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Abstract--This paper presents experimental data on the air entrainment process for a plunging liquid jet. 
Local data, including the size distribution of the bubble diameter, void fraction, bubble velocities and 
turbulent liquid velocities were obtained using a fiber optics phase Doppler anemometer system. A dual 
element conductivity probe was also used to measure the spatial distribution of the local void fraction. 
For the larger bubbles, the turbulence of the plunging jet was parametrically controlled using a specially 
designed nozzle and the turbulence intensity was measured using a laser Doppler anemometer system. 
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INTRODUCTION 

A good understanding of the air carryunder and bubble dispersion process associated with a 
plunging liquid jet is vital if one is to be able to quantify such diverse phenomena as sea surface 
chemistry, the meteorological significance of (breaking) ocean waves, the performance of certain 
type of chemical reactors, the "greenhouse" effect (i.e. the absorption of CO2 by the oceans) and 
a number of other important maritime-related applications. The absorption of greenhouse gases 
into the ocean has been hypothesized to be highly dependent upon the air carryunder that occurs 
due to breaking waves. This process can be approximated with a plunging liquid jet (Monahan & 
Torgersen 1991; Kerman 1984). In particular, the air entrainment process due to the breaking bow 
waves of surface ships may cause long (i.e. up to 5 km in length) wakes. Naturally easily detectable 
wakes are undesirable for naval warships. In addition, the air carryunder that occurs at most 
hydraulic structures in rivers is primarily responsible for the large air/water mass transfer that is 
associated with these structures (Avery & Novak 1978). Also, air entrainment plays an important 
role in slug flow phenomena. The liquid film surrounding the Taylor bubble has a mean flow in 
the opposite direction from the Taylor bubble. This liquid forms a type of plunging jet that 
produces a surface depression in the rear part of the Taylor bubble. When the annular liquid jet 
exceeds a critical velocity, the plunging liquid jet entrains small bubbles from the air in the Taylor 
bubble. These bubbles follow the Taylor bubbles in the liquid slug. 

A number of prior studies have been performed in which axisymmetric plunging jets have been 
used to investigate the air carryunder process. These include the works of Lin & Donnelly (1966), 
Burgess et  al. (1972), Van De Sande & Smith (1973), Koga (1982), McKeogh & Ervine (1981), 
Detsch & Sharma (1990), Ohkawa et  al. (1986), Ervine et  al. (1980), McKeogh & Elsaway (1980), 
Ervine & Falvey (1987), Blanchard & Cipriano (1981) and Sene (1988). 

Unfortunately, in most of these experiments only global measurements were made. While such 
measurements may allow one to correlate an onset-of-air-carryunder criteria, they provide very 
limited information on the fluid mechanics of bubble entrainment and the resultant dispersion 
process in the induced two-phase jet. 

The primary objective of this research was to obtain detailed local data in the two-phase flow 
region of a plunging liquid jet. We have obtained the local (turbulent) velocity of the liquid, the 
velocity of the gas bubbles, the bubble size distribution for bubbles smaller than about 1.0 mm and 
the void fraction of the gas phase. The combined probability density function (pd~ of the bubble 
size and velocity has not been measured before. The pdf for bubble diameters is needed to compu'..e 
the interfacial area density, an important parameter which helps determine the mass transfer 
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characteristics of the two-phase flow. Finally, the pdf  of the bubble velocity is needed to estimate 
the total time that the bubbles remain submerged and therefore able to transfer mass. 

E X P E R I M E N T A L  SETUP 

As shown in figure 1, a converging nozzle oriented vertically produced an axisymmetric liquid 
(i.e. water)jet. This jet impacted a pool of water at 90 ° and, when a threshold velocity was exceeded, 
it was observed that the plunging liquid jet caused air entrainment. In agreement with the 
observations of McKeogh & Ervine (1981), different two-phase jet characteristics were noted, 
depending on the turbulence intensity of  the plunging liquid jet. For  a laminar liquid jet (i.e. one 
having a turbulence intensity less than about 0.8%) the diameters of the induced bubbles were in 
the range 15-300 #m. On the other hand, for a liquid jet turbulence intensity of  about 3%, the 
entrained bubbles had diameters in the range 1-3 mm. Our definition of  a rough and smooth jet 
should be considered only as an easy way to refer to one particular turbulence intensity. In 
particular, rough means a turbulence intensity of about 3% while smooth means about 0.8%. 
Another candidate for the distinction was the Reynolds number (Re). However, this is not 
appropriate because after the contraction, with the same Re we may have different turbulence 
intensity. These different turbulence intensities generate qualitatively different two-phase flows. 

