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I- ABSTRACT 1
_:<L An accurate prediction of transient two-phase flow is essential
_-'io safety analyses of nuclear reactors under accident conditions.
_-' Ihe fluid flow and heat transfer encountered are often extremely
_:scomplex due to the reactor geometry and occurrence of transient
_ iwo-phase flow. Recently considerable nrogresses in understanding
_; and predicting these phenomena have been made by a combination of
_ riporous model development, advanced computational techniques, and
._ a number of small and large scale supporting experiments. In view
_• of their essential importance, the foundation of various two-Dhase-
_ 'flow models and their limitations are discussed in this paper.

I"INTRODUCTION 1. :

_'AL In view of the great importance of two-nhase flow analyses, a
_mumber of publications on two-phase flow formulation, constitutive
_* [relations and experimental correlations appeared in the past. A
J general review of these works can be found in standard text books
J by Tong (1), Brodkey (2), Wall is (3), Hewitts and Hall-Taylor (4),
_; Collier (5), Govier and Aziz (6), Hsu and Graham (7), Layey and
_416oody (8) and others. In particular, recent developments in two-
_4 phase flow analyses related to the light water reactor safety have
Jpeen reported at the yearly Water Reactor Research Information Meet-
_ iing sponsored by NRC and various specialist meetings. Some of the
_' JDew results are reviewed and summarized in detail in symposium
_: {proceedings (9-10). In spite of these developments, available two-
_'[phase flow models have a number of shortcomings and limitations as
J^ointed out by Uallis (11).
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_• G : These difficulties mainly arise from the fundamental nature of
_; internal structures of two-phase flow, i.e., flow regimes. From
_• She earliest time it has been recognized that the various transfer
_:• mechanisms between two-phase mixture and structures as well as be-
_ ftween two phases depend on the flow regimes. Yet, experimental de-
__s iterminations of the flow regimes (6, 12-16) have been quite sub- .
_' -jective until recently. More objective methods based on statisti-
J'jcal analyses of data from pressure transducers or void measurements
Jhave been proposed (17-19). However, the concept of the flow re-
J gimes is based on a global phenomena and, therefore, their identi-
J fication based on one parameter such as the void fraction is still
-^subjective. This is particularly true in a complicated geometrical
_system such as nuclear reactors. Often the flow regimes depend on
_'±he size of the volume used to define them. Another problem arises
_ from the fact that the conventional parameters used to identify the
Jflow regimes such as superficial velocities may not be sufficient
.'"to characterize a geometrical configuration of two-phase flow, par-
_ ticularly under transient and entrance conditions (20).

_ _ In general, physical problems of two-phase flow are represented
_ by macroscopic field and constitutive relations using continuum
-formulation (21-23). Two-phase flow models can be developed from
- several different methods; however, the greatest difficulty is as-
- sociated with the establishment of the constitutive relations. In
_ many cases little data base exists to extend existing correlations
- t o a new situation or to develop new correlations. This implies
_. that the prediction of two-phase flow in new or hypothetical situa-
- tions is always very difficult. It is imnortant, therefore, that a
... researcher knows the limitations of a model used and the range of

the data base for the constitutive relations applied.

_ FOUNDATION OF TWO-PHASE FLOW MODELS

The most important characteristic of two-phase flow systems is
~ the presence of interfaces separating the phases. Depending upon
. the geometry of the interfaces, the flow of two-phase mixture has
.. ibeen classified into several flow regimes. The transport mechanisms
_ .can be quite different between two different flow regimes; however,
- two or more flow regimes can occur simultaneously in a single sys-
- tern. This leads to further complications in two-phase flow modeling,

,; L Locally, a two-phase flow system consists of a number of sinnle
-phase regions bounded by moving interfaces. Therefore, at least in
-• itheory, the problem could be formulated in terms of the standard
.' balance equations applicable to single phase flow with appropriate
J watching boundary conditions at an interface. However, in general,
. ia formulation based on this local instant variables and moving in-
. Lterfaces results in a multi-boundary problem with positions of the
. iinterfaces being unknown. Therefore, obtaining a solution from this
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5 [formulation is impossible or unpractical for most cases due to these
_» mathematical difficulties.

