
Determination of Slip Ratios in Air-Water 
Two-Phase Critical Flow at High Quality 
Levels Utilizing Holographic Techniques 

Holographic techniques employing a pulse ruby laser were used to 
measure the size and velocity of drops for air-water two-phase critical flow 
at quality levels above 0.95. The use of a large numerical aperture in the 
holographic recording system permitted diffraction limited resolution of 
the droplets. The measured slip ratio along with the observation that a 
very significant portion of the liquid phase was concentrated near the 
boundary layer at the exit plane indicates that a separated flow model 
describing two-phase critical flow would represent the actual conditions 
to a better degree than the other models. 
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SCOPE 
Rapid developments in the field of nuclear reactor tech- 

nology in recent years have strongly stimulated the study 
of two-phase critical flow. A knowledge of the two-phase 
critical flow rate is essential for the prediction of effluent 
rates from an accidental break in a nuclear reactor. 

Critical mass velocity of a fluid is defined as the maxi- 
mum mass velocity obtainabIe with the fluid in a given 
thermodynamic state. For the critical mass velocity of a 
single phase fluid, the theory has been well established. 
However, it has been shown that the critical flow rate of 
gas-liquid systems is much higher than that predicted by 
the homogeneous equilibrium model. This model assumes 
that the linear velocity of each of the phase is identical, 
phase equilibrium exists and the specific volumes of vapor 
and liquid are additive. To commonly cited reasons for this 
are a departure from thermodynamic equilibrium, non- 
equilibrium (metastability) and also a difference in the 
linear velocity of each of phase (slip phenomena). At- 
tempts have been made to determine the departure from 
equilibrium by measuring temperatures for each phase and 
the pressure of the mixture. In addition, slip phenomena 
have been studied extensively using various techniques, 
and yet most of the existing literature leaves much to be 
desired. 

Other than the simple homogeneous equilibrium model 
several theoretical models have been proposed to predict 
the two-phase critical flow rate. These models have as- 
sumed that deviation from ideality is caused by either 
metastability or slip phenomena alone. Accounting only for 
slip phenomena leads to the separated flow models and 
accounting only for metastability leads to the homogene- 
ous models. The absence of reliable data on slip phenom- 
ena and metastability has prevented an accurate theoreti- 

cal description of two-phase critical flow phenomena. 
However, critical flow rates can be predicted with a fair 
degree of accuracy in certain quality regions with most of 
the models. 

The most direct way of determining the slip ratio (ratio 
of gas velocity to liquid velocity) is by the measurement 
of drop size and drop velocity. Sampling and probing 
techniques have been suggested, but they have the unde- 
sirable characteristics of disturbing the flow. Most investi- 
gators have concluded that the distribution of drop sizes 
and drop velocities can be best obtained by using photo- 
graphic techniques. However, the difficulty of obtaining 
these distributions by photographic techniques increases 
greatly for small size drops at high velocities. High mag- 
nification results in small areas of observation and a nar- 
row depth of field. 

The development of holographic techniques together 
with the use of the laser has given new hope in this field 
of study. Holographic techniques can record a large depth 
of field and three-directional movement. The laser can 
provide a strong and coherent light source to enable the 
taking of holograms for fast moving drops. Thompson et 
al. (1966) initiated the study of holographic techniques 
to measure the size distribution of droplets and Matkin 
(1968) extended this work to consider both the size and 
velocity of droplets in steam-water critical flow systems 
without much success due to light scattering from conden- 
sation nuclei. 

The goal of this research was to measure drop size and 
drop velocities in air-water two-phase critical flow with an 
improved holographic technique. By analyzing these data 
and observing other details of flow phenomena closely, it 
was expected that one could arrive at a better understand- 
ing of two-phase critical flow systems. 

CONCLUSIONS AND SIGNIFICANCE 
The size and velocity of drops in air-water two-phase 

critical flow as well as for subcritical flows at quality 
levels above 0.95 has been successfully determined. This 
was accomplished throughout a sample volume without 
disturbing the flow by the use of holographic techniques 
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large aperture and the ruby laser was able to provide two 
giant pulses separated by a minimum of 5 ,US. 

The size distribution indicates that the number of drops 
increases as the size decreases. Also, these distributions 
show that the high velocity flow has a fewer number of 
larger drops than that at lower velocity for the same qual- 
ity. 

The results of the velocity measurements demonstrated 
that the range of the velocity measurements was exceed- 
ingly great even for the same range of drop size. The cal- 
culation of the average velocity for the same range of 
drop size indicates that the average velocity increases as 
the size of drops decreases and the average velocity of the 
drops generally increases as the gas phase velocity in- 
creases. 

