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ABSTRACT

Dispersed Flow Film Boiling is the heat transfer regime that ocours at high
vold fractions in a heated channel. The way this heat transfer mode is
modelled in the NRC computer codes (RELAPS and TRAC) and the validity of
the assuwnptions and empirical correlations used is discussed, An extensive
review of the theoretical and experimental work related with heat tranafer
to highly dispersed mixtures reveals the basic deficiencies of these
wodels: the investigaticr refers mostly to the typical conditions of low
rate bottom reflooding, &ince the simulation of this physical situation by
the computer oodes has often showed poor results, The alternative models
that are available in the literature are reviewed, and their merits and
limits are highlighted. The modifications that could improve the physics of
the models implemented in the ocodes are identified.
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1, INTRODUCTION

The accurate prediction of post-eritical heat transfer frow the fuel
eladding to the wvater-vapor mixture in & nuclear reactor is of crucial
importance in calculating the safety margine in & hypothetica loss of
coolant accident (LOCA). In both the blowdown and reflooding phases of &
postulated LOCA, an importent cooling effect that limite the cledding
temperature exourgion is the heat transfer to & high void fraction mixture,
in whieh droplete are dispersed in the vapor stream. This flow pattern
develops at void fraotions higher than 80Y,, according to the widely
reocepted criterion of Groeneveld (19785) (confirmed experimentally by Kawaj)i
et al., 1983); 4t is usually called dispersed or mist or liguid deficient
flow: the heat transfer mode that is related to it is usually referred to
as Dispersed Flow Filw Boiling (DFFB).

The structure of this flow regime ie highly dependent on thée regimes from
which 4t originates (Fig. 1), Since this report is focused on the
reflooding phase of & LOCA in a FPWR, the typical regimes that develop in
such situations are of much irterest, Yadigaroglu (1978) reportcJ that at
high fleooding rates the quality at the quench front is very low or even
negative, so that an inverted annular flow regime is established. Dispersed
flow (DF) is created from the break-up of the liquid core. At very low
flooding retes the quality near the quench front is high and annular flow
is expected in the region upstream from the quenoch front. Between the
position at which the coritical heat flux is exceeded and the guench front
location, @ transition regime develops, in which liquid in the form of
chunks or drops is ejected into the vapor stream. Since the low flooding
rate experiments are the most difficult ones to be predicted by the codes,
the main attention will be paid to the physical mechanisms characteristic
of this conditions and to the models that attempt to simulate them,

Neverthuless some basio charscteristics of DFFB cutlined below are common
to other physical situa*ions, in which the mist flow criginates directly
from the dryout location (evaporator tube in Fig. 2, Collier, 1981), so
that the large amoun' of experimental and theoretical work concerning this
case will be also taken into acoount.

The heat transfer coefficients that are typical of the mist flow regime,
even though very low if oompared with those that are met in nucleate
boiling. are much higher than the values that are expected in the case of
vapor flowing alone,

A part of the heat that is transferred from the wall to the vapor is used
for evaporating the droplets dispersed in the vapor flow, 80 that the
temperature of the steam may remain much lower than in the absence of &
liquid phase. As not all the heat that is input to the vapor can be
transferred to the liquid phase, significant steam superheating builds up,
starting frow the point of onset of film boiling. Recent experiments
porformed with water at low to moderate pressure in & tube (Nijhawan, 1980;
Fvans et al., 1983) have provided the evidence that very aignificant
thermal non eguilibrium can be generated in dispersed flow boiling, with
vapor superheats of several hundred degrees.

Minor contributions to the wall cooling are due to the direct wall-to-
droplet convection and to the radiative heat transfer to the vapor-droplet
mixture.

Dispersed-flow boiling is characterized not only by a nouticeable thermal
non equilibrium, but also by a certain mechanical non-equilibrium (Ardron,
1981; Lee, 1982): the droplets, starting from tneir entrainment poaition,
are accelerated by the drag foroces created by the higher-velocity steam
flow, A terminal velocity is attained very far from the generation point,

e
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86 that in a large portion of the channel the veloeity ratic varies (see
Seotion 3.3.4),

The wechanical nor-equilibrium has to be regarded as &n important
phencmenon in dispersed-flow boiling, since all the transfer mechanisss at
the interface between the phases are affected by the relative velooity. The
veloeity of the droplets determines the oconcentration of the liquid phase
#% the different elevations, and thus the efficiency of the vapor
desuperheating wmeoherdsm,

Interfacial heat transfer, as well &s all other exchange mechanisms at the
interface, depend on the driving force (in this case, the temperature
difference! &and the interfecial ares. The last depends not only from the
volumetric concentration of the drops Nd (drops per unit volume), but also

from the sigze of the “average" droplet and, therefore, from the spe-trum of
droplet dianeters,

Concentration and spectrum of the droplets are strongly dependent from
thelr previous history and from the generation mechanisms, so thal heat
transfer in DFFE, even not coensidering other phenomena (such as inertial
deposition of the droplets) can be already regarded as history-dependent,

Any model for DFFB should have at least the capability to take into account
all the outlined phenomenclogical aspects of the associated flow regime,
and frow this point of view the large computer oodes that are used in the
pnuclear safety field (such as RELAP and TRAC) hsve the basle capability to
meet this request, Indeed, the six-equation (two-fluid) model bhas the
possibility, in prineiple, to mocount for both thermal and mechanical non-
equilibriun: 4if & consistent set of adequate closure laws for heat and
pomentus transfer mechanisms, as well as for droplet diameter distribution,
could be used to close the fie'd equations, the model should be capable of
& satisfactory simulation o1 the phencmena involved in DFFB, Actually, &
number of simplifying assusptions and the choice of questionable closure
laws prevents “a priori” these ocodes from a faithful modelling of the

physics,

These deficiencies result in a major difficulty in predicting the results
of the experiments where post~CHF conditions existed. Arifi (1985), Chen
(1987) and Akimoto (1987) among others present in their works large
disorepancies between the caloulated quench time or wall temperatures by
means of the TRAC-PFI code and the experimental data (see Figs. 3, 4 and §)
for reflooding oonditions dominated by DFFB.

Analytis (1987) and Hassan (1987) reported analogous difficulties in
predicting the wall temperatures in reflooding experiments by the
REP'.APS/MOD2 code (Figs. 6 and 7).

Bven though in man, cases the aforementionned researchers were able, by
modifying the wall Yeat transfer and interfacial exchange packages, to
matoh the experimental data within an acceptable level of accuracy, it is
still doubtful whether a general solution of the prediction problem can be
reached with the actual structure of the codes,

Thus, while such sensitivity studies have the merit to shed more light on
the week points of the codes, the need is felt for a more fundamental
investigation of their limits due to the basic assumptions that are
implicitly or explicitly contained in the field equations and closure laws.

In the following, the features of the two computer codes TRAC-PF1 (Liles
et al.,, 1986), and RELAPS/MOD2 (Ransom et al., 1985) that are important for
the modelliny, of the DFFE regime are discussed. Certain criticisms may be
extreme but are included for completeness,




2. THE RELAPS/MOD2 AND TRAC/PF1 CODES

2.1 Basio Features

In this ohapter, the wain features of the models for DFFB that are
implemented in the two best-estimate computer ocodes for the evaluation of
PWE transients sponsored by the USNRC (TRAC/PF1 and RELAPS/MOD2) are
outlined.

Since these codes are designed to simulate the thermal hydraulic response
of each component of the primary loop ¢f & nuclear plant under any
hypothetical accidental transient, the models that are implemented result
from the compromise between the wish to describe in detail the physical
phenomens and the need to maintein & general validity.

Moreover, the requirement to maintain the mathematical formulations within
& level of comploxity that allows a numerical solution of the equations in
& stable and fast fashion, is a further restriction to¢ the implementation
of very wsophisticated models. For instance, in the case of & highly
dispersed flow the most exaot approach for developing a model would have
been the one based on the Interacting Continua Assumption, that is on
continuity everywhere for both phases (Ishii and Mishima, 1984), as applied
by S0o (1967) to the dynamics of multiphase systems. On the other hand, an
approach that postulates that the two phases are flowing in parallel with
an imeginary interface separating them, seems to be the most convenient
one,

In general, the effects of space and statistical (time) distribution of the
phases, velocities and temperatures can become very important. Practically,
the only raticnal approach for obtaining the macroscopic two-phase flow
formulation is the application of the time aversging procedure. The
mathematical structure of the fleld equations of both codes originates from
the Eulerian time averaging and the so-called two-fluid model formulation
(opposed to the mixturc model). This yields a set of 6 equations that have
basically the same form (Ishii, 19785) in both codes.

In RELAPS the field equatiocns are reduced to their one-dimensional form by
area averaging.

