
hr. J. Hear Mass Transfer. Vol. 27, No. 4, pp. 573-585, 1984 0017-9310/84$3.00+0.00 
Prmted in Great Britain 0 1984 Pergamon Press Ltd. 

SIZE AND NUMBER DENSITY CHANGE OF DROPLET 
POPULATIONS ABOVE A QUENCH FRONT DURING REFLOOD 

R. LEE and J. N. REYES 

Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory Commission, 
Washington, DC 20555, U.S.A. 

and 

K. ALMENAS 

Department of Chemical and Nuclear Engineering, University of Maryland, 
College Park, MD 20742, U.S.A. 

(Received 13 July 1982 and in reoisedform 27 July 1983) 

Abstract-The ‘precursory cooling’ in the immediate region above the quench front cannot be adequately 
explained using a three component (wall-droplet-vapor) phenomenological heat transfer analysis based on a 
single averaged droplet size. This phenomenon can be attributed to the fact that two distinct droplet 
generation mechanisms are present (fragmentation of bubble film and hydrodynamic) leading to a bi-spectral 
droplet population. A model is proposed to describe the bi-spectral droplet generation mechanism. The 
evaporation rate of these droplet populations is analyzed by taking into account the relevant convective and 
radiative heat transfer mechanisms. The rapid evaporation and diminution of the small droplet spectrum can 
explain the exponential rate ofenergy transfer from the cladding surface in the vicinity above the quench front. 

and by analogy the enhanced heat transfer rate downstream of Bow restrictions. 
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NOMENCLATURE 

dimensionless parameter used in the 
upper limit log normal distribution or 

used in equation (6) 
cross sectional area of droplet [m’] 
mass transfer number or blowing factor, 

equation (18) [dimensionless] 
drag coefficient [dimensionless] 
droplet diameter [pm] 
equivalent diameter of channel [m2] 
maximum droplet diameter [pm] 
generalized droplet diameter, 

[ j: D”f(D) dD/j: D”f(D) dD]lill-“) [pm] 

emissive power [W mm21 
upper limit log normal distribution 
geometric view factor between a right 
circular cylinder and a sphere 
[dimensionless] 
gravitational constant [m s ‘1 
enthalpy of steam [kJ kg-‘, J kg-‘] 
enthalpy of liquid [kJ kg- r, J kg- ‘1 

h,-h, [kJ kg-‘, J kg-‘] 
radiant heat flux from surface [W m-2] 
as defined in equation (A2) [W mm21 
conductivity [W m r K- ‘1 or Boltzmann 
constant 
liquid film thickness of bubble [pm] 
mass of droplet [kg] 
mass flux of evaporating droplet 

[kg mm21 
Nusselt number [dimensionless] 

P 

Pr 

9” 

9c,r 

Q, 
Q abs 

rd 

R 

Re 

t 

G 
T sat 
Tg 
TV 
AT 

ud 

Ug 
AU 

V 

V 

pressure [MPa, psia] 
Prandtl number [dimensionless] 
heat flux [W m- 2] 
convective/radiative heat flux [W m-*1 
radiant heat transfer rate [W] 
absorption coefficient of droplet 
[dimensionless] 
radius of droplet j$rn] 
radius of bubble [pm] 
Reynolds number [dimensionless] 
time [s] 
temperature of droplet [“C, K] 
saturation temperature c”C, K] 

vapor temperature YC, K] 
cladding/wall temperature c”C, K] 

T, - T,,, C”C> KI 
droplet velocity [m s-r] 
vapor velocity [m s-l] 

ug-ud [m s-l] 
volume fraction of droplets having a 
diameter D 

volume of droplet [m3]. 

Greek symbols 

% steam absorptivity [dimensionless] 
F emissivity [dimensionless] 
t:, emissivity of vapor [dimensionless] 
i wavelength [pm] 
V kinematic viscosity Cm2 s _ ‘1 

PE density of vapor [kg me31 

PI density of liquid [kg mm31 
IJ Stefan-Boltzmann constant 

-2 Ke4] 
mm-‘,. 

or surface tension 
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INTRODUCTION 

THE THEORETICAL study of droplet heat transfer and 
droplet depasition on surfaces in dispersed flow is of 
importance in analyzing liquid fuel spray combustion, 
evaporators, spray cooling and in a variety of other 
analyses. Among the areas of applicability, however, 
the greatest safety implications lie in the analysis of 
nuclear power reactor core coolability subsequent to a 
large break loss-of-coolant accident. As a result of this 
interest, heat transfer models employed to analyze 
reflood conditions have progressed from empirical 
correlations to a mechanistic analysis of the various 
heat transfer components which contribute in parallel 
or in series to rod quenching and the dispersed flow 
cooling process. Quite often the mechanistic modeling 
of a single process pointed out the need to model other 
simultaneously occurring processes. The comparison 
of early conduction models to experimental data 
revealed the need to include ‘precursory cooling’ 
immediately above the quench front. At large distances 
above the quench front, theoretical and experimental 
analysis showed that the flow is in a highly thermal non- 
equilibrium stage. Improvement in the temperature 
measurement of the superheated vapor allowed a 
quantitative formulation ofthe three component, wall- 
vapor-droplet, heat transfer process. A number of 
studies incorporating some of these simultaneously 
occurring heat transfer processes are available. Though 
different in detail, most share a highly simplified 
formulation for the liquid phase (i.e. dropIets) in the 
dispersed flow. Generally it is assumed : 

(1) All droplets can be represented by a single 
average diameter. This average drop diameter dim- 
inishes through evaporation as the flow proceeds 
up the channel but the number flux of these droplets 
remains constant. 