Figure 1 shows a schematic of the test loop, a screw pump was used to force the water through 
the nozzle as well through a bypass. The pump had a speed controller which was used for the coarse 
control of  the liquid flow rate through the nozzle. In the bypass a valve was used for the fine control 
of the liquid flow rate. In order to damp out any flow oscillations, an accumulator was placed on 
the discharge side of the pump. 

The acrylic conical nozzle, shown schematically in figure 2, consisted of  an arrangement of 
honeycombs and screens followed by a smooth contraction. In this way the turbulence level of the 
liquid jet could be varied parametrically. The exit diameter of the nozzle was 5.1 mm, and this 
produced a liquid jet of about the same diameter. The acrylic tank which contained the water pool 
had dimensions, 0.914 x 0.916 × 1.465 = 1.265 m 3. The suction of the tank was put as far from the 
liquid jet impact point as possible in order to minimize the influence of this flow on the two-phase 
jet's flow. 
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Figure I. Schematic of the experimental apparatus. 
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Figure 2. Schematic of the conical nozzle. 
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A DANTEC fiber-flow laser Doppler anemometer (LDA) system was used to nonintrusively 
measure the liquid and gas velocities (both the mean and fluctuations). This system consisted of 
submersible transmitting and receiving optics. 

The transmitting optics were powered by a 10 W Ar-ion laser. The laser beam was split into two 
beams, where one beam passed through a Bragg cell to produce a fringe shift of 40 MHz in the 
measurement volume. Optical fiber wave guides conducted the laser beams to the submersible LDA 
heads. A 600 mm focal length lens was used in these experiments. A beam expander was also used 
to reduce the size of the measurement volume and increase the light intensity. 

The receiving optics was used in a back-scattering configuration. Optical fibers conducted the 
scattered light to the photomultipliers after the light was optically filtered. The photomultipliers 
converted the optical signal into an electrical signal that was processed by a special covariance 
signal processor. An AT micro-computer collected and further processed the data. 

The receiving optics used for the smooth jet employed a fiber phase Doppler anemometer 
(FPDA) system with 600 mm focal length lenses and a special aperture plate to maximize the bubble 
size range. The axial velocity of the liquid jet was used as the master signal for data collection. 
The collected light was transmitted through three optical fibers to a special FPDA device having 
three photodetectors for bubble size measurement. 

The signals collected by the AT computer consisted of the: 

--arrival time of the particles 
--transit time of the particles 
--velocity of the particles 
----equivalent diameter of the particles. 

Two different methods were used for the measurement of void fraction in the two-phase jet: a 
KfK impedance probe and the particle time fraction from the FPDA. The impedance probe consists 
of two electrically isolated electrodes; one at the tip of the probe and another downstream electrode 
which was always in contact with the liquid in the pool. The liquid (i.e. water) had a relatively high 
electrical conductivity and thus when the tip was in contact with the liquid a relatively high current 
flows through to a Wheatstone bridge circuit. The difference between the conductivities of the liquid 
and gas phases produces a different signal depending on whether there is liquid or gas present at 
the tip of the probe. The active element of the probe's tip was 150/zm in diameter and it was 
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calibrated with bubbles having diameters in the 1-3 mm range. This type of probe is a standard 
tool used for measuring local void fraction in air/water bubbly flows (Hewitt 1978). 

The KfK impedance probe was used to measure the void fraction for the rough jet (which had 
bubbles of diameter in the range 1-3 mm) because the size of bubbles produced was out of the range 
of the FPDA (i.e. the air bubbles were too large for the lens size used). In contrast, for the 
measurement of void fraction when a smooth liquid jet was tested, the impedance probe could not 
be used because the size of the bubbles was the same order of magnitude as the size of the tip (i.e. 
the air bubbles were quite small). However, the FPDA could be, and was, used to measure the size 
distribution of the bubbles in this case. 

