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Abstract-The present system consists of an isokinetic sampling probe, droplet collection mechanism and 
an image processing package. A droplet sample was extracted from flow field by the sampling probe and 
collected by an immiscible liquid. Droplet images were grabbed and digitized by an image processing 
system. Image processing software was developed for droplet counting and sizing, with the capability of 
distinguishing overlapping droplets. Possible measurement distortion factors such as droplet deposition in 
the probe, droplet breakup and coalescence were studied. A simple criterion for minimizing measurement 

distortion was obtained. The system can be used for both water and liquid-metal droplets. 

1. INTRODUCTION 
An accurate knowledge of droplet size distribution is 
important in studying mass, momentum and energy 
transfer in dispersed two-phase flow. Various tech- 
niques have been developed for the measurement of 
droplet sizes. The development of the present system 
for droplet size measurement was motivated by the 
study of droplet dispersion phenomenon in the Direct 
Containment Heating (DCH) scenario [l] in severe 
nuclear reactor accidents. The DCH problem starts 
after a reactor core meltdown event. Due to the high 
temperature and large mass of molten core materials 
(corium), the bottom wall of the reactor vessel may 
be melted through. The failure of the reactor vessel 
results in a discharge of corium and the blow-down 
of steam from the high-pressure primary system into 
the reactor cavity. Part of the corium will be atomized 
into small droplets by the high-velocity steam and 
some droplets may disperse into the reactor contain- 
ment, Heat transfer from corium, heat generation due 
to the oxidation of metallic materials,, a possible 
hydrogen combustion and the heat and mass addition 
from the blow-down steam may lead to considerable 
pressurization of the reactor containment. The con- 
tainment integrity is then threatened. The failure of 
the containment will cause the release of radioactive 
materials into the atmosphere. In this so-called Direct 
Containment Heating (DCH) scenario, droplet sizes 
and the degree of dispersion are the crucial factors 
governing the rates of heat transfer and chemical reac- 
tion. If the droplet size is small and the degree of 
droplet dispersion is high, the risk to the containment 
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can be high. In order to assess the containment per- 
formance in such an accident, a simulated DCH exper- 
iment was planned to study corium entrainment and 
dispersion. Two kinds of fluids, water and liquid 
metal, will be used to simulate the corium in the exper- 
iment. 

Unlike other two-phase systems, DCH exper- 
imental conditions, such as the transient flow, high 
droplet mass flux, liquid film on the wall and the 
use of liquid metal, make all conventional drop size 
measurement techniques difficult to apply [2,3]. First, 
DCH is a fast transient process and lasts only few 
seconds, therefore, methods that require steady opera- 
ting conditions, such as the electrical needle method 
[4], are not applicable. Secondly, in both air-water 
and air-liquid metal simulation experiments, liquid 
flow rates are extremely high so that all the walls of 
the test section will be covered by thick liquid films. 
In the liquid metal case, the test section becomes com- 
pletely non-transparent. Although optical methods 
and photographic methods are well developed, non- 
transparency conditions rule out their applicability. 
The difficulty in finding a satisfactory method has led 
us to the development of the present system for droplet 
size measurement. 

The primary objective of the research was to 
develop a droplet size measurement system that can 
be used under the difficult DCH conditions, but it can 
also be used for other droplet flow situations. In the 
course of developing the system, concerns about the 
effects of droplet deposition inside the probe, droplet 
breakup and coalescence during the collection on 
measurement distortion were raised. These problems 
were studied and practical solutions were provided. A 
simple criterion for minimizing the distortion factors 
was obtained. The system can measure droplet diam- 
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NOMENCLATURE 

D droplet diameter Greek symbols 
j volumetric flux P viscosity 
k ratio of characteristic diameters r distribution parameter 
P total pressure P density 
PS static pressure at the tip of sampling c surface tension. 

probe 
PCC pre-existing static pressure at the tip of Subscripts 

sampling probe f liquid 
Re Reynolds number g gas 
l.4 velocity max maximum droplet diameter 
V volumetric fraction of droplets S sampling point 
Y logarithmic value of dimensionless vm volume median diameter 

diameter. 32 Sauter mean diameter. 