(2) Direct wall-to-droplet heat transfer due to 
impingement is a minor heat transfer component and 
can be neglected. The inclusion of this component was 
evaluated by subtracting the competing (radiative and 
convective) heat transfer rates from the overall ex- 
perimentally measured rate and was found to be 
fairly small. 

The objective of this study is to relax the sim- 
plification made on the liquid phase of the dispersed 
flow and to consider all heat transfer processes 
simultaneously. This study will examine the droplet 
generation mechanism and the droplet size spectrum at 
the quench front and the heat transfer between the 
wall-vapor-droplet for the range of parameters 
encountered during reflood. 

BACKGROUND 

Dispersed flow heat transfer analysis has evolved 
from empirical correlations to more elaborate 
phenomenological studies. Most empirical studies are 

based on a variation of the Dittus-Boelter type 
turbulent single phase forced convection relationship 
(i.e. NU = c Ren Prb) [ i,ZJ. Two-phase flow is taken into 
account by modifying single phase correlations with 
two-phase multipliers [3, 4). Since empirical corre- 
lations give very little physical insight regarding the 
nature of the dispersed flow heat transfer, researchers 
have undertaken a number of phenomenological 
studies. 

The role that droplets play in dispersedjiow heat tramfer 
Early dispersed Row models assumed thermo- 

dynamic equilibrium conditions between liquid and 
vapor phases [3,5,6]. This in effect maximized droplet 
importance by assuming instantaneous and complete 
heat and mass transfer between the droplets and the 
vapor. For such conditions, droplet population 
characteristics are irrelevant and none were considered. 

The effect of droplet evaporation is included in- 
directly in some conduction controlled rewetting 
models. Thus in order to achieve better agreement with 
experimental values, Dua and Tien [7] proposed an 
exponentially decreasing ‘precursory cooling’ function 
immediately above the quench front. In experiments 
performed by Parker and Grosh [S], droplets were 
directly observed even at conditions for which 
equilibrium quality should exceed unity. Subsequent 
experimental work aided by improved instrumentation 
demonstrated that a large degree of superheat can be 
present for typical core recovery conditions [9, lo]. 
The extensive FLECHT experiments series [l l-131 
demonstrated that for the entire probable range ofcore 
reflood conditions, the superheated steam above the 
quench front willco-exist with dispersed liquid water. A 
dispersed, non-equilibrium flow regime has thus been 
shown to be the rule rather than the exception. 

A number of investigations have subsequently 
proposed phenomenological and empirical corre- 
lations to describe the heat and mass transfer under 
such conditions [13-l 81. Phenomenologically the total 
energy balance is usually broken down into three 
transfer processes as : 

(1) Wall-to-vapor heat transfer (convective and 
radiative). 

(2) Wall-to-droplet heat transfer (radiative and 
droplet impingement). 

(3) vapor-to-droplet heat transfer (convective and 
radiative). 

The models differ in the importance that they assign 
to the droplet-to-wall heat transfer process and in the 
treatment of the radiative heat transfer. In most cases, 
both phenomena are considered to be small and are 
neglected, An additional and important difference is the 
manner by which the dispersed phase is modeled. 

Chen et al. (141 utilized empirical correlations to 
determine both the drop size and the void fraction. Sun 
et a[. [ 151 reversed the customary calculation process, 
that is, they treated the nature of the dispersed phase as 
an unknown and used an experimentally determined 
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heat transfer coefficient to fix the probable droplet 
diameter. 

A phenomenological approach was proposed by 
Saha et al. [16]. The conditions of the dispersed phase 
were determined at the quench front, then their 
evolution downstream was followed through an energy 
and mass balance. However, as will be shown later, the 
mechanism chosen for droplet generation was not valid 
at the quench front. 

A complete, three component energy transfer model 
was developed by Koizumi et al. [17], in order to 
analyze experimental dispersed flow data obtained by 
the same authors [18]. The fluid employed was not 
water and the droplet generation mechanism was found 

to be different above the quench front, but the analysis 
included an evaluation of the wall-to-drop heat transfer 
term. For experimental conditions the term was shown 
to be small but not negligible. 

Of special importance is the experimental and 
associated analytical work presented in the FLECHT 

report series. In the earlier series [ll, 121, energy 
transfer rates were obtained directly from energy and 
mass balances based on locally measured conditions. 
This required only integral values (i.e. local quality) for 
the dispersed liquid, and estimates ofdroplet sizes were 
used only in order to calculate the relatively small 
radiation heat transfer term. Wong [19] solved the 
vapor temperature distribution in a more detailed 
fashion by taking into account bundle geometry, axial 
and radial variation of vapor temperature and flow 
properties, and the enhancement ofheat transfer due to 
turbulence. The droplet size and the motion of the 
droplets in the vapor phase was deduced from the 
FLECHT experimental data. In the later series [13] 
extensive direct measurements of the droplet popula- 
tion size and velocity range have been obtained and are 
used to modify the computational model. 

Droplet creation mechanism 
The coolability of a hot surface by steam carrying 

entrained droplets is of importance in industrial 
applications such as spray cooling, steam turbine and 
steam generator design. This diversity is noted since it is 
customary to consider the flow regimes encountered by 
the above applications as basically identical. That is, 
they are assumed to differ only in quantitative aspects 
such as quality, pressure and the average diameter used 
to characterize the droplet population. However, such 
an analogy can be made only for conditions for which 
the droplet population is generated by the same 
mechanism. The droplets of such populations would 

be expected to be clustered around a characteristic 
mean in a distribution which reflects the degree of 
randomness inherent in the production process and the 
evolution of the population during the time between 
production and measurement. 