Even though TRAC/PF1 has the possibility to use a three-dimensional
component (VESSEL) in which the cross flow through the core can be
e/aluated, the information on the distribution of variables in the
direction normal to the main flow is8 basically lost, since the intensive
quantitites have to be represented by values that result from the average
over cross sections that are orders of magnitude larger than the area of
the wsubchannel enclosed between four rods., Thus, in both oodes, with
reference to heat transfer fruw a wall to & mist flow, the information
concerning velocity, temperature and void fraction (droplet concentration
profiles) is lost,

We oconclude that, concerning interactions betw: n hydrodynamics and heat
tranafer in the subchannels of @& npuclear core, both codegs adopt
substantially the cne-dimensional approximation.

2.2 One-dimensional Approximation

The one~dimensional approximation of the three-dimensional field equations
ooncerns a) the ¢onvective flux terms in the momentum and energy equations,



and b) the proper averaging of the values used in the closure
relationships,

a) The gonveervive flux terms have the following basic form:

V'(quKVKVK) (momentum flux) (1)

V-(qxpxoxvx) (energy flux) (2)
where Qe Py VK are the void fraction, density and velooity vector of
phase K, and e, is the enthalpy (RELAPS) or interial energy (TRAC).

By area averaging, the correct form of these terms becomes:

L ¢ 2
T CVK‘“K)PK((VK)) , and

2 -
3 Cox (ty Py (o 22 CCYy D)

where the terms in single brackets are simple area averages, while the
terms in double brackets are phase-fraction-weighted mean values. The
distribution parameters CVK and C“ appear due to the difference between
the average of products of varisbles and the product of averages. These
parameters in geneccal depend from the flow characteristics (phase
distribution, velocity profilea, ete.) as shown by Yadigaroglu and Lahey
(1976).

In REL APS these terms, after some manipulation, take the form:

v
b
apyVy5z ¢+ A0d

a2
a2 %Pk %y

The covariance effects are thus totally neglected and the nomenclature is
simplifiod by dropping the double-angle~bracket averaging.

As lshii and Mishima (1984) poirted out, in a one-dimensional model ~ very
careful analysis of transverse distributions of variables and their erfects
on the field und closure equations is essential, in order to maintain the
model consistent and accurate.

The distribution effects in the field equations can be taken into accoount
by the two factors CVK and cok‘ c“, that represents the effect of the void
and momentum ('lux profiles on the cross-sectional area averaged momentum
flux of phase K, is in most of the cases different from unity., The
parameter C“. as calculated from velocity and enthalpy profiles in both
developing and fully developed flows, under normal conditions (not Lighly
trans_ant cases) is, on the contrary, close to unity.

bt/ The distribution effects are not atrfecting only e field equations by
the covariance effect discussed under a), but also . pear in the averaging

of the various local glosure laws.

Here the important point (Ishii and Mishima, 1984) is that the averaged
interfacial momentum and heat exc! anges should be related to a properly
waighted and averaged local relative velocity (Vr> given by
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where V_ = Vd - Vo. Va being the local velocity of the dispersed phase and
Vc the local velocity of the continous phase. The interfacial exchanges
should not be related to the difference between the area averaged wnean

velocities of the phases given by

Vr . LV 00 = <KV, )

d

The difference between <V ) and Vr can be quite large. Since in their one~

dimeneional form the codes necessarily use Vr. significant errors can be
introduced in the caloulation of the interfacial exchanges.

2.3 Closure Laws

Under the name closure laws the equations used for ocalculating the
following quantities have to be understood:

1) Interfacial drag

2) Interfacial heat transfer

3) Characteristic diameter of the droplet population
4) Wall beat transfer

5) Wall drag

In the formulation of @l the o¢losure laws the assumption is used that
steady-state correlations hold also under transient conditions.

Concerning the interfacial mass transfer, both the codes usv & thermal-
energy Jjump condition that relates vapor generation to interfacial heat
transfer:

' . i T Dl |

ha.aat = fp

where Qil and O“ are the heat transfer rates per unit voluwme from the
interface to the gas and the liquid respectively.

The RELAPS code distinguishes between the vapor source terms due to
evaporation at the wall and evaporation in the bulk.

Under typical reflooding conditions, the pressure losses associated with
dispersed flow are always small, and especially when the velocities are
low, negligible pressure drops occur. Thus wall friction will not be
considered in the present report. It can be sufficiently well modelled in
any case.

One general characteristic of both codes is the use of flow regime maps for
the identification of the limits of existence of the different regimes, in
order to apply the most appropriate constitutive laws,

The RELAPS code fixes the beginning of the mist flow regime when the vold
fraction is higher than 0.75, with the additional condition that the vapor
velocity is high enough to suspend & 1liuid droplet, according to the
eritical velocity criterion of Wallis (1969)

R S —
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The THAC/PF1 code also relects the conetitutive laws relative to annular
wist flow when the void fraction is higher than 0.75, In the code, the mist
Flow regime is entered when the liquid exists only in the form of entrained
droplets: this is an extreme condition that requires high vapor velocities.
Thus, =t low vepor velocities typical of reflooding this regime is usually
not entered.

It has been remarked tnat the selection logio of the wall heat transfer
correlations 1s relatively independent from the flow map that is used for
the selection of the closure laws for interfacial drag and heat transfer,

Special technigues of partitioning the wall heal transfer areas between the
portions wetted with liquid and in contact with vapor are used in order to
try to waintaln consistency with the global flow regime model.

in the seotion concerning wall heat transfer. the consistency of the heat
transfer mechaniasm rodel with the hypothesized structure of the flow will
be discussed.

2.3.1 Interfacial drag

The interphase drag force is expressed in terms of the relative phase
velooity:

Fp * - €%, Ve v, vV,
Independently from the form of the proportionality factor C that contains
the standard drag coefficient, this expression implicitly assumes that

phase and veloeity distributions can be neglected, as already stated
earlier,

The drag coefficient is expressed as function of the droplet FReynolds
number, defined as:

v _ld_p
Neu_ ™ —-—L.-g-—‘
8
where the viscosity u® is the viscosity of the vapor in TRAC and a mixture
viscosity in KELAPS. The modiflcation of the viscosity of the continuous
phase aims to take into account the additional stresses on the fluid caused
by the particles, whose importance grows with their concentration (Ishii
and Zuber, 1979).

The drag ocoefficient used in TRAC is provided by a standard set of formulaa
for a aphere, while KRELAPS extends the correlation suggested by Ishii and
Zuber (1979) for the viscous regime to the full range of Red‘

All the ocorrelations employed, deduced from steady-state experiments, are
applied te the transient case, by neglecting the effect of acocelerating
flows on the drag occefficient. Moreover, the assumption that the
evaporative masg f{lux does not affect the drag force is used in both the
correlations employed in the two oodes.

The important point here is that the drag force is calculated as if a
monodlsperse suapension of droplets were flowing into the vapor stream, and
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not a eloud oomposed of droplets of diameters spanning & wide range.

The droplet diameter that is oonsidered for the caloulation of the drag
ovefficiont is the average value determined according to the following
oriteria:

Common: =~ Monodisperse cloud of droplets

-~ Droplets have spherical shape

« Distribution effects are negligible

~ Vaporization does not affect the drag force
TRAC : ~ Interaction effects on the drag coefficient are negligible
RELAPS: =~ The droplets are in viscous flow (1 « Rcd < 1000)

2.3.2 Interfacial heat transfer

In both codes the heat transfer rate between the superheated steam and the
droplets is caloulated by acoounting for the processes of heat convection
from the vapor bulk to the drop surface (assumed at saturation temperature)
and the heat transfer from the interface to the bulk of the liquid phase,

The heat transfer coefficient on the liquid side is high enough to drive
the drops to equilibrium in RELAPS, while the oorrelation implemented in
TRAC takes into acocount the physical mechanisms, including the internal
ciroulation of the liquid inside t“~ droplet,

Since the droplets are in wost of the situations at saturation, the heat
transfer on the liguid side does not play any important role. More
important is the way of taking into sccount the heat transfer on the vapor
side.

In both codes the heat transfer coefficient derived by Lee and Ryley (1968)
for isolated drops 18 used:

0.5, 0.33
Nud 2 +0.,74 Rod Pr‘

where the symbols have their usual meaning.

This equation was obtained by correlating data in the feollowing range of
variables:

Pressure: 1-2 bar
Superheat: 3-38 °c
Droplet diameter: 230~1126 um
Steam velocity: 3-13 m/s.

It has to be remarked that the experimental data range is very narrow,
eapecially regarding pressure and vapor superheat. The droplet diameters
that were investigated do not cover the full range of droplet sizes that
are expected to show up in most of the practical situations (e.g.
reflooding) . Moreover, the ability of this correlation to give correct
results in the case of very arall droplets is questionable (see Toknoka et
al., 1982).

In the form of the equation it is alsd implicitly assuwe* *nat there is no
effect of the evaporation rate on the heat transfer rate

One further assumption concerns the shape of the droplets: only avaporation
rates from ellipacides and spheres are in the data base of the Lee and
Ryley correlation.

Moreover, the distribution effects on the global vaporization rate are
neglected. This is correct as long as at least two out of the three




parameters that determine the interfacial heat transfer (interf«cial area,
relative velocity and temperature difference between the phases) have a
flat profile over the cross section.

