.57 0.232 0.069
242 26 26 1.33 1.57 0.307 0.069
243 26 26 1.31 1.57 0.499 0.069 1

244 26 26 1.31 1.57 0.693 0.069
,

245 26 26 1.28 1.57 0.892 0.069
~246 26 26 1.27 1.57 1.182 0.069 i

247 26 26 1.27 1.57 1.448 0.069
248 26 26 1.27 1.57 1.770 0.069
249 28 28 1.20 1.56 0.324 0.052 j

250 28 28 1.21 1.56 1.301 0.052 I

'

251 28 28 1.27 1.56 0.150 0.052 |
252 28 28 1.30 1.56 0.074 0.069
253 28 28 1.25 1.56 0.316 0.069
254 28 28 1.25 1.56 0.904 0.069
255 28 28 1.31 1.56 0.074 0.103
256 28 28 1.31 1.56 0.499 0.103
257 28 28 1.31 1.56 0.521 0.510
258 28 28 1.31 1.56 2.071 0.510
259 28 28 1.31 1.56 3.173 0.510
260 28 28 1.33 1.56 4.375 0.510
261 28 28 1.38 1.56 5.511 0.510
262 28 28 1.38 1.56 8.150 0.510
263 28 28 1.36 1.56 0.072 0.103
264 28 28 1.39 1.56 0.028 0.103

,

-_-___a
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3Temperature. *C Density, kg/m Exit Velocity, m/s
Trial

g f og pg x 10-3_Run T 'T y y .

g .f

265 28 28 1.36 1.56 0.144 0.103
266 28 28 1.34 1.56 0.232 0.103 |

267 28 28 1.31 1.56 0.3 09 0.103
268 28 28 1.27 1.56 0.508 0.103
269 28 28 1.27 1.56 0.703 0.103- |
270 28 28 1.27 1.56 0.899 0.103 I

271 28 28 1.27 1.56 1.186 0.103
272 28 28 1.27 1.56 1.453 0.103
273 28 28 1.26 1.56 1.787 0.103
274 28 28 1.26 1.56 2.271 0.103
275 28 28 1.41 1.56 0.070 0.172
276 28 28 1.41 1.56 0.028 0.172 i

277 28 27 1.22 1.56 0.077 0.069
278 28 27 1.24 1.56 0.909 0.069
279 28 27 1.26 1.56 0.075 0.103
280 28 27 1.26 1.56 0.511 0.103

| 281 28 27 1.24 1.56 1.466 0.103
282 28 27 1.35 1.56 0.072- 0.172
283 28 27 1.27 1.56 0.509 0.172

,

284 28 27 1.26 1.56 1.787 0.172
285 28 27 1.34 1.56 0.145 0.172
286 28 27 1.34 1.56 0.234 0.172
287 28 27 1.27 1.56 0.314 0.172
288 28 27 1.28 1.56 0.506 0.172
289 28 27 1.30 1.56 0.695 0.172
290 28 27 1.29 1.56 0.890 0.172
291 28 27 1.27 1.56 1.182 0.172
292 28 27 1.27 1.56 1.453 0.172
293 28 27 1.27 1.56 1.787 0.172
294 28 27 1.27 1.56 2.189 0.172
295 28 27 1.27 1.56 3.841 0.172
296 28 27 1.27 1.56 5.110 0.172
297 28 27 1.40 1.56 0.028 0.087

L ----_-__ - --- _ - - - - - - - - - _ - - - - - _ - - - - - - - - - - - - - - - - - - -
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3Temperature. *C Density, kg/m Exit Velocity, m/s
Trial