_: L In order to overcome these difficulties, a certain macroscopic
_ view of two-phase flow should be takan. In the past, mainly three
_s approaches have been used to develop a two-phase flow model:

Interacting Continua Assumption -* Diffusion Model ! '.
Control Volume -*• Postulated Balance Equations
Averaging Method -»• Averaged Balance Equations.

.'•'.In all three approaches the details of the local instant formulation
_ are partially eliminated. Instead of considering local instant
.transfers at interfaces, collective interaction of fluid particles
. and the dynamics of the interfaces are modeled in a macroscopic
_• two-phase flow formulation. Therefore it is necessary to understand
.' fundamental mechanisms of local transfers and then to obtain a ma-
. croscopic description of these transfers. For dispersed flows, for
example, it may be necessary to determine the average particle size,
collective drag law for a multiparticle system, as well as rates of

_ nucle-tion, evaporation or condensation.

Three distinct methods of obtaining a two-phase flow formula-
tion are listed above. The first and second approaches are rcainly
based on hypotheses, physical intuitions, and assumed similarity
With a single phase flow system. On the other hand, the averaging
method is mathematically rigorous but requires lengthy manipulation
of equations.

In the first approach it is assumed that each point in the mix-
ture is occupied simultaneously by two phases, and the thermodynamic
and transport properties of a mixture depend on those of each phase
and concentration. Each phase moves with its own center of mass
velocity, thus interdiffusion of phases is included in the model.
This approach was first used for gas mixtures without interfaces.
Later it was extended to more general mixtures by Truesdell (24)
and others. The continuum approach applied to dispersed two-phase
flow was summarized by Soo (25) in his book. The model is based on
three hypotheses concerning the mixture properties, mixture balances,
and transfers between phases or components. It is recalled that a
two-phase flow system consists of finite single phase regions bounded
by deforming interfaces. Therefore, except in the case of highly
dispersed flows, there is a conceptual difficulty over the continuum
assumption in this approach. The most fundamental characteristic
of two-phase flow, which is the existence of singular surfaces and
associated discontinuities of various variables, is bypassed by a
sweeping assumption of continuity everywhere for both phases. Gen-
erally, interfacial transfer is lumped into a single term in a phasic
balance equation. Thus, some difficulties can arise in interpreting
-ior_.splitting this term into physically understandable or measurable
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J '_
j Quantities. For example, a controversy on the form of the pressure
j igradient term in the phasic momentum equation arose due to different
_; interpretations.
-• L
_" }_ The second approach is to write a balance equation for mass,
_s fljomentum, and energy for a control volume. It can be done either
J |for a mixture as a whole or for individual phases. In most cases
_n'±he flow is considered to be one-dimensional or quasi-one-dimensional
J'lhus the model can be visualized as two separated phases flowing
J^parallel with an imaginary interface separating the phases. The
J "transfers between phases are permitted through this interface. Be- _
_i4cause of the simplicity of the method and practicality of the one-
_! -dimensional formulation, a number of models have been developed from
J'ihis approach (2, 3, 26-29) and used extensively in the past. This
J model can be quite sufficient and accurate for a separated two-phase
J flow, such as annular two-phase flow, provided the interfacial shear
J and heat transfer correlations are satisfactory. However, in dis-
_ persed flow or mixed flow regimes, various effects of distribution
_ of phases, velocity and temperature in the transverse direction can
_ become very important. In such a case, a more sophisticated model
_ based on the averaging method is recommended. _ _

_'._ The rational approach to obtain the macroscopic two-phase flow
_:'formulation is the application of proper averaging. The averaging
_ procedure is basically low pass filtering which eliminates unwanted
_ high frequency signals from local instant fluctuations of variables.
_ However, the statistical properties of these fluctuations and col-
_ lective contribution of interfaces which affect the macroscopic
_ processes should be taken into account in the formulation through
- various constitutive relations.