Finally, the whole spectrum of dre, let sizeg is characterized by a single
representative drop dianeter.

In summary, the following h)potheses are used in the model of interfacial
heat transfer:

1) The functional form of the correlaticn of Lee and Ryley holds in a
range of variables much wider than the date base from which it was
originated;

2) Vaporization mass fluxes don't affect the hsat tranafer process;

3) Droplet oconcentration and velocity profiles may be assumed flat
{(uniform heat oink);

4) The droplets are spherical and of uniform size (representative
diameter) ;

§) The interaction between the droplets is negligible.

2.3.3 Droplet diameter

As mentioned before, interfacial transfer modelling requires an average
droplet diameter. In both codes this is not caloulated on the basis of the
physical mechanisms that affeot tbe droplet size distrabution (evaporation,
aerodynamic break-up, break-up induced by spacer grids and impingement on
the wall, coalescence), by following the history of the droplet population
since its generation., Instead the average diameter is derived from a local
stability criterion. The droplet size depends on the local conditions,
namely relative velocity and fluid properties and is caloulated from the
local critical Weber number

In this feshion the number of droplets change= without any relation to the
actual mechanisms that cause this modificatiuvn, and the average dliameter
inoreases above the quench front, since the relative veloeity initially
decreases, as the liquid is mcoelerated. The consequence is that the
interfacial area decreases very sharply, with an unphysical very rapid
degradation of the heat sink.

A more general assusption is made implicitely by the use of a asirgle
representative droplet diameter: the hydrodynamics of the droplet flow can
be desoribed by using the coordinates of the center of mass of the liquid
phase. Without this basic assumption the dispersed flow should be described
by several momentum equations, one for each group of droplets whose
momentum falls dinto a range defined by discretizing the continous
distribution.

In summary, the codes use the following simplifications:

1) The droplet hydrodynamics can be described in a sufficiently
aocurate way by considering the motion of the center of mass of the
liquid phase.

2) The droplet average size depends only from the local conditions.

3) Break-up and coalescence of the droplets are neglected.




2.3.4 VWall heat transfer

The wall~to~fluid heat transfer process in DFFB is described by taking into
acoount the following three contributions: convective heat transfer to the
vapor, convective heat transfer to the liquid (drops) and radiative heat
transfer,

Hadiptive heat trensfer In TRAC only the radiative flux to the ligquid,
while in KELAPS & complete radiation energy exchange network between wall,

vapor and liquid are oconsidered. In both ¢odes the assumption is used that
the mixture is optically thin, sc that any portion of the fluid exchanges
radiation directly with the boundary surfaces.

Convective heat transfer It is not possible here to give the details of
the convective heat transfer models in the two ocodes, but only the most

important sapects will be reviewed.

Both ocodes partition the wall heat flux between the two phases; two heat
transfer coefficients are calculated for the heat transfer wall-to-liquid
and wall-to-vapor. For the ocaloulation of the contact area, RELAPS
distinguishes between reflooding and otner physical situstions. In
conditions other than reflooding the two areas ere siwply preportional teo
the volumetric fractions ir the adjacent cell. In the case of reflooding,
the total wall heat transfer area is considered available for contact with
both the phases, and the partitioning is implieit in the definition of the
heat tranafer coefficients,

The TRAC code uses a similar technique.

It is iwpurtant to notice that the way to partition the convective heat
flux to the two phases depends only on the average values of the variables
in the fluid cvell and the wall temperature, and not on parameters that
account for the phase concentrations loocally necr the wall (e.g. droplet
mass flux to the wall), that can be derived only frum the consideration of
the hydrodypsmics of the dispersed phase, The analysis of the consistency
of the whole heat transfor package 1s beyond the scope of the present
report,

The only remark that is worthwhile to make iz that in both oodes the heat
trapafer rate to the liguid phase in filw boiling is calculated by using &
Bromley-type correlation, that aeccounte for heat trinsfer ‘o the bulk
1iquid by eonduction through the vapor-film. While this cholce reflecte the
apparent similarities between film boiling in & poel and inverted annular
flow, it is oompletely arbitrary for dispersed ilow, when .nly a small
portion of the entrained ligquid phase interacts with the wall.

Even more questicnable is the use of the Forslund-Rohsenow equation
together with the BEromley correlation in TRAC, The Forslund-Rohsenow
gorrelation. as pointed out by Afifi (1985), was originally developed to
acoount for an additional heat transfer mechanism at low quality and high
mags flux, and it should give the total heat flux to the liquid.

This heat tranafer rate calculation method is surely imposed by the need to
acoount for a wide range of post~CHF conditions without using specialized
models. It is cilear, however, that the above mentioned characteristics make
the heat transfer jpackages more suitable for describing inverted annular
film boiling rather than DFFB.

i the vapor is caloulated by using the Dougall-
Rohsenow correlation (1963), which has the same form of the Dittus-Boelter
correlation, that is strictly valid for single phase turbulent flow at low
wall~to-tulk temperature ratio: the modified form {Dougal 1-Rohsenow) uses a
Reynolds number that is corrected to reflect the volumetrio flow rate of
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the two-phase mixture. Thus use of this last correlation in DFFE implies
that the structure of the flow typical of single phase forced oconvection is
not wodified by the presence of the dispersed phase, so0 that the heat
transfer rate to the vapor is the samwe as if it were flowing alone in the
channel .

It has also to be taken into account that the Dittus-Boelter equation is
valid for fully developed turbulent flow, that ia, at some distance from
the entry cross seotion (L/D>20). In case of DFFE the entrance point can
be ddentified as the CHF location, where a continuous vapor film along the
channel wall starts to develop, A further assumption is that a correlation
valid for fully turbulent flow (ke > 20000) holds at the low Reynnlds
nunbers typical of rerlooding.

Moreover, &8 already noted earlier, all the correlations were derived from
steady-state experiments; this Jonstitutes standard practice: the transient
characteristics of the flow are assumed not to affect the heat transfer
processes to a large extent.

Finally, the effect of the spacer grids on the structure of the flow and
heat transfer is cowpletely neglected.

In sunmary, it is assumed that:

1) The heat flux partition to the two phases depends on the average
flow parameters in the fluid cell and the wall te perature.

2) The heat flux to the liquid phase can be calculated on the basis of
the Bromley model .

3) Heat transgfer to the vapor is not affected by the presence of the
dispersed phase.

4) The flow is fully developed.

5) The flow is fully turbulent.

6) The mixture is optically thin.

7) The effect of spacer grids is negligible.

2.3.5 Final remarks

The heat transfer wechanisms Lhat ar~ taken into account by the codes (wall
to liquid, wall to vapor and vapor to liquid) put the DFFB models into the
category of the so-called three step models,

The models may be also defined as mechanistic, since the phenomenclogy is
fully accounted for, and the only amount of empiricism is due to the use of
correlations for desoribing the elementary mechanisma of heat, mass anc
mogentun exthange.

e limits of the models are coming from a) some of the assumptions that
have been higr ighted in the previous sections, and b) from the improper
ugse of some correlations.

In the following only the first of the twe categories of possible sources
of inaccuracy wiil be discussed in detail; the validity of every assumption
#4111 be discussed on the basls of the experimental evidence or the most
recent studies.
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Wven though in principle one ocould derive a CLimilar expression for
dispersed droplet flww and the poasibility of taking into account the two-
dimensicnal (distribution) effects through the factor Cod is very
interesting, adequate values of Cod for all the possible conditions of wist
flow are required.

As shown by Lee and Durst (1982) the velocity distribuiion of monodisperse
particles wnd of the ocarrying gas are dependent on the size of the
particles (Fig, 8). as long as the particles are small.

The experime.’ : of Lee and Durst were conducted in an adiabatic pipe, 8o
that the te -annot be fully applied to dispersed flow in heated
channels, bu: v measuremente show that x"r> can be affected by the
droplet size through the distribution coefficlent co 4 that depends on the
velocity profile.

Since no drift flux correlations have been propose. ihat include the effect
of the droplet diameter, a correction of (Vr) based on the drift flux model

is not readily ava.lable.

A further complication is due to the fact that thas particle concentration
profile <lso affects Cod (Zuber and Findlay, 1965). As the data of Hagiwara
et al. (1980) for eadiabatic pipe flow show (Fig. 9), the drov..*
concentration starts falling in the turbulent core and goes to zero n«w.s
the wall. The concentration profile is likely to be influenced by the
presence of the hot wall alsc (see 3.2.2).

In conclusion, it is olear from Eq. (4) that <Vr> cannot be calculated
unless the concen.~ation profile is known.

The concentration profile affects the average drag for ‘¢ not only through
its effect on the average relative velocity, but also because the
interfacial area concentration depends on it.

The average interfacial heat exchange and the average evaporalion rate
depend somewhat less from the average relative velocity (since they are

proportional to Reg") but e linearly proportional to the average area
concentration and the vapor temperature.