of x 10-3Run T T o y y
g f g g f

298 28 27 1.31 1.56 0.074 0.087
299 28 27 1.31 1.56 0.309 0.087
300 28 27 1.27 1.56 0.701 0.087
301 28 27 1.25 1.56 1.186 0.087
302 28 27 1.24 1.56 1.887 0.087
303 28 27 1.41 1.56 0.028 0.137
304A 28 25 1.28 1.57 0.074 0.172
304B 28 25 1.28 1.57 0.506 0.172
305 28 25 1.27 1.57 1.770 0.172
306 28 25 1.36 1.57 0.013 0.137
307 28 25 1.34 1.57 0.074 0.137
308 28 25 1.31 1.57 0.309 0.137
309 28 25 1.29 1.57 0.696 0.137
310 28 25 1.27 1.57 1.182 0.137
311 28 25 1.27 1.57 1.870 0.137
312 28 25 1.26 1.57 2.522 0.137
313 28 25 1.26 1.57 4.810 0.137
314 28 25 1.36 1.57 0.072 0.337
315 28 25 1.38 1.57 0.229 0.337
316 28 25 1.38 1.57 0.403 0.337
317 28 25 1.34 1.57 0.596 0.337
318 27 27 1.38 1.56 0.072 0.337
319 27 27 1.36 1.56 0.231 0.337
320 27 27 1.35 1.56 0.304 0.337
321 27 27 1.35 1.56 0.406 0.337
322 27 27 1.35 1.56 0.595 0.337
323 27 27 1.33 1.56 0.788 0.337
324 27 27 1.32 1.56 1.071 0.331
325 27 27 1.32 1.56 1.336 0.337
326 27 27 1.32 1.56 1.587 0.337
327 27 27 1.32 1.56 1.921 0.337
328 27 27 1.31 1.56 2.405 0.337
329 27 27 1.31 1.56 4.409 0.337

___ _ _ _ _ - _ _ _ _ _ _ _ _ _ . _ _ _ _ _
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3. Temperature. *C. Density,kg/m Exit Velocity, m/s
Trial

og x 10-3Run T T y. y(g f o gg

330 26 41 1.46 1.53 0.752 max.

331 30 36 1.30 1.54 0.074 0.337

332 30 36 1.29 1.54 0.416 0.337

333 30 36 1.24 1.54 0.075 0.103

334 30 35 1.20 1.55- 0.030 0.052

335 30 35 1.25 1.55 0.421 0.103

336 30 36 1.29 1.54 0.416 0.337

337 30 37 1.31 1.54 0.074 0.337

338 26 36 1.32 1.54 0.074 0.337

339 26 36 1.32 1.54 0.234 0.337

340 26 37 1.31 1.54 0.413 0.337 l

341 26 37 1.30 1.54 0.606 0.337

342 26 36 1.31 1.54 0.795 0.337

343 26 37 1.30 1.54 -1.079 0.337 !

344 26 35 1.32 1.55 0.074 0.103

345 26 35 1.31 1.55 0.236 0.103

346 26 34 1.27 1.55 0.418 0.103

347 26 37 1.38 1.54 0.072 0.337

348 26 34 1.29 1.55 1.349 0.337

349 26 35 1.27 1.55 1.870 0.337

350 26 35 1.28 1.55 2.355 0.337

351 26 37 1.29 1.54 3.824 0.337

352 26 36 1,31 1.54 5.043 0.337

353 26 37 1.38 1.54 0.072 0.510

354 26 37 1.42 1.54 0.227 0.510
1
' 355 26 38 1.37 1.54 0.403 0.510

356 26 38 1.46 1.54 0.0 0.510

357 27 39 1.38 1.53 0.072 0.510
358 27 40 1.33 1.53 0.234 0.510|

| 359 27 40 1.32 1.53 0.074 0.337

360 27 41 1.30 1.53 0.236 0.337

361 27 41 1.31 1.53 0.501 0.337

362 27 41 1.32 1.53 0.030 0.255
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3Temperature. *C Density,kg/m Exit Velocity, m/s
Trial

g f og of x 10-3Run T T y y{g

363 27 41 1.29 1.53 0.237 0.255

364 27 41 1.29 1.53 0.030 0.172

365 27 40 1.29 1.53 0.149 0.172

366 27 41 1.30 1.53 0.414 0.172

367 27 39 1.29 1.53 0.030 0.069

368A 27 39 1.25 1.53 0.241 0.069

368B 27 41 1.43 1.53 0.070 0.421

369 23 38 1.41 1.54 0.070 0.421

370 23 39 1.36 1.53 0.234 0.421

371 23 40 1.33 1.53 0.60 0.421 |
372 23 40 1.33 1.53 1.336 0.421

373 23 38 1.27 1.54 0.075 0.052
374A 23 38 1.25 1.54 0.241 0.052
3748 23 40 1.39 1.53 0.072 0.337
374C 26 46 1.31 1.52 0.074 0.421
3740 26 46 1.34 1.52 0.241 0.172
375 25 15 1.33 1.59 0.977 0.337
376 25 17 1.33 1.59 0.234 0.103
377 25 17 1.27 1.59 1.359 0.103
378 25 16 1.24 1.59 0.075 0.052
379 25 15 1.33 1.59 0.074 0.052
380 25 15 1.33 1.59 0.074 0.052 '