Therefore, in quantifying the nature of the dispersed 
flow regime above the quench front, the first step must 
be an analysis of the prevailing droplet generation 
mechanism. In order to evaluate the droplet-to-steam 

heat transfer rate, properly averaged droplet diameters, 
droplet number density and their relative velocity with 

respect to the vapor are required. Until very recently no 
direct measurements of these indices were available and 
even the latest published experimental droplet indices 
[13] apply only to a portion of the total droplet 
population. Faced with this situation, investigators 
have tried a number of approaches. The methods used 

can be divided into the following categories : 

(1) Energy and mass balances (based on measured 
local conditions) are coupled with empirical slip 
correlations to define local droplet densities [ll, 121. 

(2) Droplet size indices are adjusted to fit ex- 
perimental total heat transfer rates [15,20]. 

(3) Droplet population indices measured for steady 
state annular flow conditions are adopted [17]. 

(4) Size indices are based on some postulated droplet 
creation mechanism. Density indices are obtained from 
energy and mass balances [ 161. 

Approaches (1) and (2) are applicable primarily in the 
analysis and interpretation of experimental data and 
are unsuited for a priori calculations. Approach (3) 
could be termed the classical heat transfer method ; that 
is, if data specific to given conditions does not exist, use 
available data for analogous conditions. Applicability 
then depends upon the choice of a proper analogy. Even 
superficial analysis shows that there is very little 
similarity between conditions abovea quench front and 
those encountered in annular flow. The vapor above 
the quench front is superheated and, as it moves 
upward it is accelerating due to droplet evaporation 
and heating by the rods. In annular flow, the vapor is 
in thermodynamic equilibrium with the liquid phase 
and usually moves at a reasonably constant rate. Even 
more important, empirical correlations describing the 
droplet population in annular flow represent a 
kinematic equilibrium state between two competing 
mechanisms; entrainment due to shear forces between 
a faster moving liquid core and a surrounding liquid 
film and de-entrainment due to turbulent diffusion and 
gravity. Clearly, neither of these mechanisms can 
be postulated for conditions above the quench 
front. Similar objections can be raised against the use 
of annular flow empirical slip or void fraction 
correlations. 

Approach (4) is thus the only consistent phenomeno- 
logical method that remains; that is, the droplet 
population must be defined at its point of origin, the 
froth front, and subsequently its evolution must be 
followed utilizing applicable energy and mass transfer 
processes. This approach has been tried by several 
investigators. However, in most cases the mechanism 
chosen to generate the droplets at the froth front are of 
questionable validity. The mechanisms used to date can 
be divided into two categories : 

(a) Weber number breakup [ll, 12,211, 
(b) hydrodynamic film vapor interaction [ 161. 

The Weber number breakup mechanism postulates 
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that for given flow conditions, there is a maximum size 
beyond which a droplet becomes unstable and breaks 
up. Such critical Weber numbers range from 
approximately 7 to 12. At best this approach can define 
only the upper size limit for a droplet population. 
However, for many flow conditions, such criterion 
could not even give the correct size range [22]. 

The importance of annular flow and droplet 
entrainment from liquid surfaces has led to the 
postulation of a number of entrainment mechanisms 
and associated empirical entrainment correlations. 
Examples of such mechanisms are the Keivin- 
Helmholtz 1231, the Roll Wave [24] and Wave 
Undercut [25]. Applicability of a given mechanism 
depends primarily on the thickness turbulence level of 
the available liquid layer, but they aII depend on 
momentum transfer from a fast moving vapor stream to 
a slower moving or stationary liquid surface. If such 
shear Row conditions do not exist then clearly the 
above mechanisms cannot be applied. 

DROPLET FORMATION MECHANISM AND DROPLET 

SIZE SPECTRA ABOVE A QUENCH FRONT 

In a restricted sense the quench front is the region on 
the cladding surface where initial continuous contact 
between liquid and cladding is established. There is a 
narrow zone of violent film boiling immediately 
downstream of it and a wider region of strong nucleate 
boiling below. The vapor generated by this boiling is 
released into the fairly crowded (D,, = 0.01 m) inter- 
rod channel. This produces a continuously rising 
stream of bubbles that merge into a foamy layer. 
Observations and photographic evidence [26] have 
shown that this foamy region oscillates substantially 
about the quench front and it is within this region that 
the droplets originate. As shown in Fig. 1, two distinct 
mechanisms for the generation of droplets exist, giving 
rise to two separate droplet populations. These are : 

(i) A population of quite small droplets (l&SO pm) 

A - ~~~~~D~OPLETS PRODUCED BY SHA~ERI~G 

B - INTERSTITIAL WATER: SOURCE OF LARGE 
DROPLET GENERATION 

FIG. 1. Droplet creation mechanisms above a quench front. 
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F~.G. 2. Histogramsshowingsizedistributionoflargeandsmall 
droplets resulting from bubble burst mechanism from Newitt 

et al.‘s experiment 1291. 

is produced by the fragmentation of the bubble film. 
The size of these droplets will be characterized by the 
thickness of the bubble film. 

(2) A population of much larger droplets formed 
from the interstitial water which is being swept upward 
with the foam. It is this droplet population which is 
measured at the observation point. Average measured 
or inferred diameters range from 400 to 1200 pm [27, 
28). 

Droplet generation by the bubble burst mechanism 
has been investigated by Newitt et al. [29]. In their 
experiment, air bubbles were released under a quiescent 
liquid surface. A typical histogram showing size 
distribution ofthe generated large and small droplets is 
shown in Fig. 2. Two distinct populations were 
observed. A large population of quite small droplets 
(average diameter of 30-35 pm) produced by the 
fragmentation of the bubble film. The average size of 
these drops decreased with increasing water tempera- 
ture. A less numerous population of large drops 
(average diameter of 1000 pm) was produced by a 
surging flow of water into the depression left after the 
bubble has burst. The ratio of the number of small to 
large droplets ranged from 1 to 100 and increased 
strongly with increasing bubble diameter. It seemed to 
have no correlation with temperature. 