eters from 10 pm to 3 mm, and it is suitable for both generation. Electric heaters were used to pre-heat the 
water and liquid-metal droplets. flowing gas and the whole test section to temperatures 

above the melting temperature of the alloy so that the 

2. SYSTEM COMPONENTS AND OPERATION 
woods-metal remained liquid within the test section. 

An isokinetic sampling probe was mounted parallel 
2.1. Experimental setup 

The present droplet size measurement system con- 
sists of three major parts, an isokinetic sampling probe, 
a droplet collection box and an image processing 
system. Figure 1 shows the experimental set-up for 
droplet generation and droplet sampling. The hori- 
zontal test section is a 1.83 m long lexan tube with an 
inside diameter of 2.5 cm. Liquid (water or liquid- 
metal) was injected through a 1.6 mm (i.d.) nozzle from 
the liquid discharge tank. When the nozzle was located 
at the center of the flow channel, droplets were gen- 
erated by liquid-jet disintegration. When the nozzle was 
lowered to the wall, liquid films were first formed and 
droplets were then produced by entrainment. A low 
melting temperature alloy, woods-metal (melting tem- 
perature of 70°C) was used for liquid-metal droplet 

to the stream-line at-the elbow of the test section and 
connected to a droplet collection box. The collection 
box was connected to the expansion section which 
was located down-stream of the test section. The 
pressure at this section was much lower than that at 
the tip of the probe. By adjusting the sampling valve, 
the pressure in the collection box was controlled, and 
so was the sampling rate. The sampling rate was con- 
trolled such that an isokinetic samphng condition was 
established at the tip of the probe. Under the isokinetic 
condition, the static pressures inside and outside the 
probe are equal, thus, the sampling rate is exactly same 
as that before the insertion of the sampling probe. 
Anisokinetic sampling may result in a surfeit or a 
deficit of small droplets due to over-suction or under- 
suction of gas. 

dirponsd droplet flow 
\ 

air in pttot fubr 
\ 

isckl~tic prol: 

Fig. 1. Experimental set-up for droplet generation and droplet sampling 
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After a sample of droplets were taken from the 
flow field, the sampled droplets were captured by an 
immiscible liquid in a specially designed droplet col- 
lection box. Different collecting liquids and collection 
methods were used for digerent liquid droplets. After 
the collected droplets settled down in the collection 
liquid, an image processing system was used for drop- 
let counting and sizing. Finally, a size distribution was 
obtained for a sample of droplets. 

2.2. Isokinetic sampling probe 
Isokinetic sampling probes have been widely used 

for velocity or mass flux measurements in single-phase 
and two-phase flows [S] as well as in solid particle 
sampling and size measurement [6]. However, its 
application to droplet sampling and size measurement 
has not been explored due to the difhculties of droplet 
collection and possible measurement distortion 
caused by droplet deposition, breakup and coales- 
cence. 

The isokinetic probe consists of two thin-wall tubes, 
the larger sampling tube and the smaller pressure tube 
(see Fig. 2). For velocity or mass flux measurement, 
the sampling tube usually has an inside diameter smal- 
ler than 1.0 mm. For droplet sampling, larger sam- 
pling tubes (4.7 mm, 7.9 mm and 11.1 mm) were used 
in order to reduce droplet deposition inside the probe. 
For incompressible single-phase flow, fluid velocity is 
related to the dynamic pressure by a simple relation- 
ship 

& 2 = P-p,. (1) 

A similar but more complicated relationship can be 
obtained for two-phase flow [7,8]. According to equa- 
tion (1) any disturbance in the pre-existing local pres- 
sure will lead to the deviation in the measured velocity. 
If the velocity deviation is small, such an error in the 
measurement can be easily derived from equation (1) 
as 

US--u, Ps -Pm ----_= -____ 
&C P& 

On the other hand, if an isokinetic condition (pS = p,) 
is reached, the measured velocity will be equal to that 
of undisturbed steam. An isokinetic condition is essen- 
tial for a correct velocity measurement. Especially in 

droplai flow * 
- 

m * 
L 

PW pr&u-e tube 
I 

Fig. 2. Configuration of an isokinetic sampling probe. 