Since the temperature profile is modified according to the distribution of
heat sinks (droplet concentration profile), it will probab’'y nct be flat in
the turbulent core, so that the heat sink intensity cannot be calculated by
simply wmultiplying an -~verage temperature difference times the average
interfacial area concentration. Thus, only by & two-dimensional analysis of
the vapor temperuture field it will be possible to account properly for the
distributed heat aink.

From these twc examples it is alread; clear that the simulation may be
uncertain, if no proper distribution parameters are available, and when the
average of the product of variables is substituted by the product of the
average values,

3.3 On the Closure Laws Implementeas in the Codes

Various assumptions affoting the appropriateness of the closure laws used
in the codes are discussed in this section. The subsections of this section
correspond to those of Section 2.3.
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3.3.1 Interfacial drag

The drac. coefficient is calculated by formulas based on steady-state
. sjperiments. As Temkin and Mehta (1932) pointed out, the only situations
where rwual) spheres are known to move steadily occur when they achieve
their terminal velocity in a stegnant fluid or when they are fully carried
by a steadily moving fluid. Im the actual conditions prevailing in mist
flow neither situation occurs.

These authors have experimentally shown that the drag coefficient can be
sensibly higher in the oase of accelerating flow (d<vr>ldt>o) and lower
for decelerating flow (d<vr>/dt. <0, end were able to correlate the actual

drag with the standard steady-flow value by including & functional
dependence on the non-dimensional group

V.0
v 4

2 dt
(Vrb

The effect of such a correction could be a few percent, If one assumes that
the motion of the droplets cu«n be described in terms of one momentum
equation applied to the center of mass of the dispersed phase, the drag
force per unit volume can be expressed as (Ishii aad Mishima, 1984)

F c, r vorlev ol
ot ol 2 gttt
B <a1>[‘ (1’:)98 ) }

where Ii is the intertacial ares ooncentration, r“ and "D are,

respectively, the Sauter mean radius and the mean "drag radiug”, defined
as:

L=

I‘D‘

L
o

d
where Bd is the volume of a typical particle and Ad iz the area
perpendicular to the flow. Kataoka !gnd Ishii (1983) showed that for
spherical particles the shape factor, —p‘: is equal to 1 regardless of the
narticle size distribution.

The assumption of spherical particles must be examinad nert. According to
Clift et al. (1978), a droplet of equivalent diemeter de is spherical if

the Eotvos number (Eo=gAp di/") is less than 0.4, If this coriterion is
applied to a system of water and vepor at atmospheric pressure, for de. 1
mm, we find Eo=0,17. Thus, at least when the acceleration forces are not
very intense, the shape factor can be assumed to be close to unity.

According to a coriterion proposed by Ishii and Zuber (1979). the distorted
fluid particle regime is characterized by a viscosity number Np

N = u& s
s e
{ ps° EAp

.
higher than & critical value N“

e = = i
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confirmed by the experiments of Yuen and Chen (1978), in the range of high
Reynolds numbers and high evaporation rates, the mass efflux from the
droplet reduces convective heat transfer from the superheated steam. This
shielding effect is expressed in terms of the Spalding number

. OP(TL- Ta‘t)

hfg

but the functional dependency of the Nusselt number from B is somewhat
controversial (see Harpole, 1979, for further details).

The assumption of uniform druilet concentration has already been discussed
in relation to the oovariance in the expression of the average heat

transfe; rate in section %.3.2., Here it is worthwhile to underlipe that,
while this hypothesis is very convenient, since it allows to simplify
considerably the mathematical formulations, the only experimental evid~tce
that is available to justify it is due to Cumo (1973), In his experiments
performed with Freon-12 the transversal distribution (measured by dividing
the channel in only 6 zones) was measured for p/pcr1t>°"’ quality > 0.6,

mass flux > 280 kg/nza and average droplet diameters smaller than 50 um,
This range does not cover either the typical conditions ¢f disprrsed flow

during reflooding (p=1 to 4bar, G <200 kg/r.‘za). por the viidage conditions
in most other practical applications. Indeed, up to intermediate pressures
of 70 bar, dispersed flow is present already for x> 0.2,

The average droplet sizes reported in the literature are larger than those
observed by Cumo (e.g. Wong, 1980; Seban, 1980). As can be learned from the
equation of motion, the dimension of the drop is crucial in determining its
trajectary and therefore its radial position. Tne coarse partition used by
Cumo to investigate the transverse concentration profile (6 zones) does not
allow the evaluation of the concentratisn near the wall which 1is very
important since it influences the temperature profils (local
desuperheating), and thus, the heat transfer rate. Therefore the
experiments by Cumo cannot definitely answer the question whether any

congentration profile develops along a heated pipe.

Notwithstanding this observation, there is, however, general agreement on
the fact that the axial velocity of the dispersed phase is radially nearly
uniform (see Section 3.3.3).

Any reduction of the total evaporation rate due to overlapping boundary
layers around the droplets in a cloud is not well establi. :d. Recent
studies on the evaporation rates of dense sprays of fuel by Bellan and
Harstad (1987) shownd that .he evaporation time of closely packed fuel
particles is weakly Jependent on the relative velocity between the cluster
of drops and the carrying gas. It is postulated that what controls the
evaporation rate is the difficulty of penetration of the outer flow through
the dense cluster: at very high droplet oconcentration, the outer flow
bypasses the cluster of drops and only the drops at the periphery *"feel
it", while the drops at the center evaporate at the rate typical of spheres
in & quiescent fluid. The development of this research is still irn an early
phase and no definitive conclusion or models are available. It appears,
however, that sensible reduotions of the evaporation rate with respect to
the single-drop model prediction may ocecur when the droplets are not highly
dispersed. Indeed, theoretical studies by Labowsky (1978) in the range of
very low Reynolds number (ch ¢ 1) have shown that even when spacing

between the droplets is five diameters (corresponding to a void fraction
higher than 0.99), a 307, reduction of the evaporation rate is to be
expected. The effect of interaction at higher Rep is guite controversial.
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considering the relative velocity for churn turbulent flow, as calculated
using the criteiion of Wallis (1969), referred to in Section 2.3, Most of
the data obtained in the FLECHT-SEASET experiments (Lee et al., 1982) could
be correlated by the relation (Kocamustafaogullari et al., 1983):

- 29 /2 .,1/3
% = 4 860]1 "u

where N“ is the viscosity number defined in Section 3.3.1,

A different droplet generation mechanism has been observed in single tube
reflooding expe~iments in glass test sections (Ardron and Hall, 1981). Here
very large liquid globules were generated at the quench front, by
disintegration of waves formed in the wetted portion of the tube (Fig. 10).
A stable droplet size distribution was cobserved quite far from the
generation point,

Following their generation, the population of droplets undergoes
evaporation, break-up and coalescence,

In summary, the experimental evidence suggests that the mechanisms of drop
generation and break-up should be considered separately; this is not the
case in the computer codes.

Moreover, aerodynamic break-up is not the only cause of fragmentation of
the droplets, since collisions with the wall ano wich the spacer grids and
among droplets are also effective in changing the droplet size spectrum.
Since the varions fragmentation processes depend on different critical
values of the Weber nwmber, it is clear that the drop stability limit
changes along the flow patn according to the predominance of the various
mechanisams,

The ERSEC experiments (Juhel, 1984) showed an increasing droplet number
flux downstream from the quench front., A break-up mechanism is considered
responaible for this trend. As shown by Krzeczkowski (1980), the mechanisms
of droplet deformation and disintegration a. well as the duration of the

sreak-up depend on the Weber number, the Laplace number (La-prod/u;). and
the ratic ur/ps.

Practically only the Weber number i= important. Sarjeant (1978) has
conducted the most extensive and systematic study on the break-up
mechanisms. He found that the coritical Weber number is practically
independent from the drop Reynolds number, and depends on whether the
droplet is suddenly or gradually exposed to a gas stream. Break-up time and
number of fragments depend on the Weber number. The size distribution of
the fragments has been studied, among others, by Podvysatsky and Shrayber
(1984) .

Coaleacence of drops certainly takes place immediately downstream of the
quench front, due to the chactic motion of the entrained droplets. Ardron
and Hall (1981) report that collisions and disintegration processes were
still taking place 1 m above the quench front. Clare and Fairbairn (1984)
observed that the Sauter mean diameter increased with elevation above the
gvench front and presumed that drop coalescence was the cause of it. Few
theoretical studies and no experimental data were found, concerning
collision rates and ocoalescence mechanisms. The most complete model known
to the authors nas been developed by O'Rourke (1981) for Diesel engine
sprays: advanced statistical methods are used to caloulate the local
collision and coalescence rates, Simpler mechanistic mwmodels oan be
successfull in situations wi.ere the turbulent diff don is the mechanism
responsible for collisions (e.g., Williams and Crane, 1984).
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to laminar region (Husegawa et al., 1983). Slight
improvement of the HTC with respect to the single-
phase case are possible at higher m,

d_ > 500 pm: Remarkable reductions (at low m) and large

b enhancements (at high m) are characteristic of this
particle size. A collinion mechanisw is postulated to
te responsible for the radial migration of the
largest particles,

The winimum value of the HTC is obtained when the characteristic dimension
of the particle is comparable Lo the thickness of the visoous sublayer in
the undisturbed flow of the gas alone (Jepson, 1963),

b) The HTC enhancement is reduced at high Reynolds numbers (40000 to 70 000

in air) and at very high values (105) the HTC monotonically decreases
for any » (Bocchroyd and Hague, 1970).