Above a quench front the generation mechanism of 
the large bubbles is different, but the fragmentation of 
the bubble film is entirely analogous. Thus ifdi~erences 
in water temperature are taken into account, the small 
droplet measurements are directly applicable. Quench 
front bubble diameters are restricted by inter-rod 
distances and thus should not exceed -0.4 cm. 
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However, the temperature conditions are different. 
Newitt et al. varied liquid temperatures within a fairly 
narrow range (from 25 to 45°C) while quench front 
liquid would be expected to be in the range of 108- 
145°C. Both surface tension and viscosity change 
appreciably in this temperature interval and this would 
be expected to influence the thickness of the liquid 

bubble film and consequently the size of the fragmented 
drops. For the dynamic conditions existing for a rising 
and bursting bubble, film thickness should vary 
inversely with surface tension and directly with liquid 
viscosity. The surface tension film squeezes the trapped 
water which flows laminarly to the sides. A bubble with 
constant surface tension is therefore not stable and 
bursts quickly. The amount of water squeezed out in 
this transient time should be proportional to the 
pressure driving force (the surface tension) and 
inversely proportional to viscosity. Droplet size is then 
proportional to the water remaining in the liquid film. 
Employing the noted assumptions, a temperature shift 
from 45 to 145°C results in a diameter multiplication 

factor of 0.58 as shown in ref. [30]. Based on the 
previous reasoning and Newitt et d’s data, the 
expected D,,, diameter for droplets produced by film 
fragmentation above the quench front is approximately 

30 pm. 
As noted the generation mechanism of large droplets 

in Newitt et d’s experiments is quite different and no 
direct correlation with quench front conditions should 
be expected. Above the quench front large droplets are 
created when interstitial water collected between 
several simultaneously rising bubbles is hurled into the 
accelerating vapor region. The droplets formed can be 
quite large, therefore surviving the transition from the 
quench front to the measurement location with 
relativelylittledecrease in diameter due to evaporation. 

Careful measurement of droplet size for a range of 
reflood conditions have been made during the 
FLECHT-SEASET tests. The measured distributions 
are presented in ref. [13], in terms of lower limit log 
normal distributions. While producing satisfactory 
indices, such a distribution unduly weights the upper 
range of the population. As long as the droplets do not 

Table 1. Conditions above quench front measured and 
predicted in the FLECHT-SEASET experiment series 

Parameters 

Cladding temperature 
Vapor temperature 
System pressure 
Core inlet water velocity 
Core inlet mass flux 
Duration of rod uncovery 
Void fraction 
Vapor velocityt 
Quality :t 

equilibrium 
actual 

Range of conditions 

43771490 K 
393-1393 K 
0.1384.414 MPa 
0.01-0.15 m s-r 
9.2-142.8 kg mm2 s-’ 
35-960 s 
0.7-1.0 
3-18 m s-’ 

0.4-1.42 
0.4-0.7 

t Predicted. 

evaporate completely this is of small consequence. 
However, for complete evaporation, an unrealistically 
long time for evaporation of the entire population will 
be calculated. For this reason, the data for both the 
large and small droplet populations have been re- 
correlated on the basis of the upper limit log normal 
distribution. As shown in Fig. 3, this produces a 
reasonable fit for the large droplet spectrum. 

The utilization of Newitt et d’s data and the 
available FLECHT-SEASET measurements thus 
define the initial size indices of both distributions. The 

major remaining unknown is the initial number or 
weight ratio between these two populations. No direct 
experimental data is available, thus the ratio must be 

established by a reasonable hypothesis. As shown in 
Fig. 4, the minimum number of bubbles between which 
interstitial liquid can be trapped is three. In the 
restricted inter-rod space this will probably be the 

dominant mode of large drop generation. The volume 
of interstitial liquid can thzn be established by 

geometric arguments. It is further assumed that only 
half of the liquid in the liquid film generates small 
droplets, the other half is retracted into the foam front 
by surface tension. Based on the model, if the liquid film 
thickness is known, one can estimate the weight or 
number ratio between the large and small droplet 
populations. From studies of thinning ofliquid film, the 
minimum thickness is estimated to be in the order of 

200 A with an average thickness of 1000 A [31]. Typi- 
cal small and large droplet spectrums generated by the 
assumed model during a 0.12 s integral period are 
shown in Fig. 5. The very high evaporation rate of the 

small droplet population altered their number density 
even in this short time interval. Figure 5, therefore, also 
shows a calculated instantaneous distribution. 

DROPLET EVAPORATION 

Above the quench front, droplets are hurled into the 
vapor space with varying degrees of initial momentum 
and a distribution ofinitial directions. As they move up 
the channel the ambient conditions will vary strongly 
with position and time. Just ahead of the quench front 
the vapor temperature will be close to saturation 2nd 

the clad surface temperature can lead it up to 800 K. The 
ambient temperature then rises very rapidly and the 
vapor accelerates due to thermal expansion and the 
additional vapor created by the rapid evaporation of 
the smaller droplets. The droplets thus find themselves 
in a highly superheated and continuously accelerating 
environment. Their size and number density distri- 
bution will change due to evaporation, coagulation and 
droplet breakup. The latter two mechanisms will be 
especially important and dominant at channel 
locations where changes in vapor momentum occur, 
such as at grid spacers or in channel restrictions due to 
clad ballooning. At these locations the droplet 
distribution is modified by the creation of an additional 
small droplet population due to impingement breakup 
and shattering of the larger droplets. This effect is 
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FLECHT-SEASET RUN NO. 32114 (Ref. 13) VOLUME 96 