- .. Averaging procedures which can be applied to two-phase systems
_ jean be classified into three main groups based on the basic physical
_ concepts used to formulate dynamical problems (23). These are the
:. Eulerian, Lagrangian, and Boltzmann' statistical averages. They can
.. be further divided into sub-groups based on a variable with which
_ averaging is defined. The most important and widely used group is
_• ±he Eulerian averaging. This can be explained by the traditional
_ and effective use of the Eulerian description of thermo-fluid me-
_; .chanics and its close relation to experimental observations and

instrumentations. In particular, the Eulerian time (or statistical)
and Eulerian area averaging procedures form the theoretical founda-
tion of rigorous formulation of two-phase flow problems.

i_ The Eulerian time (or statistical) averaging, which has been
used extensively for analyzing a single-phase turbulent flow, is
:the foundation of a fully three-dimensional two-phase flow model
1(21, 23, 30-35). The model is useful where a quasi-one-dimensional
^approach is too inaccurate; for example, flows in an entrance region
jojrjjn_a_vessel,_ Except these special cases, the Eulerian area
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_• averaging over a cross section of a flow area gives the most prac-
j lical two-phase flow formulation (21-23, 36-38). By area averaging,
_ Ihe resulting field equations become quasi-one-dimensional. There-
_T fore, the information on changes of variables in the direction nor-
_: jnal to the main flow within a flow channel, is basically lost. Thus
_s ithe transfer of momentum and energy between the wall and fluid should
J jbe specified by empirical correlations or by simplified models.
J"!When the area averaging is applied to a subchannel within a rod
J .bundle, a cross flow momentum equation (37-40) should be included
j in the formulation. Furthermore, it is noted that generally the
J average of a product of variables is different from a product of .
_\the averages. This difference is defined as a covariance and it
J'plays a very important role in the averaged formulation. For ex-
_" ample, in the time averaged equations (23) the well-known turbulent
J .transfer terms, such as the Reynolds stress, correspond to the co-
_' variance arising from the convective fluxes. In the area averaged
J formulation, the important effect of phase and velocity distributions
_ on the relative velocity was pointed out and several efforts to
_ model this effect have been made (36, 41, 42). _. _

?'VARIOUS TWO-PHASE FLOW MODELS ~ :

Besides these different approaches for developing a model,
_ there are two fundamentally different formulations of the macro-
_ scopic field equations for two-Dhase flow systems: namely, the two-
._ fluid model and the mixture model. The two-fluid model (2, 3, 21-
. 23) is formulated by considering each phase separately in terms of
_ two sets of conservation equations governing the balance of mass,

momemtun, and energy of each phase. Since the macroscopic fields
_ uf one phase are not independent of the other phase, the interac-

tion terms which couple the transport of mass, momentum, and energy
of each phase across the interphases appear in the field equations.

Previous studies have indicated that unless ohasic momentum
interaction terms are accurately modeled, the advantage of the two-
fluid model over the mixture model disappears and in certain cases

_ numerical instabilities result. At least two transient forces, i.e.,
_ the virtual mass and Basset forces, exist in addition to the drag
_• and interfaciai shear forces (20, 34, 43, 44). However, these
_ transient momentum interaction terms are not firmly established.
_ Because of their importance under rapid transient conditions and
_: for numerical-stability problems, further research in this area is
_; required. Another approach to achieving numerical stability is the
_: .inclusion of ''artificial viscosity" in the numerical algorithm to
_• damp out high frequency oscillations occurring possibly due to im-
J precise modelling. This approach is currently being followed by
_ Amsden and Harlow (39) in their two-fluid digital computer codes.
_ In spite of these shortcomings of two-fluid models, there is, how-
_ ie_v_er,,no substitute available for modeling accurately two-phase
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_; phenomena where two phases are weakly coupled. -

J •_ A three-dimensional two-fluid model has been obtained by usinq
-temporal or statistical averaging (23). The model is expressed in
J jterms of two sets of conservation equations governing the balance
- of mass, momentum, and energy in each phase. However, since the
-' averaged fields of one phase are not independent of the other phase,
J'lthe interaction terms appear in the field equations as source terms.
JEormost practical applications, the model developed by Ishii (1)
-';can be simplified to the following, forms: -

J'~ Continuity Equation

~"!~. . 9oti.Pi, ^ ~

P < V = rk •
Momentum Equation

Enthalpy Energy Equation

3a|O,H. . D.