©) The enhancement is higher for larger Jiameters of the pipe (Boothroyd
and Hague, 1970),

d) The enhancement increases with the ratic between the absolute
temperatures of the wall and the gas (Sukomel, 1979).

@) With sufficlently high loadings, the presence of particles results in an
increase of the thormal entry length up to 40 ~ 50 diameters (Kianjak,
1984) .

Therefore, the ratio of the HTC in dispersed flow and in single phase flow
depends on the loading ratio (quality), droplet aize, Raynolds number,
hydraulic diameter and wall temperature. To the author's knowledge no
empirical ocorrelation hes been nroposed that takes into account all these
parameters.

In an attempt to correlate the heat transfer enhancement in some reflooding
experiments, Drucker et al, (1984) proposed that the enhancement factor has

to be function of the dimersionless group uGr/ Roa. but the large acatter of
data in a plane that uses this number as independent variable (see Hassan,
1986), oclearly indicates that the correct parameters that control the
phenomenon have not yet been identified (Fig. 12).

All the considerationa that have been made until now refer to a fully
developed turbulent [flow., The physical picture is somewhat wmore
oomplicated.

At the low Reynolds numbers (4000-10000) typical of low reflooding a
transitional flow is likely to ocour, As the experiments show (Lawn, 1969;
Gnielinaki, 1976) the wall heat flux drops below that caloulated by any
Dittus-Boelter type correlation (based on Reynolds analogy) at Reynolds
numbers lower than 20000. The use of the Dougall-Rohsenow correlation for
the heat transafer to vapor in DFFE may lead to a significant error.
Mureover the flow in DFFE is never fully developed since a continuous
evaporation process modifies all the flow parameters, including the
Reynolds number. It is reasonable to assume a quasi-fully developed flow
when the temperature and veloeity profile= have reached thelir
characteristic shapes in turbulent flow.

In this respect two different situations are expected. In the case of the
poat-CHF regime downastream from the dry-out point in an evaporator tube,
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the velocity distributions in the liquid annulus and in the vapor core have
already developed profiles, so that it can be assumed that the yapor
yelocity profile downstream of the thermal orisis point is& already
developed, This is also the case when & high quality mixture is present at
the quench front, that is when onnular-wavy flow occurs upstream of the
quench front position.

Ihe cevelopment of the thermal boundary laver. on the other hand, starts
from the dryout point, where the vapor temperature is uniformly equal to

the saturation tewmperature (Koizumi, 1979). It 1is believed that the
development of the thermal boundary layer #ill not be affected very much by
the presence of the droplets, as long as they are highly dispersed.

A different physical picture is expected when churn-turbulent flow is
present at the guench front. In this case both the velocity and temperature
profiles have to develop, and the influence of the turbulence created by
the droplets is likely toc be very important. However, in the zone
immediately above the gquench front, the heat transfer by convection to the
vapor is not the predowinant mechanism, so that a large error in the
prediction of the thickness of the hydrodynamic and thermal boundary layers
cannot affect very much the total heat flux, Downstream of this highly
turbulent zone, when the droplets have lost their initial transverse
velocity, it can be assumed again that the boundary layers grow at the same
rate as in single phase flow.

The assumption of optically thin mixture used in the models for radiative
heat transfer holds only at low pressures (p = 2 bar) and veiy high void
fractions (> 0.99). when the typlocal geometries of the nuclear cores are

considered (D =~10-13 mm).

In Fig. 13 some calculations with & model that employs the optically thin
mediup assumption (Sun et al,, 1975) are presented together with the
results obtained by Deruaz and Petitpain (1976) by means of a more
scphisticated wpproach, It is easily recognized that a discrepancy up to
1009, is posaible in the most unfavorable cases,

fhe enhanced mist cooling downstream of grid aspa.ers is an important heat
transfer mechanism, especially during reflood emergency cooling (Lee et
al., 1984). The spacer grid can enhance the fuel rod heat tranafer by four
mechenisms (Yao et al,, 1988): direct radiation from the fuel rods, thermal
boundary layer separation and reattachment, spacer grid early rewetting,
and break-up of Jroplets in smaller fragments. Overlooking the presence of
the spacer grids results in overprediction of the cladding temperatures,

The last assumption that is always made in any model for DFFBE is that the
heat transfer coefficients that are measured under steady-state conditions,
are applicable also to transient cases, provided that a time-averaging is
applied to the flow variables. Actually during the reflooding phase
oyoclically dispersed flow will take place, due to the discontinuous water
entrainment near the quench front. Ghazanfari (1980) studied experimentally
unsteady dispersed flow under post-dryout conditions. The experimental
results, in the range of low pressure, low mass flux and high quality
(>0.5), showed that at equivalent meun vapor quality no noticeable
differences in heat transfer exist between a steady-state and a cyclically
dispersed flow. These results, relevant to reflooding conditions, do not
gover, however, the entire range, and especially data in a lower guality
range (0.1 to 0.5) should be nenessary to verify the non-susceptibility of
heat transfer upon cyclic behavior.

A e R e



LS i 4 — A

B AR o e e | e e Bl a | B A T e M Bl e i Tl T sk el AT Ak AR T A e B TR G et i B T Tl « Rttt i _—

-3 -

3.3.5 Summary of the deficiencies of the DFFB models implemented in
the codea

It has been shown that one of the wmain shortcomings of the models
implemeated in the ocodes is the one-dimensional approximation that does not
allow to calculate properly the complex wmechanisms of heat and momentum
transfer between the phuses, sinoce the cross-sectional average values are
strongly dependent on the distribution parametars.

The [fundamental role played by the droplet size distribution upon the
thermal-hydraulics of a dispersed mixture is not properly accounted for,
since simplistic oriteria based on the local flow variables, are used to
caloulete tne wverage droplet diameter: generation mechanism and flow-
history dependency are completely neglected.

The wall heat transfer package uses heat transfer coefficient correlations
that do nol consider all the physical processes taking place in DFFB, and
the heat flux partitioning between the two phases is defined according to
questionable empirical coriteria. Moreover, the influence of the dispersed
phase on the heat transfer coefficient %o the vapor is usually ignored, A
full representation of the physical mechanlsms that oontrol the heat
transfe; from the wall to the mixture is possible only within the frame of

a two-dipensional approach.
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4, MECHANISTIC MODEL: FOR DFFB

Reviews of the mechanistic models proposed in the last 20 years are given
by Mayinger and Languner (1978), Webb and Chen (1982), and Kawaji (1984).
In the following only the most original aspects of the different models,
that may constitute a substantial progress with respect to the approach
used in the codes, will be highlighted.

The mod.ls will be clamsified in two groups, wiich, for convenience, will
be refirred to as Jlogal and lutegral., in relation to the way they consider
the dependency of the heat transfer processes on flow history: the former
adopl assumptions and/or consider mecnanisms concerning the local values of
certain variables {typically the relative velocity and the droplet
diameter). Integral models consider the evolution of all the flow
variables, starting from the point at which the initial values are given
(typically at the dryout point).

4.1 Local Models

4.1.1 Models considering the details of wall—-droplet interaction
al, (1975) developed the first wmechanistic model for the

ilceje et
contribution of the droplets to the tcotal heat flux. They distinguished

three heat transfer paths: heat transfer . om wall to liquid drops that
reach the wall (wet contact), from the wall to droplets that have no
sufficient transverse momentwn to penetrate the thermal boundary layer (dry
contact), aund from wall to vapor. The range of validity of the model
extends all the way frox dry-wall film boiling to trensition boiling.
Iloeje's approach offers also the possibility to calculate the minimum in
the heat flux - wall temperature characteristic (“the minimum film boiling
temperature”) . The original aspect of the model is the attempt to calculate
the heat transferred directly to the droplets by anilyzing the probability
that a droplet reaches the heated surface, using the forces that tend to
repell it from the wall. Many hypotheses were formulated, however, in order
to c¢aleulate the heat transfer to an individual droplet, and three
correlation coefficients were left free ir order to accoun: for the lack of
a solid theoretical or experimental basis for calculating contact area and
the total volume of liquid that evaporates during the oontact.

For heat transfer to drops tuat have too little kinetic energy to penitrate
the boundary layer, the average minimum thickness of the vapor layer
separating the drop from the wall is calculated. Heat is transferred by
conduction through this layer.

Heat transfer to the vapor is calculated using a standard correlation for
single~phase forced convection, In spite of its umerits, Iloeje's method
has the shortcoming that too many arbitrary assumptions were made: form of
the kinetic energy probability distribution, mechanism of heat transfer
from wall to droplets in intimate contact with the surface, and form of the
droplet momentum equation in the radial direction where all the forces but
the pressure thrust force are neglected.