P = 0.276 MPa 

T, = 1,193 K 

AT= T, - T,,,= 790K 
QUENCH FRONT LOCATION = 0.18 m 
OBSERVATION LOCATION = 0.91 m 

d = 1.07 

a = 2.86 

D, = 8.0 mm 

/’ NUMBER % 

0.03 1 I III I I IlllII, I, I, I I J 
0.1 1 5 10 50 90 98 99 99.8 99.9 99.99 

1oov 01 toon 

FIG. 3. D/&-D) as a function of cumulative volume OF number percentage, 

usually strong enough to produce local desuperheating 
and thus a measurable decrease in adjacent clad 
temperature [32]. In this respect the region 
immediately above a restriction resembles the region 
above the quench front. That is, in both cases a 
transient, quickly evaporating small droplet popu- 
lation is present. 

In this study the droplet population evolution in the 
path segment between the quench front and the first 
channel restriction is considered. The results are also 
qualitatively applicable to path segments between 
sequential restrictions. The predominant droplet 
population evolution mechanism in such straight path 

LIQUID FILM AL 

LIQUID SURFACE 

INTERSTITIAL--~ A-A 
LIOUID DIAMETER Imicron) 

FIG. 4. Model for quantifying large to small droplet weight FIG. 5. Number of small and large droplets generated’duringa 
ratio. 0.12 s interval. 

segments is evaporation in a highly superheated vapor 
with a radiant heat transfer component contributed by 
the high surface temperatures of the surrounding rods. 

Droplet evaporation model 

The calculation model employed integrates the 
momentum,energy and mass balance equations using a 
finite-difference predictor~orrector method and a 
variable time step chosen by the program to assure a 
specified accuracy. Initially, the droplet is assumed to 
be stationary, it accelerates under the influence of 
gravity, reaches some maximum velocity, then 
decelerates as the decreasing droplet radius increases 

I FLECHT-SEASET RUN NO. 32114 (Ref. 13) 

- INTEGRAL SMALL 
DROPLETS ~~TRUM 

-------. INSTANTANEOUS SMALL 
DROPLETS SPECTRUM 

---- LARGE DROPLET 
SPECTRUM 
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the importance of the frictional drag term. Ambient Customarily the Ranz-Marshall [33] correlation is 
conditions are assumed to be constant and are chosen used which sets a = 0.6, however, experiments per- 
to span the condition range expected above the quench formed by Lee and Ryley [34] have shown that for 
front. Both radiative and convective heat transfer is superheated vapor conditions the value of a = 0.74 is 
considered. preferable. 

The time-dependent momentum balance equation 
for a droplet expresses the balance of gravity, drag and 
buoyancy forces as 

md h,‘dt = l/2 * CdAd&(u, - ud)2 - ,h, -P,). (1) 

Solving for the acceleration of the drop 

d(W/dt = g(P, -P,) - 3/g * CdP,(A#/(P,rdb (2) 

where Cd is a function of Reynolds number and is given 

by 

It has been shown that at high evaporation rates the 
evaporation from the droplet reduces convective heat 
transfer from vapor to the droplet [35,36]. This is due 
to the fact that the vapor mass flux leaving the surface of 
the droplet flows countercurrent to the heat flux. In 
order to incorporate this effect, the average Nusselt 
number is corrected by the blowing factor, (1 + B) 

Nu (1 + B) = 2.0 + 0.74Re”’ PY~/~, 

where B is the mass transfer number defined as 

(7) 

Cd = 24/Re, Re < 53, 

= 0.45, Re > 53. (3) 

Note that equation (2) represents the acceleration of the 
droplet relative to the surrounding vapor. The relative 
velocity is required to evaluate the droplet Reynolds 

number. 

B = WJ-MT,) 
h&T,)-h(T,)’ 

The droplets generated above the quench front are 
at saturation temperature, thus the entire energy 
transferred to the droplet serves to evaporate it. 
Combining the mass and energy balance equations 

yields the mass flux per droplet 

dm;Jdt = q”lhlg, (4) 

where q” incorporates both convective and radiative 

heat transfer components. That is 

q” = q; + q:. (5) 

The methodology used to evaluate the radiant heat 

transfer component is presented in the Appendix. 
For a sphere in free motion, the average Nusselt 

number for convective heat transfer takes the form 

Using Nu from equation (7), the convective heat flux 
is given by 

q; = fi k(T,- T,)/D. (9) 

The droplet population, D, has to be replaced by an 

appropriately weighted average. The weighting 
procedure for various evaporation regimes is outlined 
in ref. [30]. 

CALCULATIONAL RESULTS 

% = 2.0 + a Re’l’ PY~/~. (6) 

The outlined model has been employed to calculate 
droplet evaporation rates for the range of conditions 

expected above the quench front. The initial droplet 
radius and the vapor temperature and pressure were 
treated as independent variables. A linear relationship 
[30] with the superheated vapor temperature is used to 
determine rod clad temperature. Figure 6 shows typical 
life histories for representative droplet sizes at a vapor 
temperature of 840°C and AT of 732”C, and a pressure 

P = 0.138 MPa 

T, = 84O'C 

T, = 1,050'C 

5oop 

FIG. 6. Life histories of evaporating droplets of different sizes. 
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of 0.138 MPa (20 psia). The solid line represents the 
droplet radius; the dashed line, the vapor-to-droplet 
relative velocity. The life history of a droplet can be 
followed by noting the velocity trace of the 500 pm 
droplet. The droplet accelerates first in laminar flow, 
then (after -0.02 s) in turbulent flow till it reaches a 
maximum relative velocity of 6 m s- 1 at 1.5 s. Droplet 
evaporation and diminution in size leads to a relative 
increase in the drag coefficient. As its size decreases 
further, its relative velocity decreases as well, and the 
droplet evaporates completely in 2 s. A similar life his- 
tory is repeated, but in a considerably shorter time for 
the smaller droplets. Thus a 50 ,um droplet and a 5 pm 
droplet evaporate in 0.05 s and 0.5 ms, respectively. 
The calculated droplet lifetime history for the entire 
range of conditions above the quench front is 
summarized in Figs. 7 and 8. The strong dependence of 
evaporation time on the initial drop diameter displayed 
by the figures can be used to estimate evaporation 
distances for the two separate drop popuIations. 