Here rk, ^ j ^ , xn-, qj|j, and $^ are the mass generation, generalized
Tnterfacial drag, interfacial shear stress, interfacial heat flux,
and dissipation, respectively. The subscript k denotes k phase,
and i stands for the value at the interface. Ls denotes the length
scale at the interface, and 1/LS has the physical meaning of the
interfacial area per unit volume (20, 23). Thus,

1 Interfacial Area /A)

Lj i ~ Mixture Volume * Kl

Note that the corresponding subchannel model has been obtained from
area averaging (38).

The above field equations indicate that several interfacial
transfer terms appear on the right-hand sides of the equations.
Since these interfacial transfer terms also should obey the balance
-laws at the interface, interfacia! transfer conditions could be ob-
tained from an average of the local jump conditions (1). They are
kjiven by - _
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j C il̂ r,. = o

c - 0 . (5.)

~n>!~ k ~j
J Therefore, constitutive equations for ft.. , q"-/i- > and a^/Lj are
J necessary for the interfacial transfer termsr Tne enthalpy Tnter-
_' facial transfer condition indicates that specifying the heat flux
J!at the interface for both phases is equivalent to the constitutive
_ relation for IY if the mechanical-energy transfer terms can be neg-
_ Jected (23). This aspect greatly simplifies the development of the
_ constitutive relations for interfacial transfer terms.

J _ By introducing the mean mass transfer per unit area defined by

- we can rewrite the interfacial energy-transfer term in Eq. (3) as

The heat flux at the interface should be modeled using the drivina
force or the potential for an energy transfer. Thus, ~

where Tj and T|< are the interfacial and bulk temperatures based on
. the mean enthalpy. In view of the above, the importance of the in-
.. terfacial area, a^, in developing constitutive relation for this

term is evident. The interfacial transfer terms are now expressed
.. as a product of the interfacial area and the driving force. It is
_ essential to make a conceptual distinction between the effects of
. these two parameters. The interfacial transfer of mass, momentum,
_ and energy increases with an interfacial-area concentration toward
_ the mechanical and thermal equilibrium.
_ - By neglecting the lift force due to the rotations of Darticles
_ and the diffusion force due to the concentration gradient, the gen-
_ eralized draq force for a dispersed phase can be modeled by a sim-
_ nie form (43) such as

ft * /R * * /R +
 9 a<i

"id = VD / Bd + Yv / B d + 2 ^

d£

D

t*c - *d> - ^ = . (9)

o J i u i i n n \ ' « ' M m /'>
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~. where fp, B^, tv, and ym are the standard drag force, volume of a
_; typical particle, virtual mass force, and mixture viscosity, re-
_.. spectively. The last term is the Basset force. The standard drag
: force acting on the particle under steady-state conditions can be
3 given in terms of the drag coefficient C D based on the relative
• velocity as "" ~

j .where Ad is the projected area of-a topical particle and "v is the
_>irelative velocity given by vr = vd - vc. Hence, the portion of Mif
-represented by the drag force becomes

:i ...^
~ For spherical particles it can be shown that

'- As can be seen from Eos. (7) and (12), the interfacial area
plays a very important role in determining the phase interactions.
Basically, the first order geometrical effects on the interfacial
transfer are taken into account by the interfacial area concentra-
tion a-j. An extensive literature survey on experimental data and
a preliminary modeling effort for a-j has been carried out (20, 45,
46). .

In general, the interfacial momentum interaction term may be
split into four groups, i.e., standard drag force, virtual mass
. force, Basset force, and effect of the average interfacial stress,
in addition to the momentum transfer due to phase change. The sec-
ond and third terms are the transient effects, whereas the last
term represents the effects of a shear flow and concentration gra-
dient. The first term representing the standard drag force is the
most important term which determines the equilibrium relative ve-
locity between phases. Recently local drag correlations for dis-
persed two-phase flows were developed from simple similarity cri-
teria and a mixture viscosity model (34, 35). The comparison of
-the theoretical results with over 1000 experimental data indicated
satisfactory agreements at wide ranges of the concentration and
Reynolds number. These comparisons indicated that the postulated
drag similarity low based on the mixture viscosity concept was ap-
propriate. Therefore, the drag law governing the motion of bubbles,
drops, and particles in various dispersed two-phase flows can be
^explained by a unified and consistent model. -

[•- The local drag force is related to the local relative velocity
:'through the drag coefficient which has been discussed above. When
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a one-dimensional model is used, a careful area averaging of the
local drag law is necessary. Particular attention should be paid
to the effect of a covariance which represents the difference be-
tween the average of a product and the product of the averages for
two variables.