Contact with the wall is postulated when the distance from the wall becowes
equal to the surface roughness. This definition of contact is not
consistent with the postulated mechanism of Inter. ..on between a truncated
sphere and & flat surface. Moreover, the differential evaporation on the
twe sides of the sphere, that is the reason of the “runcated sphere, does
not take into account any trend towards symmetry due to the rotation of the
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droplet around an axis paral.el to the wall,

Kendall (1978) criticized two assumptions of the wodel by Iloeje. The
hypothesis that the drop is rejected from the wall after a brief nucleation
perdod 48 in opposition to the experimental evidence of complete
evaporation and pronounced nucleation of droplets that wet the surface.
Moreover, the model of lloeje does not distinguish between wetting and non-
wetting wall temperatures; the minimum film boiling ‘lemperature is
naturally calculated by the model. Kendall developed a model that replaces
the two previous assumptions by a differentiated analysis of the wetlting
and non wetting regime, For the latter, a dynamic moc<l of the defirming
droplet is proposed. The model yields a ococmplicated expression for heat
transfer effectivensas in the nomrwetting regime in terms of non-
Jdimensional parameters., As Liu and Yao (1982) recognized. the expression
does not fit the data in a wide range., From a fundamental point of view,
the analysis of Kendall may hold only vhen a droplet impacts the wall
elmost perpendicularly, that is when the axial component of the velocity is
negligible with respect to the radial one: usually, in dispersed flow film
boiling the situation is the reverse,.

CSapnde and Rohsepow (1977, 1979) modified the theory of Iloeje by
considering 1ift, drag, grevity, buoyancy and reaction forces in the
droplet momentum equation to calculate the mimimum drop size that allows
the droplet to reach the wall, They assumed that the same initial
transversal velocity is given to all droplets,

A droplet size distribution P(d) was assumed and the liquid mass flux to
the wall was calculated in terms of a cumulative deposition factor:

dm

’P(drad

‘ioa.

a*pdrad

e

where dm is the diameter of the largest droplet and dc is the diameter of
the smallest droplet that can deposit onto the wall, respectively.

In their analysis of the drop trajectories, the existence of "dry"” contacts
is not taken into consideration, and the droplets can either reach the wall
or bounce over the thermal boundary layer.

The heat that is transferred to the droplets that strike the wall is
caiculated on the basis of the effectiveness (e) of the contact, cefined as
the fraction of the total amount of vaporization heat that could be
abaorbed in the case of a nperfect contact (total vaporisaticn) between wall
and droplet,

The experiments of Pederson (1970) showed that the contact effectiveness is
exponentially decreasing for increasing wall temperature. Use of such a
heuristic parameter represents a more realistic approach, since the details
of the contact wall~droplet are far from being known.

The model proposed by Oanic and Rohsenow, with some correctioas for the
form of the thrust force and the boundary oconditions at the edge of the
thermal boundary layer (see Lee and Almenas, 1:982), is an dinteresting
alternative to the often used empirical formula of Forslund and Rohsenow
(1963) for estimating direct contact heat transfer,

PR —
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4.1.2 Models including radiation

Sun, GCopzales and Tien (1975) focused on the calculation of combined
radiation and convection heat transfer from the wall to a mixture flowing
in laminar flow, The interesting aspect of their work is thet for the first
time the role played by the so-called "distributed heat sink" was
recognized: the heat transfer rate from the wall to the vapor depends on
the vapor temperature profils, which in turn depends on the railial
distributicn of the evaporation rate, It follows that the use of a standard
heat transfer occefficient for single-phase flow is not valid when this
distributed heat gink modifies the thermal boundary layer. The heat |
tranafer rate has to be calculated by integrating the energy equation in |
the radial direction. |

|

Radiation heat transfer is fully accounted for: wall, vapor and droplets
are the three nodes of a network (electrical analogy) where the radiative
currents are calculated. Further developments of this approach will be |
given in the following section. |

ihe convective part of the model of Sun et al. must be complemented by
additional equations, since it was assumed that the vapor bulk temperature |

aT
has reached the asymptotic value (-s-f-()). It can be considerea the first 1

rational local approach for the calculation of heat transfer to a dispersed
flow.

4.1.3 Mcdels considering trtermal nop-ecquilibriue

Most of the remaining models that calculate the wall heat flux by using
only the local flow variables, are based on the estimation of the thermal
non-equilibrium or the mass evaporation rate rs; once the vapor temperature

is known, the wall tempeiature is calculated by a standard single phase HTC
correlation. The possibility of calculating rg without the need to

integrate the field equations step-by-step downstream from the dryout or
the quench front position is very attractive for possible application to
computer codes, gince the caloulation of the interfacial area
concentration, the most difficult parameter to predict, is nc longer
necessary.

It is easy to show (Jones and Zuber, 1977) that thermal nom-equilibrium
(expressed by the difference or the ratio between the equilibrium quality
Xe and the actual quality x) and the actual vapor generation rate l”s are

; related by:
r
dx . €
r
€

dxe

where ren‘q':mht’s is the equilibrium evaporaticn rate, Many researchers
have pruposed ocorrelations for rs or furctional relations for dx/dxe.
maiply derived from simplified one-~dimensional models.

Flupmer (1976) pre, <d the relation dx/dxe = geonstant, depending on the
mass flux and dryout quality.

Jones and Zuber (1977) eriticized this relaticn, since it implies that the

rate of return to equilibrium 4is constant, at variance with the true
situation. Instead they showed that the degree of non—equilibrium (xe-x)
behaves like a first-order relaxation process having a forcing function
proportional to the local rate of heat irput and a local relaxation length
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depending from quality, void fraction, maas flux, and droplet average
diameter, They proposed:

ax . -
dx' Nar (x x‘)

where N". the norrequilibrium number, represents the ratic of actual heat

transfer per unit volume between the superheated vapor and the liguid to
t"at which would be required to evaporate all the liguid in the length
between the onset of nomrequilibrium and the location where W 4 ll” is

determined from a correlation of experimental data and depends from the
droplet diameter and the velooity ratio at the dryout point, so that the
flow history jg takon into acvcount Lo a certain extent.

A recent evolution of the same basic idea is the model by

Rohgenow (1983). that uses only dryout oconditions and local equilibrium
flui¢ conditions to predict the surface temperature under constant heat
flux., Wall-to-drop heat transfer, and radiation are considered to play a
minor role in most situations and are thus neglected.

Major assumptions are that the drop size distribution is characterized by
one average drop size and liquid and vapor velocities are uniform across
the tube. The calculation method for 4initial droplet size takes into
account two different situations: annular type dryout (x) 0.1) and inverted
annular tye dryout (x<0.1), It is recognized that, whea dispersed flow
forms from annular flow all droplets are formed before the dryout point,

Using the conservation equations, dgnoring the variation of fluid
properties and using the ovservation that the product of the slip ratio and
the void fraction i1s roughly equal to one, a first order differential
equation is obtained:

25 = -
dee f’(x.xa) (xe X)

where K, the non-equilibrium constant, contains the group of fluid
parameters that dictate departure from equilibrium,

If no break-up occurs, K is a constant that may be calculatea using the
condition at the dryout point only. This is a peculiar aspect of this
ealeoulation method. It is not clear whether the model could be applicable
to the case of a non-uniform heat flux.

All the models described above have been assessed against experimental data
obtained 1in stationary dryout joint experiments. The possibility of
developing a similar conceptual approach for the calculation of thermal
disequilibrium just above a moving quench front has not been explored,
Indeed iLhe peculiarity of the region above the QF lies in the strong vapor
generation rate at the wall, which yields very high accelerations and
velooity differences between the two phases, as well as violent break-up of
liquid globules and filaments.

4.2 Integral Models

These models employ the same calculation method that is implemented in the
codea: at any elevation 2z the heat transfer processes are calculated by
taking into acrount the local values of the flow variables, as calculated
by & stepwise integration of the conservation equations downstream stat ting
from the point of onset of mist flow. A significant difference betwean
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theese models is the way they treat the heat transfer between the wall and
the vapor: a first cless of models wuses standard beat transfer
correlations, while in a second group the multidimensional vapor energy
equation is dntegrated. Some examples of both classes of models are
presented below and their distinguishing features are highlighted, All
models use simiiar methods for calculating heat transfer from the vapor to
the droplets; thus this item is not dissussed in this Sectieon,

4.2.1 Models employing heat transfer coefficient correlations

Many models can be included in this class, since practically
experimental investigations were analyzed by a model employing the me(:
"of the four gradients,” that was simultaneocusly developed at MIT (e.g.
Forslund and Rohsenow, 1968) and at AERE (UK) (e.g. Bennet et al., 1967),

The basic equations that are solved are the vapor mass aud energy, aud the
liquid wmomentum conservation equationa, as well as the liquid wmass
continuity (written as a droplet waverage diameter variation), The iiquid
energy equation is not necessary since the droplets are assumed to be
saturated,

Since the preasure gradieat in mist flow 4is not relevant (as shown by
Groeneveld (1972), the pressure ‘osses play a role only in the case of
freons), the vapor momentum equation is not wusually included in these
models. The models take into acoount the history of the average droplet
starting at its generaticn point, so that the average droplet diameter is
related to the mass loss during the flight, and not to the local relative
velocity as is done in several large codes: this should be an important
imorovement for the computer codes as discussed in Section 2.3.3.