381 25 15 1.28 1.59 0.239 0.103
382 25 15 1.28 1.59 0,239 0.103
383 25 15 1.26 1.59 1.363 0.103 1

384 25 15 1.26 1.59 1.363 0.103
'

38b 25 15 1.34 1.59 0.974 0.337
386 25 15 1.25 1.59 0.075 0.052
387 25 15 1.26 1.59 0.241 0.103 I

388 UNASSIGNED

389 25 15 1.26 1.59 1.363 0.103
390 25 15 1.33 1.59 0.980 0.337 i

1

391 25 15 1.23 1.59 0.075 0.052
|
|
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3Temperature. *C Density, kg/m Exit Velocity, m/s
Trial

g f og of x 10-3Run T T y y
g

392 25 15 1.22 1.59 0.428 0.052

393 25 15 1.25 1.59 1.010 0.052 ;

394 25 15 1.25 1.59 2.054 0.052

395 25 15 1.33 1.59 0.234 0.103

396 25 15 1.26 1.59 0.615 0.103 |

Ss7 25 15 1.26 1.59 1.184 0.103

398 25 15 1.26 1.59 1.703 0.103

399 25 15 1.33 1.59 0.980 0.337

400 25 15 1.33 1.59 1.420 0.337

401 23 14 1.32 1.60 1.670 0.337

402 23 14 1.32 1.60 1.987 0.337

403 23 14 1.30 1.60 3.190 0.337

404 23 14 1.26 1.60 0.241 0.052

405 23 14 1.26 1.60 0.421 0.103
406 23 15 1.27 1.59 0.701 0.052

407 23 15 1.27 1.59 0.897 0.103
408 23 15 1.29 1.59 0.995 0.172

409 23 15 1.32 1.59 0.982 0.255

410 23 15 1.30 1.59 0.605 0.172

411 23 15 1.32 1.59 1.334 0.255

412 23 15 1.30 1.59 1.343 0.172

413 23 15 1.32 1.59 1.670 0.255

414 23 15 1.30 1.59 1.687 0.172

415 23 15 1.34 1.59 2.121 0.?55
416 23 15 1.30 1.59 2.154 0.172

417 22 14 1.34 1.60 1.324 0.420

418 22 14 1.34 1.6L 1.971 0.420

419 22 14 1.31 1.60 0.605 0.255

420 22 14 1.32 1.60 0.236 0.069

421 22 14 1.29 1.60 3.824 0.255

422 22 15 1.28 1.59 0.418 0.069

423 22 15 1.28 1.59 0.611 0.069

424 22 15 1.26 1.59 1.005 0.069

|

_____ _____ ___-_______ ______- _ __- ________ ______________________ _. . _ _ _ _ - _ _ _ . _ _. _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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3Temperature. *C Density, kg/m Exit Velocity, m/s
Trial

of x 10-3 y yfRun T 7 p gg g

425 22 15 1.26 1.59 1.366 0.069

426 22 15 1.26 1.59 1.703 0.069

427 22 15 1.28 1.59 1.268. 0.103

428 22 15 1.27 1.59 2.271~ 0.069

429 22 15 1.28 1.59 1.703- 0.103

430 22 !s 1.26 1.59 2.288 0.069

431 22 15 .1.26 1.59 1.703 0.069

432 22 15 1.27 1.59 1.002 0.069

433 22 -15 1.26 1.59 0.421 0.069

434 22 35 1.34 1.55 2.121 0.421

435 22 35 1.30 1.55 0.606 0.255 |

436 22 35 1.29 1.55 1.171 0.255' 4

437 22 35 1.28 1.55 0.805 0.172

438 22 35 1.29 1.55 1.687 0.255

439A 22 35 1.26 1.55 0.615 0.069

439B 22 35 1.29 1.55 2.171 0.255

439C 22 35 1.32 1.55 0.79 0.255
439D 22 35 1.35 1.55 0.406 0.421

439E 22 35 1.32 1.55 0.409 0.337

439F 22 35 1.34 1.55 0.232 0.337

440 22 23 1.40 1.57 0.229 0.421 |
441 22 23 1.37 1.57 0.403 0.421 1

442 22 23 1.36 1.57 0.680 0.421

443 22 23 1.36 1.57 0.969 0.421
444 22 23 1.34 1.57 1.324 0.421

445 22 23 1.34 1.57 1.974 0.421
446 22 23 1.34 1.57 0.074 0.069
447 22 23 1.36 1.57 0.232 0.069
448 22 23 1.33 1.57 0.496 0.069

