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Abstract

Among various two-phase flow regimes, the inverted flow in the post-

dryout region is relatively less well understood due to its special heat

transfer conditions. The review of existing data indicates further research

is needed in the areas of basic hydrodynamics related to liquid core disinte-

gration mechanisms, slug and droplet formations, entrainment, and droplet size

distributions. In view of this, the inverted flow is studied in detail both

analytically and experimentally. Criteria for initial flow regimes in the

post-dryout region are given. Preliminary models for subsequent flow regime

transition criteria are derived together with correlations for a mean droplet

diameter based on the adiabatic simulation data.



I. Introduction

Among various two-phase flow regimes the post critical heat flux region

(CHF) is relatively less well understood due to its special heat transfer con-

ditions. In a standard boiling condition, the liquid phase is in contact with

the heating surface. However, at and beyond the CHF point the hydrodynamic

condition is changed drastically due to the change in the heat transfer mecha-

nism. The continuous contact between the heating surface and liquid becomes

impossible. The post CHF region is characterized by reduced heat transfer

coefficient due to the direct vapor-wall contact and resulting high wall tem-

perature. Between the normal boiling region and post CHF region, there can be

a small transition boiling regime where the liquid-wall contact is intermit-

tent. In this regime the boiling characteristic alternates between two dif-

ferent boiling mechanisms.

A good understanding of the post CHF heat transfer and hydrodynamc proc-

esses is very important to many forced convection heat transfer systems. In

particular, certain accident analyses of light water reactor systems require

accurate knowledge of the post CHF region in order to predict overall system

safety, effectiveness of the emergency core cooling system, and peak cladding

temperatures. Detailed review articles have been published on the subject by

several authors [1-8]. The heat transfer and fluid mschanics of the post CHF

region strongly depend on the system geometries. For example, there are major

differences between internal and external flows or between horizontal and ver-

tical systems. In this paper, the post CHF region in forced convection flow

systems is mainly considered because of its practical importance.

Most of the research carried out in the past was focused on the heat

transfer aspect of the problem. There are a large number of heat transfer

correlations for this region as reviewed and tabulated by Kalinin et al. [1],

Groeneveld and Gardiner [2], Collier [4], and Mayinger [5]. Existing experi-

mental data were also reviewed in the above mentioned papers [1-8]. Experi-

mental data up to 1970 is reviewed in great detail by Clements and Clover

[6], Nearly 200 film boiling data for cryogenic fluids, orgonic fluids, wa-

ter, and liquid metals are tabulated. Good discussions of existing data are

given by Kalinin et al. [1]. A large number of empirical or semi-empirical

heat transfer correlations [1-8] have also been proposed based on these

data. There are few phenomenological models however, these are generally of a



heuristic or hypothetical nature. In the absence of detailed hydrodynamic

data, it is nearly impossible to establish a reliable mechanistic model for

the complicated two-phase flow phenomena in this post CHF region.

The purpose of this paper is to discuss in detail the hydrodynamic as-

pects of the post CHF region in a forced convection system. The available

experiments are reviewed and recent developments in this area are presented.

II. Review of Experimental Work on Hydrodynamics of Post CHF Region

It can be said that very limited studies have appeared on the hydrody-

namic mechanisms of the post CHF two-phase flow as invariably pointed out in

these review articles. The main reason for this lack of information on the

flow characteristics is the considerable experimental difficulties associated

with flow measurements in this region. Due to the high temperature of the

wall to sustain the film boiling, a flow visualization requires special atten-

tion. Furthermore, local flow and temperature measurements of liquid and

vapor in this adverse two-phase flow condition is extremely difficult or

costly. Often the heat transfer and hydrodynamics are so tightly coupled such

that it is almost impossible to obtain clean hydrodynamic data.