¥al' to-vepor heat transler

Most of the proposed models assume that the heat tranafer from the wall to

the vapor can b+ described by the same relations used to describe heat

transfer to single-phase gas flow. As highlighted before, this assumption

ta pot justified; f w models tried to take into account the enhancement due
the presence of the dispersed phase.

© empirical approach has been proposed by Varone and FRohsenow (1984).
Thaase authors observed that using a HTC correlation valid for pure vapor,
even the shape of the wall temperature profiles obtainea by Era (1966)
could not be reproduced. From an extensive sensitivity analysis aimed at
the parameters that could produce such a big discrepancy, they realizad
that only & modification of the wall-to-vapor heat transfer coefficient
could bring the calculated wall temperatures close to the experimental
values. Modification in a wide range of any other parameter used in the
closure laws could only modify the weall temparature level, but not the
shape of the axial temperature profile.

The correction factor y that Varone and Rohsenow applied to the Hadaller
correlation to fit the data passes through & wminimum as the Qquality
increuses, The same behaviour was experimentally found for gas-particle
mixtures., Varone and Rohsenow correlated y only with quality and the ratio
between the vapor viscosities at wall and bulk temperature. The last
dependence w=av account for the wall temperature effect observed in gas-
particle d&° atic flows. The faot that the correction factor does not
depend from the droplet diameter and the Reynolds number (two Qquantities
that have been shown to influence the heat transfer rate to solid
dicpersions) could be due to the fact that it includes not only the effect
of the droplets on the vapor velocity prorile but also the "distributed
heat sink effect" whish is abcent in the case of gas—-particle mixtures, It
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than the larger oves that carry most of the mass. The global effect on the
axial distribution of the interfacisl area concentration and on the
evaporation rate is claimed to be different than that of a monodisperse
gpray. The droplets are therefore divided in two groups and an interfacial

ared Lrangport uqunt.ion' is written for each group. There is no interchange
of number of particles between the small and large droplet groups. Models
for the droplet volume mean diameter, upper-limited-log-normal size
distribution funectinn, and entrainment retes developed by Ishii and Mishima
{1981) are used,

The model is insensitive to the choice of the arbitary boundary between the
two groups and was sssessed against experimental reflooding data with good
results., The fact that no interchanges are allowed between the two droplet
groups causes & droplet to stay in the larger diameter group even after
significant vaporization, so that the spectrum shift cannot be taken ‘nto
acaount.

Kawail (1984) used in his model eleven groups of dropiets, and assumed that
the droplet size distribution remains unaltered. The maximum droplet
diameter is determined from & local ceritical Weber number.

Kawaji included in his program the possibility of using only one group of
droplets, sc that the waluation of the benefits that are possible by a
multifield approach can be appreciated, The numerical resulta were
compared with the experimental data obtained in five selected University of
Californie-Berkeley (UC-B) inconel tube reflooding experiments (Seban ot
al,, 1978). Since both the single-drop formulatior and the multi-field
approach realted in fa'rly good agreement, it is not possiple from the
limited assessment work presented by Kawaji to draw any conclusion about
the need to complicate to such extent the model for mist flow,

Lee, Heves and Almenss (1984), postulated the existance of two distinet
droplet generation mechanisms leading to a bi-spectral droplet population,

to explain the exponential decay of heat transfer just above the guench
front. A population of small droplets (10-50 pm) is produced by the
shattering of the bubbles that grow within the thin liquid layer below the
quench front., The size of these droplets depends from the thickness of the
liquid film covering the bubbles. A population of much larger droplets
(400-1200 ym) is forwed from the water between the bubbles. The
calculations show that th  small droplets evaporate entirely within a
distance of 10-50 om above the quench front, while the large droplets change
relatively little. By taking an appropriate weighted average, a
characteristic droplet diameter is defined for the two distinct evaporation
regimesa. The characterictic diameter of the samall droplets is determined
according to the experimental data of Newitt (1954), and for the large
droplets the measurements in the FLECHT experiments were used. From
geometrical considerations, the ratic between the number of droplets
belonging to the two groups ia evaluated.

Cigarini (1587) implemented this droplet population model in the German
code FLUT, and obtained a very satisfactory prediction of the cladding
temperatures for two FLECHT tests; these could not be gorrectly calculated
using a standard mono-gpectral droplet size distribution.

Incidentally, use of an area traunsport equation could be an improvement
with respect to numerical stability, since it imposes a gradual reduction
of the interfacial area by evaporation,
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vapor and droplets at the entrance of the heated length.

The analysis for laminar flow (supposed to be valid at low flooding rates)
gave correot results, as cowpared with the experimental data from the (C-B

single-tube test section, in the region some distence downstream from the
quench front, For the zonn near the quenoh front, an empirical correlation
was established (Ya~ and Sun, 1982) for wall heat transfer augmentation due
to droplet-to-wall interaction.

Mong snd Hochreiter (1980) developed - three-dimensional laminar vapor
temperature f'ield equation using the energy balance for non-equilibrium
disperscd droplet flow. The vapor temperature distribution is caloulated
taking into account the affects of conduction, radiation and droplet
evaporation,

The improvement with respect to the models of Yao and Rane (beyond
consideration of reaiation) 1s the allowance for some velocity difference
between the phases; the droplet velocity is assumed to be equal to the
local terminal velocity everywhere along the channel.

On the other hand, turbulent mixing is neglected, and this is justified by
the fact that the FLECHT experimants that were analyzed were in the
transition region between laminar and turbulent flow (Re = 2000 to 500J).
The analysis of the discorepancies between caloulated and experimental heat
fluxes, the latter being systematically unaffected by the Reynolds numier,
supported the conclusion that turbulent mixing is not imporcant for very
low reflooding conditions (2 to 2.5 cm/s). Throughout the analysis an
average droplet diameter corresponding to the experimentally observed value
{780 um) was used.

An analogous model (in two-dimensions), including radistion heat transfer
from a hot wall to an optically thick medium (high pressure system or large
onaracteristic length or both) was developed by Chung apd Olaffson (1584).
Both turbulent conduotivity and vapor veloolty priiices were take:n from the
theory of turbulent fully-developed aipgle-phase flow (two-layer turbulenu
conduntivity model by Tcavis, 1971. and three-layer turbulent velocity
distributions by Kays, 1966). A uniform droplet diameter was input, and
considered as a fitting parameter.

Substantially different is the model proposed by Webb and Chen (1982), who
did not assume a vapor velocity profile, Lut caloulated the radial velocity
ralial distribution by considering, together with the vapor energy
equation, the two-dimensional wmomentum conserv:‘lon equation. Three
important assumptions are still present: negligibl. direct wall-to-liquid
heat transfer, radially uniform vapor generation rate and negligible
influence of the dispersed pnase on the thermal diffusivity and viscosity.
The peculiar feature of this model is the way *“he vapor geaeration source
function is oonsidered. Convection (conv) and radiation (rad) components
ars included, so the total (t) source function is:

rt = rmnv . rrad
where I , the radiaiive portion, is assumed to be constant in the radial
direction. The convection source function roonv’ usually relatled to the

droplet size and a given heat transfsar correlation, lumps in this model
these parameters into a variable I auch that

_ . ,2/3
sope T U iy e T (1)
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o is & funotion of system and operating conditions and is deduced by a

best-fit analysis of the experimental vapor superheat data. The formulation
in terms of a lumped vapor generation source function o is a pragmatic

approach circuswenting the need for good estimates of droplet size an?
vapor-to-droplet heat transfer,

Implicit in the form of room is the assumption that the number of droplets

is oonstant The model necessitates, however, the gspecification of a
droplet size, in order to calculate the void fraction. The droplets are
assumed to travel at their terminal velooity. Knowing the quality and
velocity difference, the void fraction can be determined.

The model has been evaluated ageinst the experimental data of Nijhawan
(1980) @&t low pressure and lowto-moderate CHF qualities. In the
comparison, the strength of the vapor generation source function op was

varied to match the experimental vapor temperature, The resulting wall
temperatures oompaved [favorably with the experimental wall temperature
profiles of Nijthawan (1980). The form of o based on the experimental data

of Nijhawan and on the "inferred” vapor superheuts in the experiments of
Bennet (1967) is given by Webdb et al. (1982). An extension of the data base
by tw<o series of experiments carried out by Evans et al, (1983) and Gottula
et al, (1984) under steady-state or slow-reflooding conditions, allowed a
ref inement of the correlstion., The standard daviation in the prediction of
the vapor superheat is, bhowever, still 507, (Webb and Chen, 1984). The
revised form of o inoludes the effect of the cahanced vapor generation

immediately above the quench front due to liquid-wall contacts (near field
vapor generation rate).

