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Droplet Dispersion and Ejection Processes in Two-Phase
Boundary Layer

M. R. Wang* and D. Y. Huangt
National Cheng Kung University, Tainan, Taiwan 70101, Republic of China

Measurements of the droplet transport property in the two-phase turbulent boundary layer were performed in
a vertical downward duct by a phase Doppler particle analyzer (PDPA). The test Reynolds number based on the
hydraulic diameter (i.e., Dh = 100 mm) is 70,100 and the drop size range is from 3.1 um to 110 |Lim. Results reveal
that the existence of drops in the boundary layer has significant effects on both the velocity profile and the turbu-
lence intensities of the flow. Measurements show that flow characteristics are controlled by the droplet transport
process, i.e., the dispersion of droplets from the freestream to the boundary-layer region and the ejection of drop-
lets from the boundary-layer region to the freestream. Analysis of the data indicates that the normalized number
density profiles in the boundary-layer region are linear and collapse for all drop size classes. The linear coeffi-
cient of the normalized number density is 1.17 ± 0.15. The data for the dispersion coefficients are also provided in
this paper. The slopes of the dispersion coefficients for the larger drops (i.e., 50 and 80 Jim) and for the smaller
drops (i.e., 20 um) are 22.66 and 15.75, respectively. These data are very useful in the numeric simulation of the
spray flow. Analysis on the experiments data also shows that the droplet ejection factor is 10 and 6% for 20- and
30-um drops, respectively. This implies that modeling of the two-phase boundary-layer problem should consider
the droplet ejection process in the small size range.
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Nomenclature
measuring probe area
hydraulic diameter
droplet dispersion coefficient
droplet diameter
characteristic length of the most energetic eddy
without drop loading
number density
net number flux of droplets toward Y direction
total number of drops sampled for a specified drop
size /
number of drops with a positive transverse velocity of
a specified drop size /
number of drops with a negative transverse velocity of
a specified drop size /
percentage of droplets with a positive transverse
velocity
P(V+) in the boundary layer
P(V+) in the freestream
Reynolds number based on the hydraulic diameter
Reynolds number based on the momentum thickness
total sampling time
gas streamwise velocity at the freestream
gas streamwise velocity
particle streamwise velocity
streamwise velocity fluctuation
transverse velocity
droplet dispersion velocity
transverse velocity fluctuation
streamwise coordinate
transverse coordinate
linear coefficient of normalized number density
size interval of each drop size i
boundary-layer thickness
Droplet ejection factor in the boundary layer
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I. Introduction

THE phenomenon of turbulent fluid flows when loading liquid
droplets is complex and is relatively unexplored. The study of

the two-phase suspension flow is important in many practical
industrial applications, for example, the mixing in spray combus-
tion, the deposition of droplets on a wall, and so on. The distinct
inertia of the droplet phase and the gas phase in the two-phase sus-
pension flow normally gives rise to a significant velocity differ-
ence between the two.18 Such phenomenon, in turn, influences the
mass, momentum, and energy transport processes in the two-phase
turbulent flow. The transport phenomenon in the boundary layer of
a single phase flow is found to be enhanced by the bursting pro-
cess,13 which causes ejection from the wall region to the main
stream and is followed by an insweep from the higher momentum
region to the lower momentum region.

It has been known that a solid wall or free surface would sup-
press the normal components of turbulent fluctuation due to kine-
matic constraint. The solid wall or free surface would also generate
an organized structure if mean shear is imposed on it. The phenom-
enon of alternating high-speed and low-speed motions near the
solid boundary was first observed by Kline et al.8 In Ref. 8 it was
found that the well-organized spatially and temporally dependent
motions within the viscous sublayer lead to the formation of low-
speed streaks in the near wall region. This process was further
identified by Blackwelder and Eckelmann3 in 1979. The low-speed
streaks interact with the outer portions of the flow through a pro-
cess of gradual lift up, followed by sudden oscillation and the ejec-
tion of low-momentum fluid from the wall region to the main
stream. This is then followed by an insweep of high-momentum
fluid into the wall region. A series of these processes constitutes
the so-called "bursting process." Burst structures in the near wall
region of the turbulent flow are responsible for momentum trans-
port from the wall. Quantitative measurements of the time scales
associated with the burst events and techniques to detect an ejec-
tion structure were successfully developed by Lushite and Tieder-
man.10 This bursting process is also equivalent to near-wall turbu-
lence kinetic energy production and the Reynolds stress production
processes. These results were further confirmed by Kim et al.7

The transport mechanism of the bursting processes for particles
in the two-phase flow was further studied by Rashidi et al.12 In
Ref. 12 it was found that the low-speed streak observed near the
wall is formed between pairs of longitudinal counter-rotating vor-
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tices. These vortices are elongated in the flow direction and are
separated in the spanwise direction. As particles are introduced
into the flow, most of the particles accumulate in the low-speed
streak of the wall structure. These particles are then lifted up
(depending on their size and density) by the inclined vortex loops
in the wall regions and are then ejected into the bulk flow. The
ejected particles, having a density slightly greater than fluid, even-
tually turn back to the wall region. Some of the particles which
have returned to the wall region, in turn, encounter wall ejections
which are already in progress. These particles are lifted up before
reaching the wall region. The bursting process repeats itself thus
causing the transport of particles in the flow direction.