Some understanding of the film boiling mechanisms has been obtained from

high speed motion pictures and flash photography. In view of the difficulties

associated with flow instrumentations, the visual studies have been quite im-

portant for the researchers to obtain an insight to the interfacial character-

istics, flow regimes, and heat transfer mechanisms. There are a sizable num-

ber of photographic studies of film boiling for external flows [6]. For

example, Hsu and Westwater [9,10] and Coury and Dukler [11] measured the in-

terface wave characteristics for film boiling from a vertical surface. A sim-

ilar study for a vertical cylindrical heater was carried out by Arif Caglar

and Madsen [1?].

However, the extent of visual studies for film boiling in channels is

much more limited [13-20]. Film boiling of liquid hydrogen in a horizontal

tube was studied by Chi and Veter [13-15]. The experiment was carried out un-

der the transient quenching condition. The existence of three regimes, i.e.,

inverted annular, inverted slug, and dispersed droplet flows was observed.

Chan [16] performed rewetting experiments of a hot horizontal glass tube. A

significant stratification of the liquid core has been observed, thus the

quenching of the bottom of the pipe precedes that of the mid-side or top.



A visual experimental study of liquid nitrogen film boiling in a vertical

tube by Laverty and Rohsenow [17] demonstrated that similar two-phase flow

regimes also existed in a vertical up flow system. The inverted annular flow

which exists at very low quality is broken up at higher qualities to form liq-

uid slugs and dispersed droplets. The drag force on the liquid core increases

at downstream due to higher gas flux and eventually the core is torn apart

into filaments and droplets. Forslund and Rohsenow [18] extended the above

experiments and measured the droplet size at the exit of the heated section.

It was observed that the size of the droplets present appeared to be rela-

tively insensitive to the liquid flow rate and quality, however, it was af-

fected strongly by the heat flux. Smaller droplets were observed at higher

heat fluxes. The measured droplet size of 100 to 1000 microns should repre-

sent the upper end of the droplet size distribution.

Kalinin et al. [19-21] performed similar experiments using liquid nitro-

gen in a vertical down flow system. They also confirmed the existence of in-

verted annular, slug, and dispersed droplet flows. However, they observed a

different mechanism of liquid core disintegrations in this transient quenching

experiment. They explained that the cyclic changes in the flow regime.between

the inverted annular and slug flows were caused by the cyclic pressure changes

at the leading edge of the liquid due to rapid vaporization. Similar behavior

was also observed in a vertical up flow film boiling [22]. This type of

cyclic oscillations of the liquid core may be particularly notable in a boil-

ing flow in a glass tube. It is well-known [23,24] that boiling inside a

glass tube is much more unstable due to thermodynamic non-equilibrium. Be-

cause of poor nucleation characteristics of a smooth surface, the liquid can

be highly superheated in the quench zone. This leads to quite unstable boil-

ing and oscillating inlet conditions for the film boiling region.

Important visual observation studies of film boiling based on high speed

movies were made for flow in a rod bundle [25,26]. Cadek, Dominicis, and

Leyse [25] carried out experiments on flow regimes in the FLECHT facility.

The experimental conditions were transient quenching or rewetting of a rod

bundle with upward vertical water flow at 3.7 to 4 atm pressure. The observed

two-phase flow regimes were similar to those recorded in single tube experi-

ments. The high speed movies (967 frames/sec) were taken through a 12 cm

square window at one side of the rod bundle. Various flow regime boundaries



were recorded as a function of time as these flow regimes moved upward. The

existence of seven flow regimes, nucleate boiling, transition boiling, film

boiling, flow pattern transition, dispersed droplet, and steam regimes were

visible. A stable film boiling regime existed just above the quench front or

leading edge of the transition boiling regime. The interfacial wave velocity

was from five to ten times the velocity. The wave length was about 1.3 cm or

slightly larger than the rod diameter. An unstable flow pattern transition

regime existed between the stable film boiling and dispersed flow regimes. In

this regime flow changed from mostly liquid flow to mostly vapor flow. It was

highly turbulent and the interface was very unstable.