Tre same basic idea of accounting for the distributed heat sink in the
caloulation of the wall-to-vapor heat transier lead *o the ui: of a
correction coefficient in @& previously developed phenomenological
correlation (Webb and Chen, 1984), It is worth to remark the similarity of
this coefficient with the one used by Varone and Rohsenow (1984) to mateh
the data with their model: in both cases the discrepancy between data and
predictice by a correlation valid for single-phase flow is attributed to
the presence of the droplets. However, while Webb and Chen consider only
the effect of the distributed heat sink (and correlate the - rrection
factor with pressure, quality and Reynolds number), Varcne and Rohsenow
(1984) correlate the correction factor with the quantities that are
supposed to modify the level of turbulence of the mixture (quality and
viscosity ratic), as discussed in 4.2.1, Both approaches are thus partial
and empirical in nature.

Another interesting result of the analysis of Webb and Chen (1982) is that
a fully developed velocity profile may be used, since only slight
differences in the calculation were detected between the present model and
a previous formulation (Webb and Chen, 1981) that assumed no radial
component of the vapor veiceity.

The assumption of vuniform droplet concentration (u<iform heal. sink

distribution) is removed in the recent model by Kirillov et al. (1.37).

Their two~dimensional analytical formulation of annular-dispersed flow
involves mass, momentum and energy conservation equations for the vapor and
the droplet flows, as well as for the liquid filw. The advanced feature of
this model is the oconsideration of the two-dimensional motion of a
population of droplets: a mass transfer equation for a flow of droplets is
written for all the droplet size groups in which the entire spectrum is
divided,

The convective ccaporent in the advection~diffusion equation (in terms of
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5. CONCLUSIONS

The models implemented in the reactcr safety codes have in principle the
capability to acoount for all the important wall and interfacial mass,
momentum and energy transfer mechanisms that take place in DFiB.

The tight ooupling between heat transfer processes and jopological
sharecteristics of the flow (distribution of the phases over the oross-
seotion) dimposes some caution in defining end using the oross-section
averaged quantities that are required in the one-dimensionai formulation of
the codes. This gveraging proplem is common to eany two-phase flow pattern:
what 1is special in DF is the fact that a very high temperature gradient
exists in the vapor phase, so that the distribution of the evaporating
water droplets plays a fundamental role in the heat transfer process,

The [full representation of droplet hydrodynamics 4s far beyond the
possibilities of the ccdes: the introduction of distribution coefficients
in the oconservation equations and closure lars is a candidate method for
improving the physics of one-dimensional models,

The importance of direct wall~to-droplet heat transfer has not yet been

fully assessed, alsc because of the lack of a reliable criterion for the
vettability of the wall. In any case, th: -ar! _jon of the contact area
between the wall and the two phases ou tae basis of the average void
fraction is definitely wrong and posea a serious limit to the realism of
the entire procedure,

Enhanced heat transfer to the liquid present in proximity of (or in contact
with) the wall can only be calculated if the concentration of droplets near
the wall and their radial velocity are known: within the frame of a one
dimensional model the deposition velocity could in principle be correlated
to the average characteristics of the flow and the conditions at the onset
of DFFB.

Of special importance during reflooding is the initial radial velocity of
the droplets that determines the deposition rate ju-* above the quench
front. An empirical parameter such as the effect” -2 of the c¢ontact,
relating the heat flux to the droplet to the dr « mass flux could be
derived from experiments (much experimental work has been already
acoompiished, «ond more would be welcome).

A coritical parameter in modelling DFFB is the gharacteristic droplet
diameter, since it affects the distribution of the liquid phase both in the
axial and radial directions. The experimental evidence shows that within a
short distance from the generation point, droplets of very different sizes
attain the same axial velocity. This behaviocur indicates that the
introduction of a multi-field approach ocannot be beneficial to the realism

of the model.

Nevertheless, the choice of a irepresentative Jiameter that characterizes
the multi~sized population of droplets affects the deposition velocity, the
avairage axial drag, interfacial heat transfer, and radiation heat transfer
from the wall. In this respect., the droplet asize distributiop at the
generation poipnt 1s of orucial 4dmportance: in the codes, a fixed
distribution is implied, independently from the flow regime from which the
droplets originated. The experiments show, on the contrary, the dependency
of the size of the droplets from the flow pattern upstream of the DF zone,
On the other hand, a general relation between droplet size and initial
conditions has not yet been experimentally established. «n improvement of
the codes in this area is required, A flow pattern dependent droplet size
at the inception of DFFB is, however, useful only if the evolution of ihe
characteristic droplet size acoording to the mechanisms that control it
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{(break-up, evapcoration and ccalescence, in that order of importance) .s
accounted for,

The actual coriterion used by thd coder to defins the paximum droplet
diapcter, based on the local coritical Weoer number is coupletely
unphysical, It ashould be replaced by a t.ansport equation considering the
fact that break-up does nol oocur instantaneously: large drops can indeed
be ocarried over in spite of the faot that their existance would not have
been allowad by aserodynamic stability criteria,

Anteraction between the drops affecta interfacial drag and (possibly) heat

transfer. The codes overlook this effect, which, in the range of void
fractions that is typical of DFFB might be important. More experimental
work is needed in this area, since the basic interaction mechanisms are
poorly understood.

Droplet-vapor interaction mechaplsms thav affect the wall-to-vapor heat

tranafer cannct be taken into account by the one~dimensional models: these

are &) the podification of the thermal boundary Jlaver due to the
evaporation near the wall, and b) the glteration of the vapor velogity
profile by changes in the structure of turbulence due to the droplets, In
principle, a ocorrection factor to the single-phase forced oonveccion
corralation (Dittus-Boelter or other) could take into account both effects,
Unfortunate'y such a correction factor considering all the parameters that
are known vo affect the heat transfer goefficient is not yet availaeble, and
partial oorrestions must be discouraged, because of the ocomplex and not
fully understood variation of the HTC (strong enhancements and reductions
are both experimentally observed).

More attention should be paid to padiation heat transfer. which can give an
‘mportant ocoatribution to the total heat flux, often neglected by the

modeller,

The presence of spacer grids in the fuel rod bundles should be considered
in the DFFF model, as it affects locally the wall heat transfer and, what

is more important, results i{n a shift of the droplet size distribution to
amaller dropaets,

A0_sumaary the basic deficiencies of the models are due to a simplified
description of the droplet hydrodynamics and the disregard for the wall-to-
vapor heat transfer ocoefficient modification due to the dispersed phase.

The literature survey reveais, however, that most of the one-dimensional
models are based on the same assumptions used in the codes, with the only
exception of an improved consideration of the droplet size evolution,
Interesting improvements to apecific sub-models have been proposed, but the
importance of these modifications is always difficult to assess because of
the many simplificetions in other areas (e.g. neglect of wall-to-drop heat
tranafer, of radiation heat transfer, predetermined velocity rat) eto.,
in various combinations). A few itwo-dimensional models have ,how .er, been
proposed: their main limitation is the rough modelling of the droplet
hydrodynamics or the structure of the flow.

, a model that acocounts for all the important phenomenological
aspects of DFFB that have been discussed in the present report and are not
considered in the codes is not availeble in the literature.

However, the need is felt for & compiete model that could help to point out
and understand the importance of the several sub-processes under various
conditions: this oould be helpful for defining the piriorities for new
theoretical and experimental work.

The influence of the conditions at the incipience of DFFB (suck as droplet
population size spectrum and droplet initial transverse momentum) has also
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to be studied, as any improvement in the mechanistic desorip*ion of DFFB
could be useless if the results are too sensitive to the initiel
conditions., At the present time ti-se cannot be easily defined because of
the lack of systematic experimental investigations.
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NOMENCLATURE

A flow arsa

‘d projected irea of the droplet

Ar liquid loading parameter

B Spalding number

Bd volume of the droplet

BM russ transfer number

vp vapor specific heat capacity

C proportionality factor

Ce distribution parameter of energy (or enthalpy) flux
Co distribution parameter of volumetric flux
CV distribution parameter of momentum flux
Cw wall superheat parameter

¢ zaan concentration of droplets

d droplet diameter

1] hydraulic diameter

© total heat diffusivity (molecular+turbulent)
s specific internal energy or »nthalpy of phase K
Eo Eotvos number

& deposition factor

F drag force

'S gravity acceleration

G mass flux

ar Grashof number

h enthal py

HS heat sink

HTC heat tranafer coefficient

k thermal oconductivity

K non-equlibrium constant

Kd droplet deposition veloecity

La Laplace number

m loading ratio

td droplet mass deposition rate

M axial mass flow

n, "d droplet number conrentration

ﬁd droplet flux

Nar non~equilibrium parameter

H“ viscosity number

Nu Nusselt number

P presaure

Pr Prandtl number

q" heat flux

Q volumetric intertacial heat transfer rate
r droplet radius, radial coordinate

R tube radius

Re Reynolde number

S heat sink parameter

S¢ Schmidt number

Sh Sherwood number

t time

T temperature

U average axial velocity

e
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