Slip ratios which are determined from the size distribu- 
tion of drops and the average velocity of drops lie be- 

tween the values calculated by two typical theories for 
the separated flow model (Fauske, 1962; Cruver, 1963) 

{ k = ( $)"' and k = ( $)1'3} 
Furthermore, a liquid film was observed at the boundary 
layer of the exit plane and most of the drops were also 
located near the boundary layer. The above two observa- 
tions in this study could be considered as a reasonable 
justification for using the separate flow model to represent 
two-phase critical flow phenomena at high qualities (qual- 
ities higher than 0.15). 

Triple exposed holograms were produced by a triple 
pulse from the ruby laser, and these holograms showed 
that these techniques could be used to measure accelera- 
tion of drops. 

PREVIOUS WORK 

Since most nuclear reactors have used water as a cool- 
ant, a study of steam-water two-phase critical flow has 
been important to this development. The work of Isbin 
et al. (1957) is one of the earlier studies undertaken to 
measure the critical flow rate of steam-water mixtures 
through a constant area duct. Their data were found not 
to be complete due to the extrapolation techniques for 
pressure at the exit-plane. Faletti and Moulton (1963) 
reported the measurements of steam-water critical flow 
rates using a pressure tap on a concentric rod, thus per- 
mitting a detailed study of the pressure profile at both the 
up-stream and down-stream portions of the exit plane. 
They compared their data with the predictions from the 
simple homogeneous equilibrium model, which is an exten- 
sion of the theory of single phase critical flow and found 
that the measured critical flow rates are much higher than 
that calculated from the model. Metastability and slip 
phenomena were suggested as possible causes for these 
departures. 

Fauske (1962) not only confirmed the measurements of 
critical flow rate by Faletti and Moulton (1963) but also 
derived a separated flow model with the postulate that the 
liquid and vapor phase are separated and are in thermo- 
dynamic equilibrium so that the departure from the equi- 
librium behavior is attributed solely to slip. He assumed 
that critical flow involved maximization of the momentum 
average specific volume with respect to slip ratio as given 
by the momentum equation and found the expression for 

at critical flow. 
Cruver (1963) and Moody ( 1963) independently as- 

sumed that critical flow involved minimization of energy 
requirements and differentiated the energy equation with 
respect to the slip ratio to obtain 

They also proposed separated flow models based on either 
the momentum energy balance or the stagnation energy 
balance. 

Levy (1965) also proposed a separated flow model 
based upon the momentum exchange between phases as- 
suming that all frictional losses and head losses were 

negligible. The advantage of his model is that it can pre- 
dict the slip ratio without any assumption. Apart from 
those mentioned above, a few different separated flow 
models (Klingebiel and Moulton, 1971; Katto, 1969) have 
been reported. All of these models predict the critical flow 
rate fairly well in the quality range from 0.01 to 1.0. 
However, no one verified experimentally the values for 
slip ratio used in these models. 

Klingebiel and Moulton (1971) have reported the mea- 
surements of the slip ratio in steam-water critical flow for 
the quality range from 0.02 to 1.0 utilizing the impulse 
cage. Their results show that the measured slip ratio was 
much smaller than that predicted by existing models, and 
their discrepancies were explained as the results of en- 
trainment of the liquid in the vapor phase. Fauske (1965) 
measured the void fraction in air-water critical flow using 
gamma ray attenuation techniques at qualities up to 0.1, 
and converted the data into the slip ratios. His data also 
were much smaller than that predicted by the separated 
flow models. 

Matkin (1968) attempted to measure the drop size 
distributions and the velocity of drops in order to deter- 
mine slip ratios in steam-water critical flow utilizing holo- 
graphic techniques with a pulse ruby laser. The presence 
of condensation nuclei interfered with his program of 
research. 

Recently Henry et al. (1970) extensively studied steam- 
water two-phase critical flow at low qualities and found 
metastability is much more significant at low quality flows. 
They developed a homogeneous model with an approxi- 
mation of the nonequilibrium process by thermodynamic 
equilibrium paths, and the model exhibits good agreement 
with the experimental data for qualities less than 0.02. 

EXPERIMENTAL EQUIPMENT 

Critical Flow 
Air-water was chosen as working fluid in order to avoid pos- 

sible condensation nuclei effects and to minimize the metastabil- 
ity effects. The apparatus consisted of the equipment necessary 
to supply water and air at suitable conditions, together with 
instrumentation to measure their physical properties such as 
flow rate, temperature and pressure, followed by appropriate 
mixing devices and the test section proper. Figure 1 is a sche- 
matic diagram of the equipment. 

The two phases were mixed by spraying the water into the air 
stream followed by passing the mixture through an aluminum 
honeycomb to reduce phase stratification and the scale of tur- 
bulence. After accelerating through a reducing cone the two- 
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phase medium entered the test section. It has already been 
shown that this mixing configuration does not affect the out- 
come of two-phase steam-water critical flow generation. A de- 
tailed description of the mixing section can be found elsewhere 
( Klingebiel, 1965). 