Lee et al. [26] carried out droplet velocity and size distribution stud-

ies using high speed movies in the FLECHT SEASET series of experiments. With

the photographic technique used, the data is limited to relatively large drop-

lets. The droplet sizes of 0.3 to 1.5 mm and velocities of 0.2 to 12 m/sec

were reported. These give variable information on the dispersed droplet re-

gime of the post CHF region.

Cumo et al. [27] studied the rewetting of a hot wall by a falling water

film. The formation of rivulet flow and subsequent droplet generations by

sputtering of a liquid film were observed. Two different size groups of

droplets were generated. A large number of smaller droplets having the mean

diameter of about 0.2 mm were generated by escaping vapor bubbles near the tip

of the rivulet. The larger droplets were generated due to he detachment of

the rivulet by the film boiling. The mean diameter of the larger droplets was

in the order of 3 mm.

A simulation study of inverted annular flow was performed by Oe Jarlais

and Ishii [28-31] using coaxial jets of water and various gases in a glass

tube. The liquid core disintegrated into droplets in two different mecha-

nisms, i.e., wave instabilities at the interface and roll-wave entrainment.

Since both the liquid and gas fluxes were measured, it was possible to quan-

tify the liquid core disintegration in terms of flow conditions. Two differ-

ent droplet size groups were identified and size distributions were measured. .

Besides these flow visualization experiments, only a limited numer of

studies have been made for the understanding of fluid mechanics of the post

CHF region. For example, the hydraulic resistance was measured and correlated

by Kalinin et al. [20] and by Graham et al. [32]. Ottosen [33] obtained the



void fraction measurement using y-ray absorption technique in the flow visual-

ization experiments in a vertical glass tube with liquid nitrogen as a cool-

ant. He noted that at void fractions above 80% at atmospheric pressure, the

inverted annular flow changed to dispersed droplet flow. In many of the above

mentioned experiments, the significant effects of subcooling on the stability

of film boil ing'were reported. With highly subcooled liquid, the considerable

portion of the heat added to the coolant goes into heating up of the subcooled

liquid core. This reduces the production of vapor. Since the relative veloc-

ity between vapor and liquid contributes significantly to the instability of

the interface, this stabilizing effect of subcooling can be explained. A

recent development of the measurement technique of vapor superheat in the post

CHF regime [34,35] also increased the experimental information on the flow

field.

In spite of these efforts, the present understanding of the hydrodynamics

of the post CHF region is very limited. This leads to the initial development

of various empirical or semi-empirical correlations [2,3] for the heat trans-

fer coefficient without considering the details of the flow characteristics.

However, applications of such a correlation method is limited to well-

understood flow conditions. When these are applied to complicated transient

conditions, some unexpected discrepancies can show up in analyses.

III. Flow Regime in Post CHF Region

The post CHF boiling can be classified into many different categories

based on the geometries of a system and internal structures of flow. From the

geometrical consideration it can be divided into internal and external flows

and important examples are shown below.

External Flow
Flow over Horizontal Cylinder
Flow over Sphere
Flow over Vertical Plate
Flow over Vertical Cylinder

I Flow in Horizontal Tube
Flow in Vertical Tube
Flow over Heater Bundle



The last two categories are particularly important for accident analyses

of nuclear reactors. The peak cladding temperature often strongly depends on

the thermal-hydraulics in the inverted annular and subsequent droplet dis-

persed regimes.

The inverted flow rjegimes appear after the occurrence of the critical

heat flux (CHF) or during the reflooding phase of an overheated core. In the

post CHF region, the continuous contact between the hot wall and liquid is not

possible due to various CHF mechanisms. This implies that the continuous va-

por phase is in contact with the wall in the post CHF region until the wall is

rewetted by quenching. The structures of flow and interfacial transfer mecha-

nisms are very different in these inverted flow regimes (inverted annular,

slug, and bubbly flow). Modeling of this inverted flow is particularly im-

portant for accurate predictions of reflooding phenomena, post CHF heat trans-

fer, and maximum cladding temperature during severe accidents.