a two-phase system, a slight deviation from the iso- 
kinetic condition can cause an appreciable error in the 
gas velocity measurement. For droplet sampling, the 
gas velocity is not our direct concern. However, over- 
suction or under-suction of gas willresult in a surfeit 
or deficit of small droplets. Some empirical cor- 
relations were developed for anisokinetic sampling 
correction [6]. If the deviation is small, however, the 
change of gas stream occurs only within a very short 
distance from the probe tip. Unless the sizes of drop- 
lets are extremely small (sub pm range), the motion 
of most droplets will not be affected due to the large 
inertia of droplets. Hence, if the error in the mean gas 
velocity is about the same order with the turbulence 
level, the anisokinetic sampling condition is not 
expected to affect the droplet size measurement. A 
similar conclusion was given by Paras et al. [9]. There- 
fore, it can be concluded that the operation of the 
isokinetic probe is much easier for droplet sampling 
than for the velocity measurement. 

2.3. Methods for droplet collection 
It is not an easy task to collect high-velocity droplets 

without causing the change of their sizes. Careful mea- 
sures must be taken to prevent droplet breakup and 
coalescence during the collection process. One of the 
oldest methods was to expose an oil-coated plate to 
the droplet flow. But the thin layer of oil film on the 
plate may not be sufficient to prevent breakup of large 
droplets and coalescence of droplets. Another method 
was to freeze droplets using a cold gas, but it required 
a long freezing distance, which made the system large 
and complicated. Rao [lo] developed a method of 
using liquid nitrogen injection to freeze drops inside 
the probe. The drawback of this method was that the 
frozen droplets and film might block the probe. 

In the present system, two different methods were 
developed for collecting droplets. Figure 3(a) shows 
the method of using a falling oil film to collect water 
droplets. Viscous oil was injected into the collection 
chamber in the box to form a falling oil film. Incoming 
droplets were captured in the oil film and transported 
to a portable container. Since the clean oil was sup- 
plied continuously, the problem of droplet coalescence 
encountered in the oil-plate technique could be essen- 
tially eliminated. In the course of studying droplet 
collection, it was found that, if the collection liquid 
had a high viscosity, a smaller surface tension and a 
slightly smaller density than those of droplets, the 
droplet could be stopped within a short distance from 
the surface in the liquid without disintegration. The 
penetration distance was as short as several droplet 
diameters. This method is simple and effective for 
low density droplets. The droplet and collecting liquid 
must be immiscible, such as the water drops and oil 
film. 

For heavier liquid-metal droplets, a pool of liquid 
was used for droplet collection because liquid-metal 
droplets have a much longer penetrating distance due 
to their large inertia. Figure 3(b) shows the method 
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Fig. 3. (a) Falling oil film method for water droplet 
collection ; (b) liquid pool method for liquid-metal droplet 

collection. 

used for woods-metal droplet collection. In order to 
effectively stop the liquid-metal droplets, viscous 
syrup was used as a collection liquid. The syrup was 
made by melting five parts (of mass) of pure granu- 
lated sugar and mixing with one part (of mass) of 
water. The syrup was injected into the pool to a level 
above the sampling window. The shutter opened up 
when sampling began. Due to the gas impact pressure 
on the window area, the syrup did not flow out of 
the pool, thus the liquid level was maintained. After 
woods-metal droplets penetrated into the pool, they 
were stopped in the syrup and then solidified. It was 
found in the experiment that frozen droplets could 
be in nearly spherical shape or in irregular shape, 
depending on the temperature difference between 
droplets and the cohection liquid. It was considered 
important to keep the collection fluid temperature 

Fig. 4. Image processing system for analyzing droplet sizes. 

close to the freezing temperature of droplets. When 
the temperature of the collection fluid was well below 
the droplet freezing temperature, the droplets 
deformed and some breakup took place at the impact 
due to the high surface tension gradient caused by the 
thermal gradient. Between the probe and collection 
chamber, an electric shutter was installed to control 
the interval of sampling time. With this, the droplet 
number density in a sample can be controlled low 
enough not to cause coalescence. 