449 22 23 1.29 1.57 0.888 0.069
450 22 23 1.44 1.57 0.070 0.172
451 22 23 1.37 1.57 0.302 0.172
452A 22 23 1.34 1.57 0.685 0.172
452B 22 23 1.32 1.57 1.159 0.172 h
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A.III. Summary of Trials with Helium and a = 0.37

3Temperature, 'C Density,kg/m Exit Velocity. m/s
Trial --

g 7 og of x 10-3Run T T y y
g f

700 22 24 0.189 1.57 0.222 0.103

701 22 24 0.199 1.57 0.074 0.103

702 22 24 0.180 1.57 0.878 0.103

703A 22 24 0.180 1.57 2.221 0.103

7038 22 24 0.189 1.57 0.222 0.103

703C 22 24 0.180 1.57 2.221 0.103

703D 22 24 0.189 .1.57 0.222 0.103

703E 22 24 0.189 1.57 0.501 0.103

703F 22 24 0.189 1.57 0.222 0.103

704 24 24 0.181 1.57 1.620 0.172
'

705 24 24 0.186 1.57 0.626 0.172 '

706 24 24 0.182 1.57 1.107 0.172

707 24 24 0.181 1.57 2.655 0.172
1

708 24 24 0.181 1.57 4.041 0.172

709 24 24 0.186 1.57 0.224 0.052
710 24 24 0.190 1.57 0.075 0.052
711 24 24 0.181 1.57 1.111 0.052
712 24 24 0.179 1.57 0.882 0.052 I

713 24 24 0.177 1.57 2.238 0.052
714 24 24 0.186 1.57 0.867 0.255
715 24 24 0.183 1.57 2.204 0.255
716 24 25 0.182 1.57 0.227 0.069

717 24 25 0.184 1.57 0.077 0.069
718 24 25 0.179 1.57 0.506 0.069
719 24 25 0.177 1.57 0.888 0.069
720 24 25 0.177 1.57 1.820 0.069
721 24 25 0.175 1.57 2.672 0.069

( 722 24 25 0.186 1.57 0.035 0.069

723 24 25 0.179 1.57 0.506 0.103
724 24 25 0.178 1.57 1.359 0.103
725 24 25 0.192 1.57 0.035 0.052

|



A-14

Temperature, 'C- ' Density, kg/m3 Exit Velocity, m/s-
Trial

g f og of x 10-3Run T T y y
g f

_

726 24 25 0.175 1.57 1.368 0.052

727- 24 25 0.198 1.57- 0.189- 0.172

728 24 25 0.195 1.57 0.219 0.255-

729 24 25 0.183 1.57 1.338 0.255

730 24 25 0.188 1.57 0.860' O.337

731 24 25 0.201 1.57 0.033 0.337
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A visual study of film boiling us g photo aphic and high speed motion-picture
methods was carried out to determine t flow . gime transition criteria in the post
CHF region. An idealized inverted annu r fl was obtained by introducing a liquid
jet of Freon 113 through a nozzle, preci 'o. y centered with respect to the internal,

! diameter of the test section, with an ann r gas flow. The respective ranges forI liquid and gas exit velocities were 0.05- 'and 0.03-7.9 m/s. Nitrogen and helium
were used in the study.

For the present configuration, th e a four basic flow regimes. Beginning from
the nozzle exit, there is a smooth, erted nnular flow section with liquid in the
core and gas in the annulus; follow by the ugh wavy section with an intact liquid
core, the agitated and the dispers flow regi s. For a given liquid jet velocity,
the axial extent of each flow re ;e decreases ith increasing gas velocity through
the annulus.

Generalized transition cr eria and simplif' d correlations for the axial limits
of the various flow regimes F e'been developed, extending the results of previous
studies on adiabatic invert annular flow.
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