Inverted flow is important in the areas of LWR accident analysis, cryo-

genic heat transfer, and other confined film boiling applications. And yet,

while many analytical and experimental studies of heat transfer in this regime

have been performed, there is very little understanding of the basic hydrody-

namics of inverted annular flow. As a result, many film boiling applications

are amenable to only limited analysis at present. One example of this can be

seen in large-scale LWR safety codes such as TRAC and RELAP, which are essen-

tially constrained by the not-well-understood two-phase thermo-hydraulics un-

der various accident conditions, including those resulting in inverted flow in

the post CHF region.

Inverted annular flow can be visualized as a liquid jet-like core sur-

rounded by a vapor annul us. The shape of the liquid/vapor interface, the

stability of the jliquid jet core, and the disintegration/entrainment of this

liquid core must be understood, and predictive methods established, in order

to clarify the modeling of this regime and the development of interfacial

transfer correlations.

For con*-ned flow conditions the boiling curve beyond the CHF point may

a;-r e r greatly from the classical boiling curve due to two-phase flow hydro-

dynanics. Flow regimes before and after CHF become important in determining

heat transfer (along with mass and momentum transfer). Pre-CHF flow regimes

may be predicted by using the criteria developed by Ishii and Mishima [36,37],



while flow regimes immediately beyond CHF may be viewed as the inverse forms

of pre-CHF regimes [28,29,38]. This is shown below and in Fig. 1 .

Table I . I n i t i a l Flow Regime

Pre-CHF Flow Regime Post CHF Flow Regime

Subcooled Liquid »- Inverted Annular Film Boiling

Bubbly

Slug •- Inverted Slug
Churn Turbulent

Annular ^ Dispersed Droplet
Annular Mist

For high quality, confined flow (annular flow) prior to CHF, post CHF

flow is characterized by film dryout, with a transition to dispersed droplet

flow. Heat transfer at the wall will be strongly influenced by droplet/wall

and droplet/vapor interactions. At moderate quality, confined flow condi-

tions, slug, or churn turbulent flow will occur prior to CHF. Just beyond

CHF, the flow regime will be inverted slug, with large liquid slugs in a vapor

continuum. Transition or stable film boiling may develop, with the size and

motion of the liquid slugs affecting transfer rates. Well downstream of the

CHF point, break-up of tht liquid slugs by the vapor stream will result in

dispersed droplet flow. Finally, at low quality, confined flow conditions,

pre-CHF flow will be in the bubbly regime. Beyond CHF, transition boiling and

stable film boiling will result in a transition to inverted annular flow. The

liquid core surrounded by a gas annul us is hydrodynamically unstable, and

transfer rates across the vapor film may vary greatly with core surface wave

motion. After the break-up of the liquid core, inverted slug or dispersed

droplet flow will occur, leading to the dispersed droplet regime. The above

is summarized in the table below.



Table I I . Post-CHF Flow Regime Transition

Pre-CHF CHF Post CHF

Bubbly

Slug or
Churn Turbulent

Annular
Annular Mist

Inverted
Annular

Inverted
Slug

Dispersed
Droplet

Inverted
Slug

Dispersed
Droplet

Dispersed
Droplet

Steam

IV. Inverted Annular Flow

From the above discussion, it can be seen that post CHF heat transfer

cannot be properly assessed without knowledge of the hydrodynamics of the var-

ious two-phase flow regimes possible in confined boiling heat transfer. A re-

view of post-CHF heat transfer studies reveals that knowledge of the relevant

thermo-hydraulics is still quite limited. Prior to 1950, the only significant

work in the area was the 1756 treatise by Leidenfrost, who observed the film

boiling of small droplets on heated surfaces. Following early studies such as

those by Bromley et al. [39] and by Hsu and Westwarer [10], a great deal of

post CHF work was done [1-8], but understanding of the basic hydrodynamics,

especially those of inverted annular and slug flow, has not progressed

greatly. In typical film boiling experiments, control and measurement of the

flow parameters necessary for such an understanding is difficult, if not im-

possible, to achieve. Confined geometries and the minimum temperatures re-

quired for film boiling often prevent even simple flow visualization.