The test section was a stainless steel tube 0.635 cm (0.25 in.) 
inner diameter and 48 cm (19 in.) long. Eight pressure taps 
were drilled in the wall of the test section and the closest tap 
to the exit plane was located 0.1143 cm (0.045 in.) away. The 
entire test section was insulated with asbestos tape. 

Holography 
Figure 2 shows the schematic diagram for the recording and 

the reconstruction of the holograms. 
A pulsed ruby laser was built to produce single or double 

Q-spoiled pulses separated by a minimum of 5 p s  with the 
pulse width being 50 ns. This laser served as the light source 
for holographic recording. The short exposure time provided by 
the ruby laser alleviated the necessity for providing vibration- 
free equipment generally required for holography. The energy 
was optically pumped throu h two linear xenon flash lamps 

half confocal system was used as the resonator configuration and 
a Pockel cell (Westinghouse LPC-100) combined with a Glan- 
Thompson prism was used as the Q-spoiling mechanism. De- 
tails of construction, operation, and characteristics of the ruby 
laser used in this experiment can be found elsewhere (Lee, 
1973). 

The ruby laser beam was directed through the area of interest 
by mirrors which were front surface reflecting optical flats of 
good quality. Concave lenses were used to enlarge the ruby 
laser beam. The light level for proper exposure of the film was 
adjusted by varying the distance from the concave lenses to the 
holographic plate or the number of concave lenses used. Two 
kinds of film, Agfa-Gevaert 8E75 and 10E75 were used as the 
holographic recording material. 

A He-Ne laser ( Spectra-Physics Model 122) was used for the 
reconstruction of holograms. Two front surface mirrors were 
used for making the beam coaxial with the object lens of the 
microscope. The concave lenses, which were used to enlarge 
the beam for recording the hologram, were also used to enlarge 
the beam for reconstructing the hologram. 

The reconstructed real images were formed on a rotating 
ground glass disk and viewed through the disc with a micro- 
scope. The rotating diffuser consisted of a carefully ground 
(#305 emery) glass disk spinning at 6 turns/s. The diffuser 
served to limit the depth of field as well as to eliminate the 
speckle pattern since the rotation of the diffuser completely 
destroyed the coherence of the background light. The rotating 
diffuser was attached to the microscope in such a manner that 
the distance from the object lens of the microscope to the 
ground glass could be easily adjusted. The microscope used was 
a Bausch and Lomb Dynazoom Microscope (Model PB 425) 
and the magnification could be varied from 30X to 800X. A 
stereo-zoom stand, Model S. K., also manufactured by Bausch 
and Lomb was used to support the microscope. The stereo- 
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Fig. 1. Schematic diagram of critical flow equipment. 
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Fig. 2. Arrangement for recording and reconstructing holograms. 

zoom stand enabled the microscope to move freely in three 
dimensions. A micrometer scale was inserted into an eyepiece 
of microscope in order to measure the size of the reconstructed 
images, and a Polaroid camera attachment was used to take 
photographs through the microscope. 

HOLOGRAPHIC TECHNIQUES W I T H  A LARGE APERTURE 

Matkin (1968) had some difficulties with his holo- 
graphic techniques due to the limit of resolution and the 
large focal depth of the reconstructed image. These diffi- 
culties can be substantially improved by using a large 
aperture in the holographic system. This is analogous to 
the use of small f/number stops in  ordinary microscopy. 

Rayleigh criteria is one of typical expressions for the 
limit of resolution in ordinary optical systems. 

/3 = 1.22 X/D (3)  
This equation states the well-known fact that for classi- 

cal optics the resolution is inversely proportional to the 
aperture size. This is also true for holography since the 
holographic process can be considered as a process which 
merely freezes the optical wave front at a particular in- 
stant. Any process that is then performed in the wavefront 
to extract information will be limited by the laws of or- 
dinary optics. Stigliani e t  al. ( 1970) have experimentally 
and  theoretically studied these relationships including the 
effects of the film. These studies involved the minimum 
size particles that could be clearly imaged by the holo- 
graphic technique. Also Bieringer and Ringlien (1971) 
showed an excellent reconstruction of objects of a few 
micron sizes using a large aperture. Their results are con- 
firmed by the above statement. 

Meier (1965) also has shown that the focal depth is 
limited by diffraction in holographic procedures in  an 
identical manner to  that of ordinary optics, and his rela- 
tionship follows 

AZ = 2 f 2 N O  ( l /a)X1 (4) 
The above equation states that the focal depth is propor- 
tional to the square of the f/number. The  less the focal 
depth the more critical the focusing becomes. This then 
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the relative aperture. Figure 3 clearly demonstrates that 
the resolution of the reconstructed image is improved as 
the aperture is increased. Considering the arrangement of 
the critical flow equipment and the comparison of the 
reconstructed images for the different apertures, it was 
decided to use 5.08 cm ( 2  in.) as the distance from object 
to film plane. 