Thedistance between spacers and thus the maximum 
distance that can exist between the quench front and the 
nearest spacer is - 1 m. The velocity shown in Fig. 6 is 
the relative velocity between the droplet and the vapor. 
Since the vapor velocity ranges from 3 to 5 m s- ‘, the 
net velocity of the indicated droplets will be upward and 
they will traverse the distance towards the nearest 

P = 0.138 MPa 

AT = Tg - T,,t: Tw 

(I) 52K: 425K 
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(3) 852 K; 1,125 K 
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FIG. 7. Droplet evaporation time for representative conditions 
above a quench front as a function of droplet radius. 

spacer in 0.060.3 s with typical transit time being 
-0.12 s. It should be noted that actual, evaporating 
conditions for a droplet above a quench front will vary 
with time and position. A droplet is likely to start out 
with some initial relative velocity imparted by the 
bursting bubble. Near the quench front the vapor 
temperature will be close to saturation, and the wall 
temperature will lead it substantially. The vapor 
increases in temperature and accelerates due to the 
thermal expansion and droplet evaporation as the 
droplet proceeds up the channel. Nevertheless, for the 
respective droplet populations, the evaporation times 
differ so substantially that definite conclusions 
concerning their evolution can be drawn, These can be 
summarized as follows : 

(1) For the entire range of conditions above the 
quench front, the small droplet population will 
evaporate entirely within a distance of lo-50 cm above 
the quench front. 

(2) Except for the small vapbr velocities (low power 
and low reflood rate), the large droplet population will 
be changed relatively little. 

This implies that the droplet popuiation in the 
immediate quench front region and an appreciable 
distance away from it (0.5 m) differs not merely 
quantitatively but qualitatively as well. Near the 
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FOG. 8. Droplet evaporation time as a function of droplet 
radius. 
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FIG. 9. Droplet evaporation rate per unit length as a function of 
distance above the quench front. 
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quench front it is a bi-spectral distribution charac- 
terized by a large but rapidly diminishing number of 
small droplets. At a distance from the quench front it 
evolves into a numerical relatively stable population of 
large droplets which are slowly diminishing in size. This 
is contrary to several post quench front heat transfer 
models which assume a numerically stable droplet 
population [ 16, 271. 

The significance of the two droplet population model 
is illustrated in Fig. 9 which displays a calculation of the 
energy absorption rate by the droplets as a function of 
distance above the quench front. Two values of the 
bubble film thickness are chosen in order to estimate 
the weight ratio of the small to large droplet 
populations. The actual small population weight 
fraction is thus bracketed by the indicated limits. The 
results presented serve to explain the heat transfer 
phenomena observed above the quench front and by 
analogy above the grid spacers or rod channel 
restrictions. As shown, although in terms of total liquid 
weight the small droplet population represents a 
seemingly minor fraction (i.e. l-5%) at the point of 
origin, their extremely rapid rate of evaporation will 
dominate the local energy transfer rates. The presence 
of the small droplet population will in effect create a 
qualitatively different, rapidly changing heat transfer 
zone. 

The spatial evolution of the smaller droplets is shown 
in more detail in Fig. 10 which presents the evaporation 
history of individual groups of the small droplets above 
the quench front. As one can observe, for the smallest 
drops (D < - 10 pm), evaporation rates are so rapid 
that droplets evaporate essentially within the diffuse 
quench front and contribute to the general two-phase 
film boiling heat transfer which characterizes this 

FIG. 10. Evaporation ofsmall droplet spectrum as a function of 
the distance above the quench front. 

region. Droplets having larger radii have sufficiently 
long lifetimes to join the continuous vapor region 
above the quench front. They evaporate at various 
distances above the front. The diminution of the 
number density of the small droplet population and 
thus its energy absorption rate, decreases in an 
approximately exponential manner above the quench 
front. This computational result provides a phenomen- 
ological basis for some analytical models and aids in 
quantifying observed experimental data. Thus Dua and 
Tien [7] in developing a conduction controlled quench 
front propagation model found that the inclusion of an 
exponentially decreasing ‘precursory cooling’ term 

above the quench front improved agreement with 
experimental results. The enhanced heat transfer rate 
above flow channel restrictions has been measured by 

several experiments [32, 371. As noted, channel 
restrictions have a qualitative similarity to a quench 
front in the sense that both serve as generation sites for a 
small droplet population. The evaporation ofthis small 
droplet population then locally desuperheats the vapor 
and leads to a notable increase in the clad-to-coolant 
heat transfer rate. Obtained measurements agree 
quantitatively with the calculated results of Figs. 9 and 
10. Thus in ref. [37] it is shown that clad ballooning(an 

indication of high local clad temperature) occurs 
preferentially -2C30 cm downstream from grid 
spacers. Direct measurements of clad and vapor tem- 
peratures show that the decrease of local tempera- 
ture persists for - 10-20 cm beyond a restriction. 