A particle crossing the control volume of the LDA with a velocity u perpendicular to the LDA 
fringes produces light modulation in the photomultiplier that has a Doppler frequency of 

(0) 
fo = ~-~ sin ~ , [ll 

where 

and 

2 = wavelength of the laser light, 
0 = angle between the laser beams 
u = particle velocity component perpendicular to the fringes 

fD = Doppler frequency. 

An important electromagnetic effect that is predicted by Mie's theory is that if a planar 
electromagnetic wave is reflected by a sphere of diameter dp, the frequency of the reflected wave 
has the same frequency as the incident wave but it has a phase shift which depends on the sphere's 
diameter. In particular, a detector located at spherical coordinates (0, ~,) will detect a phase 
difference, O, given by (Mie 1908): 

[( ( 0 0os ) 3 O =rcdp'n2 x/~ 1 +sin-02sin~b sin0-cos-02cos~b - 1 -sm~sin~b s i n 0 - c o s  T 

[2] 

where 

n = index of refraction of the medium 

and 

dp= particle diameter. 

Thus, with two optical detectors we can evaluate the particle diameter by measuring the phase 
difference between the signals of the two detectors and the relative position of the detectors. Notice 
that the sensitivity of the system depends on the relative location of the detectors. The system used 
had three detectors, DI, D2 and D3. Detector D2 was near D1 (and thus had low sensitivity), and 
was configured for a dispersed particle size range of 0-800 #m. Detector D3 was far away from 
D1 (and thus had a high sensitivity) and it was used to increase the accuracy of the diameter 
measurement. That is, the phase difference between photomultipliers 1 and 2 was used to estimate 
the diameter subrange of the particles. The phase difference between photomultipliers 2 and 3 was 
then used to evaluate the diameter of the particle more accurately. The phase difference between 
photomultipliers 1 and 3 gave a consistency check (i.e. it was verified that the sum of the three 
phase differences was 2n). Durst & Eliasson (1975) were apparently the first to use this principle 
to measure the diameter of particles. Although Durst & Eliasson measured the diameter of 
relatively large particles (i.e. 2 mm in diameter) their method was extended to the #m range by 
Saffman et al. (1984). 

The FPDA was calibrated using a suspension of polystyrene particles which had diameters of 
9.5 + 0.5/~m and a rotating steel ball of diameter 0.4 mm. 

The LDA/FPDA system and the KfK impedance probe were mounted on a Benjamin Systems 
three-dimensional traversing mechanism having a 1/~m positioning resolution. The tip of the KfK 
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impedance probe was positioned 0.3 mm under the measurement volume of the LDA/FPDA 
system for void fraction measurements when a rough jet liquid was tested. 

The turbulence intensity of the liquid jet at the nozzle exit was found to be one of the most 
important parameters affecting jet roughness and the size of the bubbles entrained by the plunging 
liquid jet. An arrangement of honeycombs and screens were used to control the turbulence intensity 
of the flow entering the conical nozzle. The attenuation of the turbulence due to the screens and 
honeycombs is given by 

1 
f -  1 + K axial reduction (Prandtl 1933) "] 

1 f [31 
f = (1 + K) ~/~ lateral reduction (Dryden & Schuabauen 1947), 

where K is the pressure loss coefficient (in velocity heads). 
Downstream of the honeycombs and screens the liquid flowed through an axisymmetric 

contraction. Prandtl (1933) showed that the attenuation of the turbulence in a convergent nozzle 
is: 

f = 1/C 2 axial reduction ) 

f =  1/C ~/2 lateral reduction,)l' [4] 

where C is the area contraction ratio. 
It was found that [3] and [4] somewhat overpredicted the measured attenuation of the turbulence 

however they were used during the design stage in order to decide what honeycombs, grids and 
contraction ratio to use. For a more recent paper concerning limitation of these formulae see Groth 
& Johansson (1988). 

In the next section the results for a liquid jet with a turbulence intensity of U[/~L = 0.8% are 
presented. From now on this level of turbulence will be referred to as the smooth jet, since the liquid 
jet was visibly smooth. Later the results for a liquid jet with a turbulence intensity of U[/aL = 3% 
will be presented. This level of turbulence was found to produce a visibly rough jet. 