~ It was found that the interfacial drag term could be given ap-
proximately by "i

<MId I 77 < vr> I (13)

Here <vr> is the simple area average of the local relative velocity.
However, in the two-fluid model, the center of mass velocity of_each
phase is used in the formulation. The true relative velocity, vr =
<<V(j» - « V Q » , which is based on these center of mass velocities,
"is quite different from <vr>. As a first approximation it is rec-
ommended to use a relation

l-<ad>C
(14)

where Cq is the distribution parameter (36, 42) used in the drift
flux model. For example, Co for a flow in a round tube under adi-
abatic condition is given approximately by Co = 1.2 - 0.2-^p^/pf in
a bubbly or churn flow. This expression for <vr> is compensated
for the slip due to distribution of phases and it is not equal to

This difference between 7 r and <vr> has never been taken into
account in the conventional two-fluid model. In most two-phase
flow systems, the slip due to the distribution of phases is much
greater than the local slip between phases. Therefore, neplectinn
the above mentioned effect will lead to large errors in the predic-
tions of the void fraction and velocities in bubbly, slug, and
churn-turbulent flow regimes. As a result, even the steady-state
prediction from two-fluid model has never been as pood as that from
a drift-flux model in these flow regimes. This was indeed the most
significant shortcoming of the conventional two-fluid model and it
should be corrected in all future analyses. There are some other
important aspects in the one-dimensional formulation such as the
covariance terms and the effect of the interfacial shear stress and
void gradient. These are discussed in detail in Ref. (46).

It can be said that the weakest link in the two-fluid model
formulation is the constitutive equations for the interfacial trans-
fer terms, particularly the energy transfer terms. The interfacial
transfer terms are strongly related to the interfacial area concen-
tration and to the local transfer mechanisms such as the degree of
(turbulence near interfaces (20). Basically, the interfacial

. I1"'
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~ ^transport of mass, momentum, and energy is proportional to the in-
terfacial area concentration, a^, and to a driving force. This
parameter, a^, having the dimension of the reciprocal of length, :' --

_!' characterizes the geometrical effects on the interfacial transfers.
_ On ths other hand, the driving forces for the interfacial trans-
_ ports depend on the local turbulence, transport properties, drivinn
_ potentials and some length scale at the interfaces. This length
j"|cale may be related to a transient time such as the particle res-
_ idence time or to the interfacial area concentration and void frac-

tion a.

The mixture model is formulated by considering the motion of a
_ two-phase mixture as a whole in terms of the mixture momentum eaua-

tion (21-29). The relative motion between phases is taken into ac-
count by a constitutive equation for the relative velocity. The
most important assumption associated with the mixture model is that
a strong coupling exists between the motions of two nhases. This
implies that the mixture model is an accurate approximation to the
two-fluid model whenever there is a sufficient interaction time or
length for two phases. Certain two-phase problems involving a sud-
den acceleration of one phase, with respect to the other or a flow
in a very short tube or vessel, may not be appropriately described
by this model. In these cases inertia terms of each phase should
be considered separately by use of a two-fluid model.

Depending on the form of the constitutive equation for the
relative velocity and on the treatment of the thermal non-
equilibrium between phases, a number of different mixture models
have been proposed, i.e., the homogeneous flow, slip flow, and
drift-flux models. When the effect of gravity is important as in
the flooding, flow reversal, and counter-current flow, only the

'_ drift-flux model (3, 36, 37, 42), is satisfactory. The use of slip
flow model based on a slip ratio correlation or void-quality cor-
relation is limited to a high speed uni-directional flow. The ef-
fect of thermal non-equilibrium can" be taken into account by the
phenomenological model in which the vapor generation rate rq is
specified, or by the mechanistic model in which energy equation for
each phase is used and the energy transfers to the interfaces are
specified by constitutive relations.