The average size of the glass sphere is 25p diameter in 
the reconstructed images, but the smallest glass sphere 
shown is less than lop. This image has distinctive bound- 
aries indicating that the holographic technique can record 
drops of only a few micron diameter. 

The other purpose of using a large aperture technique 
was to shorten the focal depth for the reconstructed image 
so that the location and the velocity of the drop could be 
determined more accurately. The focal depth of the re- 
constructed image was determined from the error caused 
by refocusing the same image several times, and it was 
found that the focal depth was less than l o p .  An excellent 
example of the short focal depth achieved by this tech- 
nique is shown in Figure 4 which consists of reconstructed 
images from a triple pulse exposed hologram of air-water 
two-phase flow. Figure 4a shows that the first two images 
are in focus and the third is out of focus and Figure 4b 
shows that the first two images are out of focus and the 
third is in focus. The distance between these two image 
planes was 20p. 

A single pulse was used to record the hologram for air- 
water two-phase flow from which the size of the drop 
could be determined. Figure 5 shows an examide of the 

Fig. 3. Comparison among different apertures. Distance from holo- 
graphic f i lm to object: A. 5.08 cm ( 2  in); B. 7.62 cm (3  in ) ;  C. 10.16 

cm (4 in); D. 15.24 cm ( 6  in). 

results in less uncertainty about the drop size and its loca- 
tion. Locating the drops more accurately will improve the 
accuracy of the velocity determin a t’ ion. 

As one goes to lower f/number optics the cost increases. 
However, large apertures in holography can ,be easily 
achieved by moving the holographic plate close to the 
volume being sampled in order to include the light from a 
large scattering angle. 

Due to scattering properties of small drops the light 
intensity falls off very rapidly as the scattering angle is 
increased. Since the photographic film used requires light 
of a certain intensity there is an angle beyond which one 
cannot operate. This will define the f/number. This point 
of cutoff is a function of drop size, the film characteristics, 
and the method of illumination. Fortunately, the cutoff: 
angle increases with decreasing drop diameter. 

General formulas for computing the location and mag- 
nification of reconstructed images have been derived by 
Matkin (1968). Since a microscope was required to mag- 
nify the image, the recording and reconstruction of holo- 
grams were always made such that the conjugate real 
image could be observed. The location and magnification 
of conjugate real images are given by 

X1 aa’bi 
&a’(a - bi) - A1 abi ( 5 )  b‘. - 1c - 

( 6 )  
- ( -a ) ( --a‘ + b T i C )  

-a + bi -a’ m i c -  - 
RESULTS OF HOLOGRAPHIC RECORDING 

The preliminary holographic work was performed by 
taking holograms of 25p glass spheres supported on a thin 
glass slide with the He-Ne gas laser. Figure 3 shows a 
comparison of the reconstructed images for different aper- 
tures. Since a complicated calculation was required to 
determine the exact aperture, for the sake of convenience 
the distance from the object to film plane was expressed as Fig. 4. Example showing depth of focal length. 
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not and how they were formed. 
There are some limitations to this technique. First, as 

discussed previously, the resolution of the holographic 
technique was limited to objects a few microns in size. 
Second, the holographic technique could not record the 
area where the drops are concentrated more than 1.5 X 
lo4 drops/cm3 (for a size distribution where 92% of the 
drops are between 10-2011). When the drops were more 
highly concentrated than this, the reconstructed images 
became indistinguishable. This phenomenon is thought to 
be caused by disturbance of the reference beam and not 
to multiple scattering. 

LABORATORY RESULTS 

Two-phase Cr i t ica l  Flow 
Accurate measurement of static pressure at the exit 

plane of the test section is essential for an accurate evalua- 
tion of the critical flow rate. Exit pressure was determined 

Fig. 5. Reconstructed image from single pulse exposed hologram. by extrapolation of static pressure values measured at up- 
stream pressure taps located on the wall of the test section. 
An example of the pressure profile for air-water critical 
flow is shown in Figure 9. 

Figure 10 illustrates critical flow rates measured in this 
research. The results are shown in the traditional manner: 
that is, by plotting the ratio of the experimental critical 
flow rate to critical flow rates calculated by the homo- 

Fig. 6. Reconstructed image from double pulse exposed hologram. 

reconstructed images from a single pulse exposed holo- 
gram. The quality of these reconstructed images are com- 
parable to that of the reconstructed images from the holo- 
gram of glass spheres taken with He-Ne laser. 

The reconstructed images from double giant pulse ex- 
posed holograms of air-water two-phase flow are shown in 
Figure 6. As mentioned previously the interval between 
two pulses was 5 ps.  The double exposed holograms pro- 
duced double images of each drop during the reconstruc- 
tion. Most of the drops moved 1 to 20 times their diameter 
within a same image plane and there was no difficulty in 
tracing the movement of the drops. The intensity of both 
pulses should be comparable to each other in order to give 
comparable exposures to both images. I t  was found that 
the intensity of one pulse should be at least a quarter of 
the other for ease of comparison. 