CONCLUSION 

A review of the literature has indicated that a 
satisfactory model of the mechanism of droplet 
generation based on conditions near the quench front 
does not exist. The application of Weber number 
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breakup and hydrodynamic film vapor interaction for 
droplet generation about the quench front is shown to 
be invalid. In this study, it is shown that not one but two 
distinct droplet generation mechanisms exist at a 
quench front. This leads to the generation of two 
droplet populations having widely separated charac- 
teristic diameters and consequently radically different 
evaporation rates. 

The population characteristics of small droplets is 
obtained by drawing an analogy between the small 
droplet generation by the bubble burst mechanism in 
Newitt er al.‘s experiment and the bursting of a 
continuously rising stream of bubbles near the quench 
front.The size of these small droplets will depend on the 
thickness of the bubble film. It is postulated that large 
droplets are created when interstitial water trapped 
between several simultaneously rising bubbles is hurled 
into the accelerating vapor region. 

A representative large droplet spectrum is obtained 
from the FLECHT-SEASET experiments. It is 
proposed that the initial weight ratio between the small 
and large droplet populations can be estimated by 
quantifying the liquid mass in the bubble film and the 
trapped liquid between simultaneously rising bubbles. 
From studies of thinning of liquid films, the minimum 
thicknessisestimated tobeoftheorderof2~~,withan 
average thickness of the order of 1000 A. The resulting 
weight fraction of the small droplet population is then 
0.01 and 0.05, respectively. 

Droplet evaporation between the quench front and 
the first channel restriction is calculated by the 
integration of the momentum, energy and mass balance 
for a droplet convective and radiant heat transfer 
between the wall and the vapor, and the vapor and the 
droplet are considered. The calculated evaporation 
time for different droplet sizes are presented. It is found 
that the droplet population changes significantly 
between the point of creation of the droplets and the 
next channel restriction. The rapid evaporation and 
diminution of the small droplet spectrum can explain 
the exponentia1 rate of energy transfer from the 
cladding surface in the vicinity of the quench front. By 
analogy the model can be used to explain the enhanced 
heat transfer observed downstream of channel 
restrictions. 
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APPENDIX 

RADIATIVE HEAT TRANSFER 
IN A ROD BUNDLE 

Radiative heat transfer can significantly enhance the 
evaporation of droplets near high temperature surfaces. For 
this study, it is assumed that the droplet is located at the center 
ofthe flow channel and thus receives radiant energy from four 
surrounding pins. The quantity of radiative heat absorbed by 
thedroplet will depend on thedroplet size,its temperatureand 
the wavelength ofthe incident energy. The droplet is immersed 
in a steam environment and hence its distance from the 
radiating surfaces must be considered. The radiative 
properties of the pin surfaces, the steam and the droplet must 
be known. For this analysis, the following assumptions 
regarding radiative heat transfer to a single droplet are made : 

(1) The pin surface is considered to be ‘gray’ and ‘diffuse’ 
and the emitted energy is characterized by the wavelength of 
maximum intensity. 

(2) Only the absorptivity and emissivity of the steam is 
considered. 

(3) The droplet is assumed to be spherical. 
(4) The geometric view factor between the four pin channel 

and the droplet is approximated by a right circular cylinder of 
equivalent hydraulic diameter radiating to a sphere. 

A detailed discussion of the above four assumptions is given 
in ref. 1301. The total radiant flux emitted by the pin surfaces 
which view the droplet can be described by 

i, = F,,(s(rT~+(l-E&T:). (Al) 

The second term on the RHS of equation (Al) describes the 
radiant flux reflected by the pin surfaces. The total energy flux 
reaching the droplet after attenuation by the surrounding 
steam is 

ik = (1 -c4Jiw, (A2) 

where c(* is the steam absorptivity. A portion of the attenuated 
flux can be either absorbed or scattered by the droplet. In 
addition, the surrounding steam is also radiating to the 
droplet. Taking all of these factors into account, the total 
energy absorbed by the droplet becomes 

Q, = 4d * Qabs *(i:, + QaT:). (A3) 

Therefore, q: is 

4; = Qabs * (i:, + EguT;). (A4) 

The radiative heat transfer model utilized in this study 
incorporates details usually not considered in the literature. 
This was reflected in the calculated results which revealed 
some initially unsuspected trends. An example is shown in 
Fig. Al which presents the relative impbrtance of the radiant 
heat transfer term as a function ofdroplet radius with cladding 
temperature as a chosen parameter. The strong radial 
variation shown is a consequence of increasing convective 
heat transfer for smaller radius droplets. The change in the 
slope of this ratio occurring at a radius of 100-300 pm reflects 
thechangein convective heat transfer produced by a transition 
from a predominantly laminar to a predominantly turbulent 
flow regime. Such trends are thus readily explained in terms of 
the model. More surprising is the behavior of the trace 
representing the higher cladding temperature used in the 
calculation for droplets of radius under 100 pm (lines 1 and 2). 
Contrary to intuition, the relative importance of the radiant 
heat transfer for the higher wall temperature decreases in 
comparison to the lowest wall temperature. The behavior 
could be explained by considering Fig. A2, where the 
normalized emissive power ofthe radiating cladding surface at 
two different temperatures of 780 and 115O”C, and the 

P = 0.138 MPa 

T, = 780°C 

T,.,= 1,150”C (11 
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FIG. Al. Ratio ofradiant heat flux to total heat flux at terminal 
droplet velocity as a function of droplet radius. 
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FIG. A2. Normalized emissive power of the radiating cladding surface and the absorption coefficient for water 
at 108°C as a function of wavelength. 

absorption coefficient for water at 108°C is plotted against the to fall within the absorption peak of the water resulting in 
wavelength. In this study, the emitted energy for the cladding higher radiant heat transfer to the droplet. However, the 
surface is characterized by the wavelength at the maximum wavelength for intensity for the cladding temperature of 
intensity. The wavelength for maximum intensity for the 1150°C falls outside of the absorption peak and hence results 
cladding temperature of 780°C as shown in Fig. A2, happens in significantly lower radiant heat transfer to the droplet. 