The void fraction and the interfacial area concentration char-
acterize a geometrical configuration of a two-phase flow. In clas-
sical two-phase flow analyses, the concept of the interfacial area
concentration has not been explicitly introduced. Instead, two-

• j)hase flow regime criteria and regime-dependant constitutive equa-
• tions have been used extensively. Traditionally, flow regimes are
identified from a flow regime map based on the liquid and pas vol-
umetric fluxes (6, 12-16). This approach may be suitable for slow
transient and near fully developed conditions where a mixture model

:[such as the drift flux model is sufficient.
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~ K However, in view of the practical applications of the two-
j JHuid model to transient analysis of nuclear reactors under various

^accident conditions, several observations can be made. First, the
j' .flow regime criteria, based on the volumetric fluxes of liquid and
_ j/apor, may not be consistent with the two-fluid model formulation.

This can be explained as follows. From the basic definitions of
_ ^variables, the void fraction can be uniquely determined from vol-
j umetric fluxes jg and jf and relative velocity vr. In a two-fluid
_ model the relative velocity is an unknown to be solved from the
j .field equations. Therefore, the void fraction, which is the most
J Jmportant geometrical parameter, cannot be determined uniquely from
j-.volumetric fluxes jg and j^. Consequently, a flow regime map based
_ J?n Jg and jf alone is unsuitable to the two-fluid model formulation.

This difficulty does not arise in the drift flux model because the
constitutive relation for the relative velocity can be used to de-
termine the void fraction. However, for a two-fluid model a direct

_'• geometrical parameter such as the void fraction should be used in
flow regime criteria. Some efforts in this direction have already
been made (20).

Secondly, two-phase flows encountered under accident conditions
occur almost always under transient conditions; however, more im-
portantly, many flows should be considered as entrance flows due to
complicated geometries of the reactor systems. It is well known
that a flow regime in an entrance region can be quite different
from that in a developed flow. However, only very limited studies
have been made for a quantitative description of these effects.
The flow regimes as well as the interfacial area concentration can
be very sensitive to initial conditions. In this case, Dhase
changes, coalescences, and disintegrations of fluid particles be-
come very important. The most general method to include these ef-
fects in the two-fluid model formulation would be to introduce a
transport equation for the interfacial area concentration (20, 23).
This equation should have source terms which take account for bub-
ble or droplet expansions or collapses, coalescences, disintegra-
tions, and interfacial instabilities. This approach is highly
complicated, however, it is expected that the inclusion of this
equation makes the identification of two-phase flow regimes more
mechanistic.

SUMMARY

In summary, physical problems of two-phase flows are reDre-
_sented by idealized boundary geometries, boundary conditions, ini-
tial conditions, field, and constitutive relations using the con-
tinuum formulation. Several different foundations of two-phase
jflow models, as well as their limitations, have been discussed.
.Although a number of differences exist among various models, the
^correct forms of balance equations have emerged after the
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_; 'Jntroduction of proper averaging procedures. The greatest diffi-
_r iculty is associated with the development of the constitutive rela-
_s iions. However, experimental data can be taken by accepting the
1' jnodel which indicates the possibility of measurements. This feed-
_ J>ack from the data to the model improves the constitutive relations.
_s Jhe validity of the complicated two-phase flow formulation can be
_' £hown only by solving a number of physical problems and comparing
J'iwith data.

I1-ACKNOWLEDGMENTS

_ ;_ This work was performed under the auspices of the U. S. Nuc-
J J e a r Regulatory Commission.

_ REFERENCES

- J. Tong, L.S., Boiling Heat Transfer and Two-phase Flow, (Robert
_ _. E. Krieger Publishing Company, 1975).
.. 2. Brodkey, R.S., The Phenomena of Fluids Motions, (Addison-
._ _ Wesley Publishing Company, 1967).

3. Wallis, G.B., One-dimensional Two-phase Flow, (McGraw-Hill
„ - Book Company, 1969).
_ .4. Hewitts, G.F. and N.S. Hall-Taylor, Annular Two-phase Flow,
_ _ (Pergamori Press, 1970).
.. 5. Collier, J.G., Convective Boiling and Condensation, (McGraw-
_ _ Hill Book Company, New York, 1972).