An unexpected triple pulse from the ruby laser produced 
a triple exposed hologram. Figure 7 is the reconstructed 
image from a triple pulse exposed hologram. These re- 
sults indicate the possibility of applying triple pulse ex- 
posed holographic techniques to other areas of two-phase 
flow study such as the acceleration of the drop and the 
deformation of the drop. 

The shape of the drop was mostly spherical except for 
some large drops. Figure 8 shows the reconstructed image 
of a large drop with strange shape. The image of the drop 
contained fringe patterns, but at this stage of the study it 
is not known whether these fringes are contour fringes or 
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Fig. 7. Reconstructed image from triple pulse exposed hologram. 

Fig. 8. Strange shape of droplet. 
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Fig. 10. Critical flow rate vs. quality. 

geneous frozen model as a function of quality. The theo- 
retical flow rate was calculated from the homogeneous 
frozen model instead of the homogeneous equilibrium 
model which has been generally used to calculate the theo- 
retical flow rate of steam-water systems because the phase 
change of water in air-water critical flow is much less sig- 
nificant for the flow process than that in steam-water criti- 
cal flow. 

The analytic solution of the homogeneous frozen model 
was easily derived from the general ex ression for an ex- 

(1949) 
panding gas-water mixture obtained 1 y Tangren et al. 

- 
GHF = .\/ at exit plane 

x v g  
(7) 

The line in Figure 10 represents the empirical curve 
developed by Faletti and Moulton (1963) for steam-water 
critical flow for moderate pressures. At qualities lower 
than 0.75 the experimental points fall above the curve pro- 
posed by Faletti and Moulton (1963). These deviations 
might be caused by the differences in the components of 
two-phase flow and the theoretical model used. Also, 
Cruver (1963) indicated that even in steam-water sys- 
tems the experimental data fall above the average curve 
proposed by Faletti and Moulton (1963) at low pressure. 
All of these comparisons indicate that this study did repre- 
sent air-water two-phase critical flow. 

Size Distribution 
The preliminary observation of the reconstructed images 

might at first indicate that the drops are randomly dis- 
tributed. However, generally speaking, most of the drops 
were located near the boundary of the jet and the average 
size of the drops increased with increasing distance from 
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the center to the boundary of the jet. Therefore, it is 
necessary to measure the size of drops in the whole cross- 
sectional volume in order to obtain a reasonable size dis- 
tribution. The size of the drops inside the volume of a 
1-mm cylinder with a 0.25-mm distance between cylinders 
was measured in a wafer volume of the jet with a 1 mm 
thickness. 

The size of individual drops could be measured to an 
accuracy of a micron, if necessary, but the exact size of an 
individual drop did not have to be known in this study. 
Instead it was important to determine into what range the 
size of the drop fell. The magnification of the microscope 
was fixed so that the smallest division of micrometer was 
lop. When the diameter of the drop was larger than lop 
it was not difficult to decide into what range of size the 
drop fell. But when the diameter of drop was near to or 
less than lop it was very difficult to decide how it should 
be counted. However, this error was not due to the resolu- 
tion of the reconstructed image but due to other factors. 
This difficulty could be solved by using the higher mag- 
nification of the microscope or by taking a photograph of 
the reconstructed image, but both methods were too com- 
plicated to use in this work. Therefore, 10 to 2 0 p  was 
chosen as the range of the smallest drops and the drops 
which were smaller than lop were included in this range. 

It was found that a distribution of drop sizes could 
only be obtained for qualities higher than 0.95 due to 
limitations of the holographic technique. This was also 
true for velocity measurements. 

Since the drops were distributed randomly, as many 
drops as possible were measured in order to make the 
measured size distribution as accurate as possible. In this 
respect two or three measurements at different distances 
from the exit plane were made for each experimental run. 

Figure 11 is a typical plot of number of drops vs. size at 
different distances from the exit plane. These curves show 
the trend that the number of drops increases as the size 
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Fig. 11. Number vs. size a t  different distances from the exit plane. 
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decreases. However, when number percent of the drops 
was calculated as a function of size the differences among 
the measurements becomes less insignificant. This fact in- 
dicates that the opulatian of drops increases with in- 

tion of the drops does not change. The increase in popu- 
creasing distance P rom the exit plane, but the size distribu- 
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Fig. 12. Number vs. size a t  different qualities for critical flow (1.5 
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lation of the drops with increasing distance from the exit 
could be explained by a decrease in the average velocity 
of the droplets with increasing distances from the exit 
plane. 

Figure 12 shows the number of drops vs. size for criti- 
cal flow at different qualities. As expected the lower the 
quality of the flow the more drops are contained in the 
same volume. However, when the number percent and 
mass percent of the drop were calculated, the differences 
among the measurements at different qualities becomes 
insignificant. Similar phenomena were observed in studies 
at subcritical flow. 