2.4. Image processing system 
The image processing system for analyzing the drop 

size consists of a magnifying lens, a CCD camera, an 
image grabber and a PC computer, as shown in Fig. 
4. The magnifying lens consists of a camera bellow 
and a 19 mm/D.8 Nikon lens. The Nikon lens was 
inversely mounted at one end of the bellow and the 
CCD camera was connected at the other end. When 
the bellow is stretched out or drawn back, the mag- 
nification increases or decreases. The droplet con- 
tainer was mounted on a holder with a two-dimen- 
sional advancing mechanism, so that any region in the 
tray can be picked up for taking a video image. Since 
droplets are heavier than the collecting liquid, they 
are all settled down on the floor and can be sharply 
focused for taking a picture. For a water droplet on 
a solid surface, the gravity effect makes the droplet 
deform. When the droplet is in the oil pool, buoyancy 
force overcomes part of the gravity force and droplet 
deformation is greatly reduced. Therefore, all the 
droplets in the oil, even large ones, maintained nearly 
spherical shape. With a strong lighting from the back 
through a pin hole, a high-contrast droplet image with 
a thick halo was recorded, as shown in Fig. 5. 

The droplet image was grabbed and digitized by the 
image grabber, and then processed by the computer. 
Image processing software was developed for droplet 
counting and sizing. The high image quality makes 
the image processing algorithm simpler and more 
accurate than that for dynamic images taken from 
flow field [ 111. The lens has a magnification up to 1 I 
times, and the image has a spatial resolution up to 2 
pm pixel-‘. The image screen has a pixel array of 
640 x 480, therefore, droplets of diameter from 10 pm 
to 1 .O mm can be measured with the full appearance 
on the screen. If a droplet diameter is larger than 1.0 
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Fig. 5. Digitized droplet image from a water droplet sample. 

mm and part of the droplet is cut off by the screen, 
the droplet diameter is then measured from the cur- 
vature of the droplet boundary. The range of droplet 
size measurement is, therefore, from 10 pm to 3 mm. 
If the number density of sampled droplets is high, 
droplet overlapping may occur. The image software 
can distinguish the partially overlapping dr6pIets and 
measure their actual sizes. This is important for mea- 
suring large droplet sizes because miscounting of large 
ones can significantly alter the shape of size dis- 
tribution due to their large volume. The image pro- 
cessing software can handle hundreds of frames of the 
digitized images automatically. Thus a large number 
of droplets can be processed in a relatively short time. 
The total droplet number in each measurement was 
over 20 000, therefore the mean droplet size was accu- 
rately estimated. 

pRoBLEMsAN 
soLuTKMs 

3.1. Droplet deposition inside the probe 
Droplet size distribution may change if the drop 

deposition inside the probe has a preference to certain 
sizes. Investigations [12-161 have shown that droplets 
deposit onto the wall mainty by two mechanisms. 
Droplets with small momentum are strongly affected 
by the gas turbulent eddies and exhibit random tra- 
jectories, and deposition of these droplets is diffusion 
controlled. Droplets with large momentum are less 
influenced by turbulence, and they deposit on the wall 
mainly due to their initial transverse momentum. Jep- 
son et al. [16] have experimentally investigated the 
effect of deposition on droplet size distribution in 
annular flow. The data showed that the change of the 
Sauter mean diameter was less than 7% for L/D c 20, 
which was comparable to the measurement uncer- 
tainty. Although their result indicates that the dis- 
tortion of drop sizes due to deposition is insignificant 
for a short probe, the calibration of the system is still 
necessary. 

3.2. Droplet breakup during the capture 
In the present system, droplets were collected by an 

oil film or a pool of immiscible liquid. A question 
was naturally raised about whether droplet breakup 
occurred during t+he cc&l w0cess. Simple exper- 
iments and a qua&&rive analysis were undertaken to 
answer this question, and it was concluded that drop- 
let breakup can be Hectively prevented if the col- 
lection liquid has a sm&ler smfaee tension than that 
of the droplet, a high viscosity and a density similar 
to that of the droplet. 

It is rather difBcult to elyrerlrncntally observe the 
impingement of small, high-velocity droplets into a 
liquid surface. Droplet breakup generally obeys cer- 
tain criteria such as the critical We&r number, there- 
fore, large, low-velocity droplets can be used to con- 
duct the drop& impingement experiment. Droplets 
of sizes up to 5 mm were produced .by liquid dripping 
from a tube. The droplets were released from different 
heights so that d&rent droplet velocities were 
obtained. The.maximum height in the laboratory was 
5 m and the droplet velooity can reach nearly 10 m 
s-’ at the surface of the receitig liquid. Different 
liquid droplets (water, oil and woods metal drops) 
and various collection liquids were used in the exper- 
iments. By varying the droplet velocity and properties 
of the receiving liquid (viscosity, surface tension and 
density), droplet breakup was studied. The following 
discussion is based on the experimental observations 
and qualitative analyses. 