EXPERIMENTAL RESULTS--SMOOTH JET 

It was found that the best nozzle configuration to minimize the turbulence intensity of the jet 
at the nozzle exit was as follows: 

(1) Two honeycombs separated by one half tube (inner) diameter, with the first 
honeycomb placed right after the nozzle inlet. 

(2) Two grids separated one tube (inner) diameter apart. The first grid was a distance 
of one half tube (inner) diameter from the last honeycomb. 

A high-speed Kodak (Spin Physics) videocamera with a zoom lens was used to visualize the 
induced two-phase flow. As shown schematically in figure 3, we observed that an annular meniscus 
was formed adjacent to where the jet impacted the liquid pool. Within this meniscus, a thin annular 
sheet of air was induced because of the drag of the liquid jet. This sheet of air became unstable 
leading to the entrainment of air bubbles. Figure 4(a) is a still picture extracted from the high-speed 
video. The meniscus can be seen in the bottom part of the near-field picture as well as the thin 
annular sheet of air. Near the bottom part of the picture waviness in the air sheet can be noted, 
however the air entrained process is not seen. Figure 4(b) shows a picture of the far-field process. 
The two-phase jet and the air entrained process can be observed. Near the surface, we did not 
observe bubbles, rather the air was present only in the thin annular sheet. This agrees with previous 
observations (Detsch & Sharma 1990) that breakup of the annular sheet of air causes air 
carryunder. The entrained bubbles were dispersed and a spreading two-phase jet eventually 
developed with the gas (i.e. dispersed) phase present in a conical configuration. We have also 
observed in the video that in the core of the liquid jet (i.e. near the centerline), the bubble number 
density was almost constant with time. In contrast, near the edge of the jet, we have observed 
sporadic bursts of bubbles, probably produced by the large liquid eddies of turbulent liquid, and 
the bubbles moved away from the centerline of the jet in the large eddies. 



286 F. BONETTO and R. T. LAHEY JR 

AIR 

Figure  3. Schema t i c  o f  the  a i r  e n t r a i n m e n t  process .  

The FPDA system was focused on the centerline of the jet at a distance from the undisturbed 
free surface of the pool of z = 35.1 mm. The liquid jet's flow rate was w = 0.143 kg/s, and the 
distance from the nozzle exit to the surface of the liquid pool was h = 9.0 mm. Figure 5 shows the 
pdf for particle size. It can be seen that the distribution has a maximum for a bubble diameter of  
about 160 gm. Also, there is a pronounced peak for very low values of  particle diameter. From 
this FPDA signal alone it was not possible to determine if the spike at the smallest diameter was 
produced only by liquid seeding. That is, the seeding of the liquid which was done using polystyrene 
particles having 9.5/~m mean diameter, as well as the particle inherent in the tap water which was 
used. 

In order to better understand the origin of this peak, an experiment was run in which the liquid 
jet's mass flow rate was slightly lower than the threshold value for air entrainment. For this 
situation we measured only the liquid seeding signals, because there was no air entrainment. Next, 
we set the liquid flow rate through the nozzle to a value slightly exceeding the threshold for air 
entrainment. With this configuration we had approximately the same liquid seeding signals and we 
also had the signals produced by any small bubbles entrained. The histogram with only seeding 
particles had the same shape as the sharp peak at the lowest size shown in figure 5, however the 
data rate was approx. 10% of the data rate produced by the particles having diameters < 20 #m 
for the case in which air was being entrained. The conclusion is that the liquid seeding signals 
contribute to this peak but they do not account for all the small particles measured. In particular, 
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(a) Plunging liquid jet--near field 

(b) Plunging liquid jet--far field 
Figure 4. Photographs of the two-phase jet: (a) surface depression and the air film; (b) entrainment and 

dispersion of the air bubbles. 

there was a significant number of  air bubbles having a diameter < 20/~m. These small bubbles are 
probably satellite bubbles that occur when the larger bubbles are split in the shear flow. 