In Figure 13, mass percent vs. size are shown at differ- 
ent flow rates. These figures demonstrate that the high 
velocity flow has fewer large drops than the low velocity 
flow. 

Literature in the study of the size distribution of drops 
in two-phase flow on either a theoretical or experimental 
basis is very limited. None of the references were con- 
cerned especially with two-phase critical flow. 

Moeck and Stachiewicz (1972.) have reported a theo- 
retical study of annular-dispersed flow and have derived 
an equation for maximum stable drop size. Figure 14 
shows a comparison between their theoretical curve and 
experimental data obtained in this study. The experimental 
values are lower than the theoretical predictions and the 
deviation between them increases as the air velocity in- 
creases. Since the theoretical equation was derived from 
experimental data obtained at moderate velocities, this 
deviation indicates that their theory may not be adequate 
to predict the maximum drop size for high velocities. 

Experimental values of the mass average drop size are 
plotted as a function of air velocity in Figure 15. This plot 
could not be compared with other results since it was hard 
to find references on this subject. Figure 15 clearly dem- 
onstrates that the mass average drop size generally de- 
creases with increasing air velocity. In particular the aver- 
age drop size decreases sharply when the flow approaches 
the critical flow. These phenomena indicate the possibility 
that the flow characteristics, such as thickness of boundary 
layer or intensity of turbulence might be drastically chang- 
ing when the flow rate approaches the critical value. 

0 
Fp 

This study 
Moeck and Stachiewicz 

(I972 1 0 

1 
4010 20 40 100 200 400 

Air velocity, m / s  
Fig. 14. Maximum drop diameter vs. air velocity. 
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Drop Velocity 

The interval produced between the two pulses was 5 
ps and most of the drops moved 1 to 20 times their 
diameter during this time interval. The high magnification 
of the reconstructed image improved the accuracy of the 
velocity measurements, but at the same time it worsened 
the ability to trace the movement of the drops. Therefore, 
it was important to select the most appropriate magnifica- 
tion. In this study the magnification of the microscope was 
fixed so that the smallest scale of disk corresponded to 
20,~. With this magnification, there was no difficulty to 
tracing the movement of the drops, and the maximum 
error in the velocity measurement was k0.5 m/s. 

Rivulets of water were observed to be broken into a 
stream of drops by the expanding jet at the exit plane. 
Since the drops from the rivulets of water would not travel 
as fast as the drops originally in the air flow, the velocity 
of the drops were measured within the boundary of the 
jet. Furthermore, the measurement of velocity was limited 
to the area within 1.5 cm from the exit because the slip 
ratio at the exit plane was of primary concern. 

The direction of movement of the liquid drops was 
princi ally in the direction of the axis of the test section. 

sidered in this study. 
Figure 16 illustrates a typical plot of number percent of 

drops vs. velocity for different ranges of drop size. This 
figure shows that the range of the velocity is exceedingly 
wide even for the same range of drop size. It could be 
caused either by velocity differences at different radial 
positions or by the characteristics of turbulent flow, or 
both. The velocity plot has a Gaussian-like distribution and 
the breadth of the distribution curve is wider for small 
drops than for large drops. 

Figure 17, which is a plot of the average velocity of 
drops vs. size at different qualities under critical flow 

Radia Y components of velocity of the drops were not con- 
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Fig. 15. Mass average drop diameter vs. air velocity. 
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condition, reveals that the average velocity of the drops 
generally increase as the size of the drops decreases. The 
average velocity curves for various runs are slightly differ- 
ent from each other. Since the fluctuations of the average 
velocity do not depend on the quality, it is impossible to 
correlate the a\ erage velocity with the quality. The num- 
ber of drops whose velocity was measured ranged from 
several to over one hundred depending upon the range of 
drop size and quality. The small drops were usually mea- 
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Fig. 16. Number percent vs. velocity of drop a t  different drop sizes. 
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Fig. 17. Velocity vs. size a t  critical flow. 
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DISCUSSION OF RESULTS 

The slip ratios which were obtained on a theoretical 
basis by Fauske (1962). Levy (1965)  and Cruver 
(1963). and by Klingebiel and Moulton (1971) from 
their experiments are sho\vn in Figure 19 along with slip 
ratios obtained in this research. 

The  slip ratio values obtained by Klingebiel and Moul- 
ton (1971)  are extremely low at high qualities. They rea- 
soned that the liquid prcsent in vcry high quality flow \vas 
;in extremely fine mist so that alniost total entrainment and 
consequently a slip ratio near unity would be  expected. 
Also, Klingebiel (1965)  stated that a slip ratio less than 
one was measured at an extremely high quality. Under 
these conditions extremely small liquid drops were prob- 
ably present and the energy associated with a large sur- 
face area would introduce errors in the thermodynamic 
values associated with the liquid phase. However, his 
explanation complctely contradicted the observations in 
this study that even at  extremely high qualities, most of 
drops larger than a few microns were moving much slower 
than the gas phase as \vas also true for the liquid films 
existing at the boundary of jet. This fact indicdtes that the 
error in the measurements of slip ratio by Klin ebiel and 
.\loulton (1971) at high qualities was proba ly much 
larger than they realized. 