3.2.1. Droplet breakup occurs if the surface tension 
of the droplet is srnajler t#m~ that of the receiving liquid. 
Thisconclusion was drawn from inrtpingement exper- 
iments of heavy manometer oildroplet into water and 
into molten paraffin. Compared to water, paraffin had 
a similar viscosity but much smaller surface tension. 
When the oil droplet was dropped into water, the 
droplet disintegrated into several small droplets, even 
if released from a short distance above the surface. 
When the same droplet was dropped into a pool of 
molten paraffin, the droplet remained intact. Droplet 
breakup did not occur even when the droplet was 
released from a much higher distance. The only sig- 
nificant property di@erence between water and molten 
paraffin was the surface tension. 

3.2.2. The density of the collecting liquid should be 
close to that of the droplet. If the collection liquid 
density is too Iarge, the droplet may breakup at the 
liquid interface. The Taylor instability will occur when 
a light droplet impinges into a heavier liquid. On the 
other hand, if the liquid densityis too small, the drop- 
let cannot be slowed down e!&tively. In practice, 
most common liquids except liquid-metal have similar 
densities. For heavier liquid-metal droplets, the vis- 
cosity of the collection liquid must be high in order to 
stop droplets in a short distance in the liquid. 

3.2.3. The viscosity of the receiving liquid should be 
high enough so that droplets can be slowed down rapidly 
and stopped in a short &tame in the liquid. Experi- 
ments revealed that the higher the viscosity of the 
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receiving liquid was, the less disintegration occurred. 
In the present system, American Industrial Oil No. 
220 (kinematic viscosity is 2.2 x 10e4 m2 s-’ at 40°C) 
was used for water droplet collection. For heavier 
woods-metal droplets, much more viscous syrup was 
used. This phenomena is explained qualitatively as 
follows : droplet disintegration is the result of a defor- 
mation force [ 171 acting on a droplet for a sufficiently 
long time, Both the magnitude of the deformation 
force and the length of force acting time are crucial to 
droplet breakup. When a droplet travels from air into 
a liquid, it will be rapidly decelerated due to the drastic 
change in resisting forces. In such a transient process, 
the retarding force includes steady drag force, virtual 
mass force and transient viscous force (Basset force) 
[18]. The effect due to viscous force is in different 
orders of magnitude between the high and low viscous 
fluids. As a result, the time for a drop to slow down 
below the critical velocity for droplet breakup varies 
significantly. In the droplet impingement process, the 
deformation force is so large that only the length of 
force acting time is the determining factor. When a 
droplet penetrates into a highly viscous liquid, the 
droplet velocity is rapidly reduced below the critical 
velocity for droplet breakup. If this time frame is 
shorter than the time interval required for droplet 
deformation leading to the breakup, then droplet dis- 
integration does not occur. When a less viscous liquid 
is used, the droplet can not be slowed down quickly 
and it continues to travel in the liquid at a velocity 
well above the critical velocity for a long time. In this 
case, the deformation force is large and force acting 
time is long, therefore, droplet breakup will take place. 
The use of a high-viscosity fluid is necessary for pre- 
venting drop breakup during droplet collection, how- 
ever, if the viscosity of the fluid is too high, small 
drops may be suspended in the liquid and never settle 
down on the bottom. This may cause some difficulties 
for image analysis. 

3.3. Droplet coalescence 
In order to eliminate the problem of droplet coales- 

cence, the interval of sampling time was controlled to 
be short so that the droplet number density was low. 
On the other hand, for an accurate measurement, the 
number of droplets per sample should be sufficiently 
high. An optimum time window was selected after 
several sampling trials. An electrical shutter was 
installed in the droplet collection box to control the 
time window. The width of the time window depends 
on the droplet mass flux. For example, in the exper- 
iment of droplet mass flux of 80 kg/m2s and gas vel- 
ocity of 100 m s-l, a time window of less than 0.1 s 
was used. 