Figure 6 shows the pdf  of  the liquid phase velocity. The first-order moment of  this distribution 
(i.e. the r.m.s, fluctuation) is defined as 

ui2-  1 
n - 1 ( U L i -  /~L)2, [5] 

i= 

The corresponding value of  u[ corresponding to ifigure 5 was 1.18m/s. Interestingly, this is 
approximately equal to the u[ corresponding to the single-phase flow value for the same position 
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Figure 5. Particle diameter histogram--smooth jet (z = 35.1 m m ;  w L = 0 .143 kg/s ;  h = 9.0 m m ,  r = 0). 

and liquid jet flow rate. This was characteristic of smooth jet behavior, and indicates that 
bubble-induced turbulence was very small compared to the shear-induced turbulence in the liquid 
phase. 

The transit time (i.e. the residence time) of the particles in the measurement volume was also 
collected. A correlation between the transit time of a particle andJts size and velocity was found. 
Moreover, it was found that using the information on the velocity and the transit time one could 
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Figure 6. Liquid velocity ( d p >  2 0 / t  m )  histogram--smooth jet (z = 35.1 m m ;  w E = 0.143 kg/s ;  h = 9 .0  m m ;  
r = 0). 
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predict if the bubbles have a size similar to the seeding particles or if they were larger. However, 
the velocity and transit time information alone was not enough to accurately calculate the bubble 
size. This fact can be easily understood if we suppose that the particles are much bigger than the 
measurement volume. Then the transit time is a function of the chord length of the particle and 
its velocity. In the best case the chord length can be calculated but this is not normally the bubble 
diameter. Thus, the transit time information could be used to sort between the liquid and gas 
velocities but could not be used for bubble size measurement. 

The slip ratio (S) between the liquid and the gas was found to be near unity for the relatively 
small bubbles associated with a smooth liquid jet. It was actually somewhat lower than unity, because 
in two-phase jet downflow the gas velocity was lower than the liquid velocity due to buoyancy. 

It was found that the bubbles with diameters < 20 #m traveled at essentially the liquid phase 
velocity, while bubbles having diameters > 20/~m were at a velocity which was somewhat less than 
the local liquid velocity. 

Figure 7(a) depicts a contour plot of the two-dimensional pdf of the particle diameters (dp) and 
axial bubble velocities (uz). The plots are the curves of constant counts for the same conditions 
as in figures 5 and 6. Quantitatively the most probable value of peak 1 was at, dp = 5/~m, 
uz = 4.05 m/s; and the most probable value of peak 2 was at dp = 125/zm, uz = 3.5 m/s. 

Figure 7(a) indicates that the velocity of the bubble was not dependent on its size. If  the velocity 
of the bubbles had changed with size we would see the isocount curves with their principal axes 
forming an angle with the horizontal. There is no such trend observable in figure 7(a). 

Figure 7(b) presents the same information as in figure 7(a) in a different way. For a given bubble 
diameter it shows the average axial bubble velocity u~ (the continuous line) and the r.m.s. 
fluctuation u~ (i.e. the error bars). It can be clearly seen that the mean axial bubble velocity does 
not depend on the bubble diameter. Notice that figures 7(a) and 7(b) give for each bubble size the 
mean velocity, u=, and the r.m.s, fluctuation, u~, of the bubbles. This detailed information is 
necessary when one has particles of different diameters. In other words, an average velocity and 
an r.m.s, fluctuation is insufficient to compute the mass transfer characteristics accurately. 

E X P E R I M E N T A L  R E S U L T S - - R O U G H  J E T  

Figure 8 shows the liquid velocity histogram at the centerline of the liquid jet for a flow rate 
of w = 0.144 kg/s, a distance from the nozzle to the undisturbed pool surface of h = 29.9 mm and 
a distance from the pool surface to the measurement volume ofz  = 33 mm. The mean axial velocity 
is UL = 4.96 m/s. One of the main differences between a rough liquid jet and a smooth jet is 
that in the latter case the liquid flow field is practically unaffected by the bubbles, while in the 
former the bubbles are much larger, thus the discrete phase increases the continuous phase's 
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Figure 7(a). Contour  plot of  the two-dimensional p d f - -  
smooth jet ( z = 3 5 . 1 m m ;  WL=O.143kg/s; h = 9 . 0 m m ;  
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Figure 8. Liquid velocity histogram--rough jet (z = 33 mm; 
w L = 0.144 kg/s; h = 29.9 mm; r = 0). 