I he slip ratlo values measured in this study are very 
close to the values predicted by Levy (1965)  and lie be- 
tween the values predicted theoretically by Fauske 
(1962)  and by Cruver (1963) .  \Vith the data of very 
limited qualities and conditions, it is very difficult t o  con- 
clude that Levy’s prediction is superior than others for 
predicting slip ratio in hvo-phase criticiil flow. Ho\vevcr, i t  
is very interesting to indicate that Levy’s prediction which 
dovs not have any xsumptions excepting the one of 
t ieglect in~ the friction loss fits the expcrirnrntiilly ob- 
served diita in this stud!. better than  the others. Klingehiel 
( 1965) indicated that the controvcrsv over \vlietlirr analy- 
tic expressions for slip ratio might bc essenti;illy academic 
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Fig. 18. Averoge velocity vs. drop size at different flow rates. 

sured more often than the large drops. This may explain 
the phenomenon that the fluctuations of average velocity 
are generiilly smaller for small size drops than for large 
size drops. 

The  average \~?loci tv  of the different qualities at thc 
different flow rate is shown in Figure 18 indicating tha t  
the velocity at critical flow rate and at three-quarters of 
critical flo\v rate are similar, but the velocity at half of the 
critical flow rate is much lower than either of the other 
two. The velocities as determined in this study are affected 
by the absolute pressure which also varies as the flow rate 
is changed. Since the average gas velocity a t  three-quar- 
ters of the critical flow rate is slightly lower than that a t  
the critical flow rate and the average gas velocity at a half 
the critical flow rate is about two-thirds of that at the 
critical flow rate, it can be  generally said that the average 
velocity of the drops increases as the average gas velocity 
increases. 

Slip Ratio 
From the size distribution of drops for different condi- 

tions and the average velocity of drops shown in Figure 
18, the velocity of the liquid phase was calculated from 
the following equation: 

.41so, the average gas velocity was calculated from the 
conditions at the exit plane of jet and mass flow rates 
measured by the orifice meter. With this information, the 
slip ratio was determined and is shown in Fi ure 19, 
along with experimental data reported by Klinge B iel and 
Moulton (1971) and theoretical predictions. T h e  rela- 
tionship between slip ratio and quality a t  the same flow 
rate is not clear not only because of the fluctuations of the 
s l i ~  ratio but also because the range studied was too nar- 
row. However, it is clear that the slip ratio decreases with 
increasing flow rate and that it becomes a minimum at 
critical flow condition. 

Flow rate 
0 Critical flow 
A 314 of critical flow 
0 112 of criticol flow 

,Fouske (1962) 
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Fig. 20. Exit plane of jet. 

since the effect on the critical flow rate of substituting one 
for the other is hardly appreciable. Therefore, it may not 
be of great importance whether or not the measured slip 
ratio in this study is close to that of a certain theory. 
Rather, it is important to point out that the measured slip 
ratios lie between the values calculated by typical theories 
based on the separated flow model. 

Klingebiel (1965) reported that slip ratio increased 
with increasing flow rate at the same quality and became a 
maximum at the critical flow rate. He reasoned that the 
increasing pressure gradient near critical flow would result 
in an increasing difference in average velocity between 
vapor and liquid phases and this velocity difference would 
reach an upper limit only at critical flow. On the contrary, 
it was found in this study that the slip ratio decreased 
with increasing flow rate at the same quality and became 
a minimum at critical flow conditions. An increasing pres- 
sure gradient near the critical flow point does increase 
the velocity difference between the individual drops and 
the as phase. Also, this increasing pressure gradient will 

drop size becomes a minimum at critical flow as indicated 
previously. Slip ratio is also dependent on the average size 
of drops since the small drop moves faster than the larger 
one. Therefore, the minimum slip ratio at critical flow 
might be explained by the fact that the differences of 
average drop size affect the slip ratio more than the veloc- 
ity differences near critical flow. 

When the experimental data were plotted on the Baker 
Plot (Baker, 1954), all the data lay in the dispersed flow 
regimes. However, as shown in Figure 20, a liquid film 
was found at the boundary layer in the vicinity of the exit 
plane. I t  is important to ascertain whether the pattern ob- 
served was stable and fully developed or not. Since the 
ratio of the length to diameter of the test section is larger 
than 12, it seems quite reasonable to accept the statement 
that critical flow at the exit in this study is a fully devel- 
oped one (Fauske, 1965). Accordingly, the existence of 
the liquid film demonstrates that two-phase critical flow at 
high quality is not entirely dispersed flow. Furthermore, it 
was observed that most of the drops were located near the 
boundary. 