CHANGEMENT EN TAILLE ET EN DENSITE NUMERIQUE DE POPULATION DE 
GOUTTELETTES AU DESSUS DUN FRONT DE TREMPE PAR REMOUILLAGE 

RksumcS-Le “refroidissement precurseur” dans la region immediate au dessus d’un front de trempe ne peut 
etreexpliquecorrectementenutilisant uneanalysephenomenologiquea troiscomposants(paroi-gouttelettee 
vapeur) basic sur une simple taille moyenne de goutte. Ce phenomtne peut etre attribue au fait que deux 
mecanismes distincts de generation de gouttelettes (fragmentation du film de bulle et hydrodynamique) sont 
presents conduisant a une population bi-spectrale de gouttelettes. On propose un modtle pour decrire le 
mecanisme de generation bi-spectrale de gouttelettes. Le flux d’evaporation de cette population est analyse en 
prenant en compte les micanismes de transfert de chaleur par convection et par rayonnement. L’tvaporation 
rapide et la diminution du spectre des petites gouttelettes peuvent expliquer le flux exponentiel d’energie a 
partir de la surface a son voisinage sous le front de refroidissement brusque, et par analogie l’accroissement du 

Aux thermique en aval des restrictions d’ecoulement. 

ANDERUNG VON ~3~0~3s~ UND H.&WKXEII-WERTEILUNG DER 
TROPFENPOPULATION OBERHALB EINER ABSCHRECKFRONT WAHREND DES 

FLUTUNGSVORGANGS 

Zusammenfassung-Die Vorkiihlung unmittelbar oberhalb der Abschreckfront kann nicht angemessen 
durch ein phlnomenologisches Dreikomponentenmodell (Wand-Tropfen-Dampf) erkhirt werden, das auf 
einer mittleren EinzeltropfengriiBe basiert. Dieser Umstand kann der Tatsache zugeschrieben werden, dafi 
zwei verschiedene Tropfenentstehungsmechanismen vorhanden sind (Zerstorung des Blasentilms und 
hydrodynamische EinRiisse), die zu einer bispektralen Tropfenpopulation ftihren. Es wird ein Model1 zur 
Beschreibung des bispektralen Tropfenentstehungsmechanismus vorgeschlagen. Die Verdampfung dieser 
Tropfenpopulationen wird unter Berticksichtigung der maDgebenden Warmeiibertragungsmechanismen 
von Konvektion und Strahlung untersucht. Die schnelle Verdampfung und Abnahme des Spektrums der 
kleinen Tropfen kann den exponentiellen Anstieg des Warmelbergangs an der Oberfllche der Hiillrohre im 
Bereich unmittelbar oberhalb der Abschreckfront erklaren und analog dazu den erhiihten Warmeiibergang 

stromabwlrts von Stromungshindernissen. 
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kf3MEHEHME PA3MEPA M KOHUEHTPA4MM nY3bIPbKOB HAfl @POHTOM 3AKAJIKM 
I-IPM nO~PYXEHMM B XKMflKOCTb 

A~~o~a4nn-“npe~ape~enb~oe” oxnaxmeme Henocpencrsetnio HaA (bp0H~0M 3aKanKH Henb3s 

06anCHHTb aAeKBaTH0, AC”OJ,b3y,l TpeXKOMnOHeHTHbIii (CTeHKa-KannWnap) N$eHOMeHO,IOrWIeCKI4fi 

aHaJIA3 nepeHOCa TenJIa, OCHOBaHHbIii TOJIbKO Ha yCpeAHeHHOM pa3Mepe KaneAb. npWIHHOli 8BJIlleTCII 

TOT f$aKT, ‘IT0 3AeCb AMHOT MeCTO ABa pa3JIWIHbIX MeXaHtl3Ma o6pa3oBaHm ny3bIpbKOB (Apo6nemie 
ny3blpbKOBOk ITJIeHKU W WApOAHHaMWIeCKkifi), TaK ‘#TO rpa+lIK +yHKUHH paClIpeAeAeHH,T ny3bIpbKOB 

n0 pa3MepaM IlBnSIeTCR AByrOp6bIM. ,-@AJIOmeHa MOAe,Ib AJIll OnRCaHI1R yKa3aHHbIX MeXaHH3MOB 

3apOmAeHWI ny3bIpbKOB. CKOpOCTb HCnapeHWI TaKAX ny3bIpbKOBbIX CKOnJIeHd aHa,W,3HpyeTCSI C 

y’feTOM COOTBeTCTByIOIIJHX MeXaHH3MOB KOHBeKTIIBHOrO A JIyWCTOrO nepeHOCa Te”,Ia. EbICTpMM 

ACnapeHNeM W yMeHb”IeHHeM pa3Mepa OTHOClrTenbHOk AOJIH MaJIbIX ny3bIpbKOB MOKHO 06LIICHATb 

3KCnOHeHUHaJIbHyIO CKOpOCTb nepeHOCa 3HepWW OT nOBepXHOCTHOr0 CJIOI HCnOCpeACTBeHHO HaA 

$~p0H~0h4 3aKanKH A no aHanoreR 6onee BbIcoKym mTeHcIiBHocTb Tennonepenawi BHUS no Tevewm 

OT nperpaAb1. 
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