Figure 9. Gas velocity histogram--rough jet (z = 33 mm; 
w L = 0.144 kg/s; h = 29.9 mm; r = 0. 

turbulence intensity.  This  also increases phasic  m o m e n t u m  exchange,  result ing in greater  d ispers ion 
o f  the two-phase  je t  and  a lower velocity o f  the l iquid velocity. 

F igure  9 depicts  the h i s togram o f  the gas velocity for the same condi t ions  as figure 8. There  is 
a significant difference between the mean  values o f  the l iquid velocity and the gas velocity,  and  this 
was general ly true for  the rough  l iquid je t  data .  The  slip ra t io  in this case was < 1, and  less than 
for  the smoo th  je t  due to the larger  buoyancy  associa ted  with the bigger  en t ra ined  bubbles .  

F igure  10 presents  the l iquid and  gas velocity as a funct ion o f  rad ia l  pos i t ion  (r)  for h = 17.3 mm, 
WL = 0.125 kg/s  and  z = 50.0 mm. We see that  at  the edge o f  the spreading  two-phase  je t  that  the 
gas (bubble)  velocity is negative,  indica t ing  buoyancy-d r iven  counte rcur ren t  flow. It was also found 
that  the two-phase  je t  was more  dispersed than  the cor respond ing  s ingle-phase flow case and  that  
the turbulence  intensi ty was higher.  The  turbulence enhancement  is due to bubble- induced  
turbulence.  In this case the bubble - induced  turbulence accounts  for abou t  30% of  the total  
turbulence level. 

F igure  11 shows for  w L = 0.181 kg/s,  h = 30 mm,  z = 1 m m  and r = 0 (i.e. on the je t ' s  centerline) 
the local void  fract ion,  which is defined as the t ime fract ion 
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Figure 10. Liquid (O) and gas (I-I) mean velocities as a 
function of the radial distance--rough jet (z = 50.0 ram; 

w L = 0.125 kg/s; h = 17.3 mm). 
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Figure 11. Void fraction as a function of the distance from 
the centerline--rough jet (w L =0.181 kg/s; h = 30mm; 

z = 1 mm). 
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Figure 12. Void fraction as a function of the distance beneath the undisturbed pool level--rough jet 
(WL = 0.181 kg/s; h = 30 mm; r = 0). 

As discussed previously, a KfK impedance probe was used for these void fraction measurements. 
A post-processing of  the properly thresholded signals was used to evaluate the local void fraction. 
The axial location z = 0 in figure 12 corresponds to the point of  impact of  the liquid jet if the pool 
surface was undisturbed under the centerline of  the liquid jet (i.e. at r = 0). The value of the local 
void fraction at this point was zero because only liquid was present. As the measurement volume 
was moved down (i.e. z > 0) bubble carryunder and dispersion occurs which causes the local void 
fraction at r = 0 to increase with z. A competing mechanism that causes the void fraction to later 
decrease is that the two-jet spreads as we increase z. In the case shown the maximum void fraction 
on the jet 's centerline (r = 0) is at about  z = 42 mm. 

DATA Q U A L I F I C A T I O N  

In order to test our measurement system as well as the symmetry of the data, the void fraction 
profiles were measured through the two-phase jet for various axial positions (z). In figure 11 the 
void fraction data at z = 1 mm is shown. The positive r readings correspond to one side of  the jet 
while the negative r values to the other side. We note that the void fraction was symmetric within 
the experimental error (AE = +0.01). 

After each refill of  the test loop with fresh water, and before discharging the used water, a void 
fraction and velocity profile were measured for conditions which were established as a benchmark. 
Excellent reproducibility was observed, which indicates that the effect of  any surface tension 
variation due to water impurity was not strong. 

As noted previously, when the liquid jet impacts the pool surface, air entrainment occurs around 
the jet 's circumference. In figure 13(a) the measured local void fraction is presented as a function 
of r for z = 1 mm (i.e. with the probe 1 mm under the undisturbed liquid level). We see that the 
void fraction has a maximum at r ~- diet~2 _~ 2.5 mm. Obviously, the air entrainment process is 
responsible for this effect. In the high-speed video visualization of these experiments it was rare 
to observe bubbles at the liquid jet 's centerline for z < 10 mn'.  However, once the air was entrained, 
dispersion of the gas phase occurred as z was increased. Figure 13(b) shows how the void peaks 
in figure 13(a) were dispersed at z = 18 mm. We see that the maximum now occurs at r -~ 5 mm. 
Moreover, we see that there is a significant void fraction at r = 0 (i.e. the jet 's centerline) because 
of  the void dispersion process. Figure 13(c) shows the void fraction profile at z = 43 mm. 
Significantly, the curve now has a maximum at the centerline of  the jet (r = 0). Again, this is a 
direct result of  the void dispersion process in the two-phase jet. 