6. Govier, G.W. and K. Aziz, Flow of Complex Mixtures in PiDe,
(Van Nostrand-Reinhold Company, New York, 1972).

_ 7. Hsu, Y.Y. and R. Graham, Transport Process in Boiling and Two-
phase Systems, (McGraw-Hill Book Company, 1976).

_ 8. Lahey, R.T. and F.J. Moody, The Thermal-Hydraulics of a Boil-
ing i/ater Nuclear Reactor, American Nuclear Society (1977).

. 9. Jones, Jr., O.C. and S.G. Bankoff, Light Hater Reactors, Proc.

. . Sym. on Thermal and Hydraulic Aspects of Nuclear Reactor,
.. _ ASME, Atlanta (1977).

10. Proc. of ANS/ASME/NRC International Topical Meeting on Nuclear
Reactor Thermal-Hydraulics, Saratoga (1980).

11. Wallis, G.B., Theoretical Model of Gas-liquid Flow, Proc. of
_ _ 17th Annual Meeting of Society of Engineering and Science,

Atlanta (1980) 207.
_ J2. Dukler, A.E. and Y. Taitel, Flow Regime Transitions for Ver-
_• - tical Upward Gas Liquid Flow: A Preliminary Approach Through

Physical Modeling, Progress Report No. 1, NUREG-0162 (1977).
_ J3. Dukler, A.E. and Y. Taitel, Flow Regime Transition for Ver-

tical Upward Gas Liquid Flow, Progress Report No. 2S NUREG-
J:L. 0163 (1977).

K o l n . l i o n \ 'Hi, l l ' i i l " , ' n

M:irliini% Nij'i.ilT I'lil.li-li.rs ' \ , \T(»



11,1.

! S;... ' i t i n i i i i i i i i i i i - ! i ' i . l

14. Griffith, P. and G.B. Wallis, Two-phase Slug Flow, Journal of
. ~ Heat Transfer 83C(3) (1961) 307.
15. Bergles, A.E., J.P. Roos, and J.G. Bourne, Investigation of
_ Boiling Flow Regimes and Critical Heat Flux, AEC Report NYO-

3304-13 (1968).
16. Williams, C.L. and A.C. Peterson, Jr., Flow Patterns in High "
; Pressure Two-phase Flow -- A Visual Study of Water in a Uni-
-f formly Heated 4-Rod Bundle, WAPD-TM-1199 (1975).
ij7, . Jones, O.C. and N. Zuber, The Interrelation of Void Fraction
^ Fluctuations and Flow Patterns in Two-phase Flow, International

Journal of Multiphase Flow, vol. 2 (1975).
:18. Hubbard, M.G. and A.E. Dukler, The Characterization of Flow
^ Regimes for Horizontal Two-phase Flow," Proc. 1966 Heat Trans-
—,.:• fer and Fluid Mechanics Institute, Stanford University Press
i (1966).
19. Vince, M.A. and R.T. Lahey, Jr., Flow Regime Identification

and Void Fraction Measurement Techniques in Two-phase Flow,
NUREG/CR-1692 (1980).

20. Ishii, M. and K. Mishima, Study of Two-fluid Model and Inter-
facial Area, Argonne National Laboratory Report ANL-80-111
(1981).

21. Vernier, P. and J.M. Delhaye, General Two-phase Flow Equations
Applied to the Thermohydrodynamics of Boiling Nuclear Reactor,
Energ. Primaire 4(1) (1968).

22. Kocamustafaogullari, G., Thermo-Fluid Dynamics of Separated
Two-phase Flow," Georgia Institute of Technology, Ph.D. thesis
(1971).

23. Ishii, M., Thermo-fluid Dynamic Theory of Two-phase Flow,
Eyrolles, Paris (also Scientific and Medical Publication jf
France, N.Y.) (1975).

24. Truesdell, C. and R. Toupin, The Classical Field Theories,
Handbuck der Physik, vol. 3, Springer Verlag (1960).

25. Soo, S.L., Fluid Dynamics of Multiphase Systems, (Blaisdell
Publishing Company, 1967).

26. Martinelli, R.C. and D.B. Nelson, Prediction of Pressure Drop
During Forced Circulation Boiling of Water, Trans. ASME, vol.
70 (1948) 695.