4. CALIBRATION 

Prior discussions showed that droplet breakup and 
coalescence could be prevented with proper measures. 
The effect of droplet deposition inside the probe was 

lnlection of oil 

sampling window 

Fig. 6. Droplet collection box used for direct sampling. 

quantitatively evaluated by a calibration method. The 
procedure included the measurements of droplet size 
distribution using sampling probes of various sizes 
and the measurement by a direct sampling. There were 
two reasons for using this particular calibration 
method instead of using an optical method. First, the 
cost of any optical instrument was beyond the budget 
of this research, Secondly, optical methods are difficult 
to apply to flow situations with high droplet mass flux 
and film on the wall. 

The first step of the present calibration procedure 
was to take a clean droplet sample by a direct sampling 
method. In the direct sampling, the end of the hori- 
zontal test section of was fully open and all the drop- 
lets across the entire flow area were taken without 
using a probe. To prevent possible droplet coales- 
cence, only a small fraction of the droplet sample was 
allowed to enter the collection chamber as shown in 
Fig. 6 and the interval of sampling time was short. 
Then, the dropIet size distribution was measured, in 
which the effect of droplet deposition was considered 
insignificant. The second step was to take droplet sam- 
ples at the same flow conditions by sampling probes 
of various sizes and to measure the size distributions. 
By comparing the droplet size distributions measured 
by sampling probes with that by the direct sampling, 
the effect of droplet deposition can be quantitatively 
examined. 

System calibrations were performed at different gas 
and liquid velocities for different size probes. The cali- 
bration results showed that at relatively high gas vel- 
ocities (>35 m SK’), the change in droplet size dis- 
tribution due to droplet deposition in the probe was 
insignificant for the 7.9 mm id. probe (L/D = 32) and 
11.1 mm i.d. probe (L/D = 24). Figures 7(a)-(c) show 
the droplet size distributions from the 7.9 mm i.d. 
probe (L/D = 32) at the same liquid velocity but three 
different gas velocities, 35, 60 and 96 m s-‘. It can be 
seen that the size distributions measured by the probe 
are in a good agreement with the distribution from 
the direct sampling and the upper-limit log-normal 
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Fig. 7. Calibration results on droplet size distribution 
measurement at: (a) jp = 35 m SK’ and j, = 0.04 m s-‘, (b) 
j,=60ms-‘andjf=0.04ms-‘and(c)j,=96ms-’and 

j, = 0.04 m s-‘. 

fitting function. The upper limit log-normal dis- 
tribution function was proposed by Mugele and Evans 
[ 191, and given by 

$ = 2 -(sY)' --e 

y=ln kD3 
D3 -D3 max 

where v, D, D,, and D,,, are the volumetric fraction, 
droplet diameter, volume median diameter and 
maximum drop diameter, respectively. 5 is the dis- 
tribution parameter which is determined by the exper- 
imental data, and Dmax is measured. 

The experimental conditions and the measured 
mean droplet sizes by the probe and direct sampling 
are shown in Table 1. The comparison shows that 
the differences between probe measurement and direct 
sampling are less than 8%, which is comparable to the 
uncertainties of measurements. The calculated mean 
droplet volume median diameter by Kataoka and 
Ishii’s model [2q is also listed in Table 1. This model 
was based on the experimental data from vertical 
annular flows and given by 

D,, = 0.028 4 Re; ’ I6 Reij3 
PsJs 

Since there was no reliable correlation or sufficient 
database for horizontal annular droplet flow, it was 
still meaningful to use this correlation to predict the 
mean drop size, particularly at high gas velocity where 
the gravitational effect becomes unimportant. The 
good agreement between the measurements and 
model predictions also demonstrated the reliable per- 
formance of the present system. It was found in the 
experiment that, at much lower gas velocities (below 
20 m s-l), deposition of large drops in the probe 
was significant. However, good measurements were 
obtained at high gas velocities (> 35 m s-l). The pre- 
sent system is particularly suitable for droplet size 
measurement at high gas velocities. 