There have been, however, a few inverted annular flow studies in which

limited hydrodynamic information was obtained as discussed in the previous

section. In the analytical study by Jensen [40], break-up lengths of the

inverted annular flow liquid core were calculated, along with surface

wavelengths. In the transient film boiling experiment of Kurilenko et al.

[41] and the steady state film boiling experiment of Ottosen [42], flow regime

observations and void fraction measurements were made. Finally, in the FLECHT

SEASET series of tests, such as those reported in [26], dispersed droplet

sizes and velocities were measured at distances well beyond the CHF point.



In l igh t of the experimental d i f f i cu l t i es associated with hydrodynamic

studies of actual inverted annular flow f i lm boi l ing, an adiabatic simulation

of inverted annular flow was performed in the present experimental and model-

ing program using coaxial gas and l iquid je ts . In this simulation, f lu id

properties, veloci t ies, and in i t i a l geometries were easily controlled and

measured. In addition, with no need to maintain f i lm boil ing heat transfer,

ambient temperatures could be used, steady state flow was assured, and the

flow pattern up to the point of core break-up was easily observed. The data

and detailed modeling have been reported already [28-31]. Here only the sum-

mary is presented in the following manner.

(1) By extending free j e t studies to these coaxial je ts (introducing the

gas Weber number based or relative velocity and the void f ract ion) ,

j e t core break-up length data in the varicose break-up regime can be

correlated by

LB/Dj = 480 [ R e j ] " 0 - 5 3 ^ ; for [U%>re]/«
2] < 1-73 (1)

and, in the sinuous and ro l l wave break-up regimes, by

LB /Dj = 685 [ R e , ] " 0 - 5 3 ^ [ W e ^ /« 2 f 0 " 6 4 5 ;

for [WeGjre1/a2] > 1.73 (2)

The comparison with the experimental data is shown in Figs. 2-4.

(2) Jet core break-up mechanisms were ident i f ied and correlated. For

the transit ion from varicose j e t break-up to sinuous j e t break-up, a

cr i ter ion similar to that for free jets was developed,

[ W e Gre l / a 2 ] > 1 ' 7 3 ( 3 )

while the transit ion from sinuous break-up, to ro l l wave entrainment

break-up of the j e t core, was correlated well by modifying a c r i te -

rion for rough turbulent annular flow ro l l wave inception [42]:
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The comparison with the data is shown in Fig. 5.

(3) Jet core surface conditions were observed and the following correla-

tions for maximum growth rate wavelengths were developed:

A = 5.8 Dj ; for [WeG r e l /<*2 ] < 1 -73 (5)

X = 7 ' 6 [ W e G,re l / a 2 ] - ° ' 5 DJ ; for [WeG ) r e l /«
2 ] > i:73 (6)

The deformation of sinuous waves and ro l l waves was noted and

described. The comparison with the data is shown in Fig. 6.

(4) .Dispersed l iquid core droplets formed at ro l l wave crests were ob-

served. For those formed at high gas velocit ies well into the ro l l

wave eiitrainment regime, l imited droplet diameter data was corre-

lated well by modifying an expression developed for annular flow

[43] into the following form:

= 0.088 5 ReT1/&- G ' r e 1 [ -2 . ) f - 2 I (7)
2 J \ a / \ P / I P I

d m a v = 0.088 5 ReTmax /-, , \2 JP [ v / a J
- G ' [ -2 . ) f - 2 I
\ a / \ P i / I P , I

For lower r e l a t i v e v e l o c i t i e s , however, the drop le t sizes c a l -

culated by the above expression were much larger than those ob-

served. An upper bound l i m i t fo r the ,maximum drop le t diameter can

be estimated using an expression developed fo r churn tu rbu len t f low

droplet s tab i l i t y [44] :