27. Kutateladze, S.S., Heat Transfer in Condensation and Boiling,
Moscow, AEC-TR-3770, USAEC Technical Information Service (1952).

28. Levy, S., Steam Slip-Theoretical Prediction from Momemtum
Model, Journal of Heat Transfer, Series C, vol. 82 (1960) 113.

29. Isbin, H.S., R.H. Moen, and D.R. Mosher, Two-Phase Pressure
Drop, AECU-2994 (November 1954).

30. Teletov, S.G., Fluid Dynamic Equations for Two-Phase Fluids,
i Soviet Physics Doklady, Akademiia Nauk SSSR, vol. 50 (1945)

99.
i31. Frankl, F.I., On the Theory of Motion of Sediment Suspensions,
r Soviet Physics Doklady, Akademiia Nauk SSSR, vol. 92 (1953)
T 247.

, ion

Martiims Niih.ilT PuhliOu-is ' NATO



l':ii'» m i n i l v i i l l J i i i i l t l u l . ' Ir.'.i-I

32. Kalinin, A.V., Derivation of Fluid-Mechanics Equations for a
•J L Two-phase Medium with Phase Change, Heat Tr. Soviet Research,
_ ' vol. 2 (1970) 83.
_li 33. Sha, W. and J.C. Slattery, Local Volume-time Averaged Equa-
_ j_ tions of Motion for Dispersed, Turbulent, Multiphase Flow, _

ANL-80-51, NUREG/CR-1491 (1980).
_> 134. Ishii, M. and T.C. Chawla, Local Drag Laws in Dispersed Two-
j\ phase Flow, ANL-79-105, NUREG/CR-1230 (1979).
_:35. Ishii, M. and N. Zuber, Drag Coefficient and Relative Velocity

in Bubbly, Droplet or Particulate Flows, AIChE Journal, vol.
25 (1979) 843.

„ 36. Ishii, M., One-dimensional Drift-flux Model and Constitutive
_-;_ Equations for Relative Motion between Phases in Various Two-

phase Flow Regimes, ANL-77-47 (1977).
37. Chawla, T.C. and M. Ishii, Equations of Motion for Two-phase

Flow in a Pin Bundle of a Nuclear Reactor, International Jour-
nal of Heat and Mass Transfer, vol. 21 (1978) 1057.

38. Chawla, T.C. and M. Ishii, Two-fluid Model of Two-phase Flow
in a Pin Bundle of a Nuclear Reactor," International Journal

[• of Heat and Mass Transfer, vol. 23 (1980) 991.
39. Amsden, A.A. and F.H. Harlow, K-TIF: A Two-fluid Computer

Program for Downcomer Flow Dynamics, LA-6994, NRC-4 (1978).
40. Thurgood, M.J. et al., Core Thermal Model Development, PNL-

2653-2, NUREG/CR-0341 (1978) 101.
41. Bankoff, S.G., A Variable Density Single-fluid Model for Two-

phase Flow with Particular Reference to Steam-water Flow,
7 7 Journal of Heat Transfer, Trans. ASME 82 (1960) 265.

42. Zuber, N. and J.A. Findlay, Average Volumetric Concentration
in Two-phase Flow Systems, Journal of Heat Transfer 87 (1965)
453.

43. Zuber, N., On the Dispersed Two-phase Flow on the Laminar Flow
Regime, Journal of Chemical Engineering and Science, vol. 19
(1964) 897.

44. Drew, D.A,, Interfacial Momentum Transfer Model, 17th Annual
Meeting, Society of Engineering and Science (1980) 140.

45. Kataoka, I., M. Ishii, and K. Mishima, Generation and Size
~ _ Distribution of Droplet in Annular Two-phase Flow, Submitted
" to ASME, Journal of Fluid Engineering.
'_ 46. Ishii, M. and K. Mishima, Two-fluid Model and Hydrodynamic
7 _ Constitutive Relations, to be published in Nuclear Engineering

and Design.
47. Ishiis M. and I. Kataoka, Hydrodynamics of Annular-dispersed

• " Flow, Proc. ASME PVP Conference, Orlando, FL (1982).

,r

Niihi.lT I'IIMISIKTN N VIO