This information is summarized in figure 14, where it can also be easily observed how the 
two-phase flow jet disperses as z increases. Finally, figure 15 shows that the amount  of  air entrained 
is a strong function of  the distance, h, of  the nozzle exit above the undisturbed pool surface. With 
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Figure  13. Void fract ion as a funct ion of  the dis tance  f rom the c e n t e r l i n e - - r o u g h  jet  (w L = 0.181 kg/s;  
h = 30 mm):  (a) z -- I mm;  (b) z = 18 ram; (c) z = 43 mm.  

everything else held constant, the void fraction increased with h because the larger the h, the larger 
the roughness of the jet when it impacts the liquid pool. 

Interestingly, off-centerline peaking of the void fraction was not reported by McKeogh & Ervine 
(1981) for similar conditions (i.e. U[/aL = 5%, d~t= 9mm, w L = 0.199 kg/s). This is presumably 
because the data presented herein is based on more detailed local measurements. 
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Figure  14. Void fract ion as a funct ion of  r and  z - - r o u g h  jet  
(w L = 0.181 kg/s; h = 30 mm). 
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Figure  15. Void fract ion as a funct ion of  the d is tance  from 
the nozzle exit  to the und is tu rbed  water  l eve l - - rough  jet  

(w L = 0.127 kg/s;  h = 30 ram; z = 35 mm; r = 0). 
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Figure 16. Liquid velocity as a function of distance from the centerline--rough jet (wL = 0.107 kg/s): 
(a) h = -30 mm, z =0.1 mm; (b) h = 10mm, z = 18mm; (c) h = 10mm, z = 43 ram. 

Figures 16(a-c) present the mean liquid velocity (UL) as a function of the radial distance r for 
three different distances (z) from the undisturbed pool level. Figure 16(a) is a measurement of  the 
liquid velocity profile at the exit of  the nozzle. This flat profile is characteristic of  the potential flow 
which exited from the nozzle. 

Figures 16(b) and (c) show that the liquid velocity curves have a maximum at the centerline for 
all z. Comparing these two profiles one can see how the two-phase jet spreads. 

S U M M A R Y  A N D  C O N C L U S I O N S  

Detailed measurements were taken of the three-dimensional void fraction and liquid velocity fields 
beneath a plunging liquid jet. In particular, detailed new L D A / F P D A  data have been taken of the air 
carryunder process associated with a plunging cylindrical liquid jet. The size distribution of  the 
entrained air bubbles has been measured directly with the FPDA system. It was found that for a 
smooth jet the entrained bubbles were very small (db ~ 120/~m). For this case the slip ratio was nearly 
unity, and the turbulent intensity of  the liquid phase was comparable to single-phase liquid jets. 

The FPDA system was found to be especially well-suited for small bubble size measurements 
in two-phase jets. With our particular setup we could measure bubble diameters up to about 1 mm. 
We did not use the FPDA to measure the bubble diameters with the rough jet. 

In contrast, for a turbulent (i.e. rough) liquid jet the entrained bubble sizes were of  the order 
of  d ~ 2 mm, and the slip ratio was close to calculated values based on the terminal rise velocity 
of  a single bubble. Moreover, the turbulence intensity of  the liquid jet had two components, one 
due to shear-induced turbulence and the other due to bubble-induced pseudo-turbulence. Both 
components of  turbulence were of  the same order of  magnitude. 

The FPDA system was found to be especially well-suited for small bubble size measurements 
in two-phase jet flows. 
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These data provide the insight necessary for the development of analytical models of the air 
entrainment process. Moreover, they should also be useful for benchmarking phenomenological 
or mechanistic computational fluid dynamic (CFD) analysis of the dispersion process in the 
induced two-phase jet. 
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