, _ ,/Za \ 1/2 M l /3dmax " 4 {W) uG

The droplet size distr ibut ion data and the comparison of the above correla-

tions with data are shown in Figs. 7 and 8. The appl icabi l i ty of the above

correlations at a lower range of void fraction a has not been tested against

experimental data due to experimental d i f f i cu l t i es . The data base for the

above correlations is l imited to
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a > 0.28 (9)

Furthermore, the maximum theoretical maximum packing of spherical and uniform

droplets implies the void fraction of 0.375. This indicates that there should

be a lower bound for the above correlations in terms of the void fraction. At

very low void fractions, the droplet collision frequency increase? signifi-

cantly such that coalescences should become not negligible. For this low void

fraction range, an understanding of the rate process may be important to cor-

rectly predict the jet disintegration.

The droplet size data of extensive FLECHT SEASET experiment [26] was also

analyzed by Kocamustafaogullari and Ishii [45]. It was found that the first

expression, Eq. (7), was applicable in predicting droplet diameter at high va-

por flow rates. At low vapor flow rates, however, they found that it greatly

over-predicted droplet sizes, and that the second correlation instead became

applicable. These, of course, are the same conclusions as were reached in the

analysis of droplet size data in the present adiabatic simulation experiment.

For sinuous and varicose jet break-up, the size of the liquid slugs re-

sulting from the break-up may be estimated from the corresponding wavelength

correlations presented. Thus the slug drop length L s is given by

Ls = 5.8 0^ ; for [WeG>rel/a
2] < 1.73 (9)

Ls = 7'6 [WeG,rel/a2r°-5 Dj > for [ W e ^ ^ 2 ] > 1.73 (10)

Subsequent break-up of these slugs could not be observed with the adiabatic

test system.

The results presented above should aid in the understanding of inverted-

annular flow hydrodynamics. In addition, these experimental results can be

extended to encompass free jet break-up conditions, where a = 1 and vre-| =

vj. Such an extension may help to clarify the conflicting results of previous

studies in the area of drag-induced jet break-up behavior.

It must be noted that this adiabatic simulation of inverted annular flow,

v;h-;ie producing a great deal of useful information, does have certain limita-

tions. These limitation* are discussed below:
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(1) Physical constraints of test section construction limited this ex-

perimental study to void fractions no lower than 0.28. As a result,

the correlations developed here may not be applicable at very low

void fractions, where the value of vre-|/a becomes very large.

(2) An exhaustive parametric study was not performed in this experiment -

liquid fluid properties were varied only slightly, and liquid nozzle

diameters only varied over a range of 0.425-0.902 cm. However, the

. correlations developed here were obtained by modifying the results

of previous studies in the areas of jet stability, annular flow en-

trainment, and churn turbulent droplet stability. These studies, in

turn, generated and analyzed data representing extensive parametric

variation.

(3) Results obtained here were limited to turbulent, relatively high ve-

locity, liquid jet cores. Laminar core flow, or low liquid veloci-

ties such as those which occur during LWR core reflood, may result

in slightly different hydrodynamic behavior.

(4) Due to wall wetting, events beyond the jet core break-up point were

not, for the most part, observable.

(5) The absence of film boiling conditions (no wall wetting, the pres-

ence of an inward-directed radial force at the core surface due to

vapor generation) may limit the applicability of these experimental

results in the analysis of actual inverted annular flow. However,

such limitations ir̂ y be slight, as evidenced by the agreement be-

tween droplet size data for this adiabatic simulation and for the

FLECHT SEASET heated test section experiments.