Theories from the separated flow model predict reason- 
ably well the critical flow rates in spite of the simplicity of 
their assumption that the liquid and gas phase can be 
treated separately. The justification of the assumption has 
always been in question. Now, the credibility of the sep- 
arated flow model might be strongly supported by the fact 
that measured slip ratio values are closer to the values 

brea f up the large drops into small sizes, and the average 

calculated by typical theories of the separated flow model 
along with the observation that most of the drops were 
located near the boundary and that liquid films exist at 
the boundary. This observation provides a method of 
explaining the separated flow model, namely: two-phase 
flow consists principally of two separated phases; one is 
the gas phase at the core with negligible amounts of liquid 
and the other is the liquid phase at the boundary with 
negligible amounts of gas. 

Therefore, the separated flow model is a good approxi- 
mation for two-phase critical flow in the high quality re- 
gion. However, in order to provide a more realistic theo- 
retical model, the liquid film, the distribution of the drops 
radially as well as the extent of metastability should also 
be considered. 
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NOTATION 

a 
a‘ 

bi 
b’ic 

D 
fso 
Go 
GHF 

gc 
k 
M 
mi, 
P 
U 
V 

A2 
X 

a 

P 
r 

Y x 

= distance from hologram to recording source, m 
= distance from hologram to reconstructing source, 

= distance from hologram to object plane, m 
= distance from hologram to conjugate image plane, 

= specific heat of liquid, J/kg . K 
= specific heat of gas at constant pressure, J/kg . K 
= specific heat of gas at constant volume, J/kg . K 
= diameter of circular aperture, m 
= f/number 
= observed critical flow rate kg/m2 . s 
= critical flow rate calculated from homogeneous 

= universal gravitational constant 
= slip ratio 
= mass, kg 
= magnification of reconstructed conjugate image 
= pressure, N/m2 
= velocity, m/s 
= specific volume, m3/kg 
= quality 
= focal depth, m 

= minimum angle of resolution, rad. 

m 

m 

frozen model kg/m2 . s 

= & / X i  

- YC, + c1 - 
YCt, + c1 

= M , / M ,  
= wave length of light, m 

Subscript 

di 
g = denotes gas phase 
1 = denotes liquid Phase 
1 = denotes recording light 
2 = denotes reconstructing light 

= denotes ith range of drop size 
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Molecular Oxygen Induced Crystallite Size 
- -  

Effect in Reduction of Nitric Oxide with 
Ammonia Over Supported Platinum 

The effect of changing platinum crystallite size from 2.7 to 15.5 nm 
on the specific catalytic activity in NO reduction by NH3, with and without 
added 02, was studied over alumina supported platinum catalysts between 
423 and 473OK. In the NO-NH3 system both specific catalytic activity and 

ROBERT J. PUSATERI 
JAMES R. KATZER 

and WILLIAM H. MANOGUE 
selectivity to N2 are independent of crystallite size. In the NO-Op-KH3 
system the specific catalytic activity of the 15.5 nm crystallites is about six 
times that of the 2.7 nm crystallites. The NO reduction rate shows de- 
pendence on NO to the first power and on NH3 to the one-half power. 

Department of Chemical Engineering 
University of Delaware 

Nework, Delaware 1971 1 

SCOPE 
Supported noble metal catalysts find wide and im- 

portant application in industry and are gaining importance 
in pollution control applications including the reduction of 
NO in automotive exhaust and in tail gas streams. Because 
of the high cost of noble metals, these catalysts usually 
contain only a small amount of highly dispersed metal on 
a support. The metal crystaUites typically range from 1.0 
to 50 nm in diameter (1 nm = 10A). The literature pro- 
vides little quantitative information on their kinetic be- 
havior in NO reduction, and it provides no information on 
the effect of the degree of dispersion of the metal on 

Correspondence concerning this paper should be addressed to J. R. 
Katzer. R. 1. Pusateri is with Hercules Research Center, Hercules, Inc., 
Wilmington. Delaware. W. €1. Manogue is with the Experimental Station. 
E. I. duPont de Nemours and Company, Wilmington, Delaware. 

its specific catalytic activity (rate of reaction per unit 
metal surface area) in such reactions. In many reactions 
involving H2 and hydrocarbons the specific catalytic activ- 
ity is independent of the size of the metal crystallites. 
However, it has recently been shown that in oxidation 
with 02, including NH3 oxidation, the specific catalytic 
activity is markedly dependent on crystallite size. The 
cause of this effect can be better understood if informa- 
tion on related oxidation-reduction reactions is available; 
yet there are no data with other oxidants such as NO. 
This work sought to determine if a crystallite size effect 
exists for a platinum on alumina catalyst in the reduction 
of NO by NH3 with and without added 02. Another pur- 
pose of the work was to quantitatively determine the 
kinetics of the NO-NH3 reaction. 
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