5. MEASUREMENT RESULTS IN APPLICATION 

The present system has been successfully used for 
droplet size measurement in a transient droplet flow 
system, Direct Containment Heating test facility. 
DCH is a postulated scenario after a nuclear reactor 
core meltdown accident and it is an important safety 
problem for the light water reactors. In the DCH 
scenario, a significant amount of molten core 
materials are ejected out of the failed reactor vessel 
and entrained by the high-velocity blowdown steam. 
The mass fraction of entrainment and droplet size 
distribution are the crucial factors governing the heat 
transfer to the containment atmosphere and the pre- 
ssurization of containment. In order to obtain the 
experimental data and to have a good understanding 
of droplet entrainment and dispersion process, a DCH 
facility with a l/l0 linear scale of the reactor system 
was built to simulate the accident. The present system 
has been used to measure the droplet size distribution 
and droplet mass flux in the simulation experiments. 
The details of the facility were given in ref. [21]. The 
configuration of the facility and the set-up of the 
droplet sampling system are shown in Fig. 8. Two 
kinds of liquids, air and woods-metal, were used to 
simulate the molten reactor core, and air was used 
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Table 1. The comparison of mean drop sizes among measurements by sampling probes, measurements by direct sampling 
and model calculation 

Measurement by 7.9 mm probe Measurement by direct sampling Model 
if JS 032 D32 D 

[m s-‘1 [m s-‘1 

0.04 35.0 345 440 1200 350 460 1300 425 
0.04 60.0 177 220 650 167 215 650 207 
0.04 93.0 96 126 400 94 123 400 110 

dropler collection box 7 reactor cavity 
isokinetic sa@ing probe 8 swnt 
colledionliquiddis&sretank 9 sealmblereom 
reactor pressure vesae1 &v ) 10 containment 
st&mgenerator 11 air vent 
rupture diskette 12 airtank 

Fig. 8. Droplet sampling system used in Purdue Direct Con- 
tainment Heating Facility. 

to simulate steam. The liquid was charged into the 
RPV (reactor pressure vessel), and the RPV was pre- 
ssurized by actuating the solenoid valve. The rupture 
disk broke at a specific pressure level and the liquid 
was then discharged into the reactor cavity. After the 
completion of the liquid discharge, air began to blow 
down. The liquid in the cavity was entrained by the 
gas stream and carried into the subcompartment, and 
part of the entrained mass dispersed into the con- 
tainment atmosphere. Three isokinetic sampling pro- 
bes were mounted above the exit of cavity for droplet 
sampling. The probes were aligned parallel to the gas 
stream in the cavity chute in order to minimize droplet 
deposition in the probe. 

Figures 9(a)-(b) show the measured droplet size 
distributions at different time window in air-water 
simulation tests. These data show that droplet sizes 
are relatively large at the beginning of entrainment 
and become smaller later on. This trend of change is 
consistent with the physical process of entrainment. 
The spread of the droplet size distribution is wider 
than that in the steady state due to the change in gas 
velocity during the transient. Figure 10 shows the 
size distribution of woods-metal droplet. The woods- 
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Fig. 9. Droplet size distribution measurements in transient 
DCH air-water experiment: (a) time window 1; (b) time 

window 2. 

metal droplets were captured in a pool of syrup and 
the temperature of syrup was below woods-metal 
melting point (70°C). Since woods-metal droplets 
were quickly solidified in the liquid pool, droplet 
coalescence was insignificant. Therefore, the time win- 
dow for sampling was selected to be much wider to 
cover the whole entrainment time interval. These 
experimental measurements provided a valuable data- 
base for evaluating the containment performance in 
such a severe accident scenario. 

6. cOWWSl0lUS 

Droplet size measurements become rather difficult 
under some restrictive experimental conditions in two- 
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Fig. IO. Size distribution of liquid-metal droplets measured 
in the air-liquid metal experiment. 

phase flow, such as high-transient process, high drop- 
let flux, existence of liquid film on the wall and non- 
transparent liquid (liquid-metal) droplets. A novel 
system was developed to perform droplet size 
measurements under these difficult conditions. Some 
concerns associated with the system such as droplet 
deposition, breakup and coalescence were addressed 
and answers and practical solutions were provided. 
The system was calibrated by a direct sampling 
method, and the reliability of its performance was also 
examined by the comparison between measurements 
and model predictions. Experiments showed that the 
present system was particularly suitable for high-vel- 
ocity gas-droplet flows. The application of the system 
to a nuclear reactor severe accident simulation exper- 
iment has demonstrated its usefulness to highly com- 
plicated systems under transient conditions. 
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