V. Inverted /fttnular Flow Experiments in Double Quartz Tubes

In view of the several shortcomings of the above adiabatic experiments,

such as the wetting problems and downward flow direction, a new experimental

apparatus has been constructed in which film boiling heat transfer can be

established in a transparent test section. The schematics of thp test loops

and test section are shown in Figs. 9 and 10. This test section consists of

two coaxfal quartz tubes. The annular gap between these two tubes is filled

with a hot, clear fluid (such as syltherm 800) so as to maintain film boiling

temperatures and heat transfer rates at the inner quartz tube wall. Tempera-

tures of up to 250°C and heat transfer of up to 4.5 KW can be established in
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this quartz annuius. Inverted annular flow film boiling can be established by

introducing saturated or subcooled test fluids (such as R-113 or liquid N2)

into the inner quartz tube directly. In addition, simplified inverted annular

flow geometry (liquid core, gas annul us) can be simulated, by introducing test

liquids into the test section core through thin-walled tubular nozzles coaxi-

ally centered within the inner quartz tubing, while vapor or qas is introduced

into the annular gap between the liquid nozzle and the inner quartz tube.

Since the test section is transparent, direct visual and photographic ob-

servation can be made of inverted annular flow along with observation of down-

stream inverted slug or dispersed droplet flow. Data on liquid core stabil-

ity, core break-up mechanisms, and dispersed-core liquid slug and droplet

sizes can be obtained. Similar data was previously obtained in en adiabatic

simulation of inverted annular flow [28-32]. However, the absence of film

boiling conditions in this previous study (unlike the present experimental

program) may be significant, since inverted annular flow liquid core stability

could be influenced by vapor generation at the lirjuid-vapor interface, and

since wall wetting in the adiabatic test section limited the observation of

inverted slug or dispersed flow downstream of the simulated inverted annular

flow hydrodynamic destabilization point.

In light of these limitations, initial experiments involving the heated,

transparent test section will be used to investigate the applicability of the

results obtained from the previous adiabatic simulation study. As in the adi-

abatic study, inverted annular flow geometry will be simulated using liquid

nozzles coaxially centered within the test section, with various gases intro-

duced as a simulated vapor annul us. The test liquid will be saturated and

subcooled creon 113, with superficial velocities of 0.12 to 1.1 m/s, and the

gas annuli will be nitrogen, helium, and Freon vapor (to give a range of gas

densities of 0.16-5.2 kg/nr*) with superficial velocities ranging near zero to

40, 100, and 20 m/s, respectively. The inner quartz tube will be 1.36 cm ID,

and various liquid nozzle diameters will be used to establish initial void

fractions from 0.16 to near 1.0. The heated tes% section length will be 100

cm and flow will be upward. The data from the above experiments are used to

test the validity of the inverted flow model and droplet size correlations

developed under the present study.
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VI. Summary and Conclusions

First, the experimental observations of hydrodynamics of the post CHF re-

gion are reviewed. It is concluded that due to experimental difficulties,

most of these studies are limited to visual observations. The heat transfer

and hydrodynamics are tightly coupled such that clean data for flow parameters

sve very hard to obtain in the post CHF region. Based on the existing knowl-

edge, the flow regimes and transition criteria applicable to the inverted flow

are presented.

A preliminary modeling of inverted annular flow in terms of flow regime

transitions, liquid core instability, jet break-up length, interface charac-

teristics, and droplet size is presented based on the adiabatic simulation ex-

periment. In view of several shortcomings of the adiabatic experiment, a new

test apparatus has been designed and constructed in which film boiling can be

established in a transparent quartz test section. Some of the preliminary re-

sults are shown. The data from this apparatus will be used to develop a final

model for the inverted annular flow.
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Nomenclature

^max Average maximum droplet size

Dj J e t diameter

DH Hydraulic diameter

LR J e t break-up l e n g t h

Nyp Liquid viscosity number, yp/(ppo

N,jQ Gas v i s c o s i t y number, u G / (p G a

ReG r e i Gas Reynolds number, PG v r e - |

Rej L i q u i d j e t Reynolds number, p j

vj Liquid jet velocity

v r e l Relative velocity

WeG re-j Gas Weber number, pG v re-j Dj /a

Wej L iqu id j e t Weber number, pj v^ D j /a

a Void fraction

6.p Density difference

A Wavelength

Up Liquid viscosity (= jij)

vG Gas viscosity

pp Liquid density (= pj)

pG Gas density

a Surface tension
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