Roger and Eaton14 studied the response of solid particles to tur-
bulence modulation in a vertical upward flat plate turbulent bound-
ary layer. Measurements were made under zero and adverse pres-
sure gradient at the particle mass loading of both 2 and 20%. Glass
beads of either 50 or 90 jum were uniformly loaded into the air
flow at flow Reynolds number based on a hydraulic diameter of
66,500. The results showed that the mean velocity of 90-jim parti-
cles lag behind the 50-jim particles in the streamwise direction,
and their velocities are much lower than that of the gas flow in the
entire boundary layer. However, it is clear that the measured val-
ues of the streamwise velocity fluctuation for both particle sizes
are nearly identical to that of the gas flow. This indicates that the
particles are able to follow all of the fluctuations of the flow in the
streamwise direction. On the other hand, however, the turbulent
intensity of the particles in the normal direction is strongly attenu-
ated, i.e., the intensity is much lower than that of the fluid. Analy-
sis of the power spectra showed that the turbulent energy of the gas
phase in the normal direction is higher in a high frequency range
when compared to that in the streamwise direction. This indicates
that the particles do not closely follow the fluid fluctuations in the
transverse direction.

Rashidi et al.12 also studied particle-turbulence interaction in a
boundary layer. A series of experiments based on various particle
sizes, particle densities, particle loading rates, and flow Reynolds
numbers has been performed. The solid particles, i.e., spherical
polystyrene with sizes ranging from 120 to 1100 jim, and spherical
glass beads of 88 Jim, were loaded into the water flow. The flow
Reynolds number based on the flow depth varies from 2500 to
7500. The results showed that the larger polystyrene particles (i.e.,
1100 Jim) cause an increase in the number of ejections, giving rise
to an increase in the measured values of the turbulent intensities
and the Reynolds stresses. On the other hand, the use of smaller
polystyrene particles (i.e., 120 jum) brings about a decrease in the
number of ejections, causing a decrease in the measured turbu-
lence intensities and the Reynolds stresses. It was also found that
these effects are enhanced as the particle loading is increased. Fur-
thermore, measurements show that the change of the bursting fre-
quency and the mean streak spacing is insignificant when the parti-
cle loading increases.

Efforts were also made to investigate the effects of particle size
on turbulence modulation for the carrier phase.5'6'9'14"16 Tsuji and
Morikawa15 and Tsuji et al.16 investigated the effects of particle
size on turbulent intensities in both horizontal and vertical pipes
for two-phase flow loading with solid particles. The results re-
vealed that small particles, dp = 200 |im, Rep ~ 0(0.10) always
cause suppression in the turbulence intensities. Large particles, dp
= 3000 |Lim, Rep « 0(1000), on the other hand, enhance the turbu-
lence intensities. Hetsroni6 further examined the effect of the parti-
cle Reynolds number on turbulence modulation in the carrier
phase. He found that particles with low Reynolds numbers, (i.e.,
Rep < 110) cause suppression of the turbulence, whereas particles
with higher Reynolds numbers (i.e., Rep > 400) cause enhance-
ment of turbulence due to wake shedding. Gore and Crow5 sum-
marized the available experimental data and proposed a simple
physical model to explain the increase or decrease of turbulent in-
tensity due to particle loading. A critical parameter appears to be
the ratio of the particle diameter to the turbulent length scale, dpl
le, where le is the characteristic length of the most energetic eddy
when only one phase is present. They also showed that, at larger
values ofdp/le (i.e., dp/le > 0.1), the addition of particles causes an
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Fig. 1 Schematic of the experimental facility.

increase in the carrier-phase turbulent intensity, whereas at lower
values (i.e., dp/le < 0.1) the addition causes a decrease. Bachalo et
al.,2 however, found that the ratio of particle diameter to le may not
be correct. They suggested that the particle characteristic response
time is a better parameter to describe the effect of particle loading
on turbulence modulation.

In conclusion, the effects of droplet loading on the two-phase
turbulent flow as well as the droplet ejection process in the bound-
ary-layer region are relatively underexplored areas in recent litera-
ture. This paper will investigate the droplet ejection phenomenon
in the boundary layer when the flow is loaded with polydispersed
spray for sizes below 110 |im. The effects of the droplet ejection
process on the flow, including the change in mean velocity profiles
and in turbulence intensities, will also be described in this paper.

II. Experiment Facilities and Measurement Systems
Configuration of the Test Wind Tunnel

A vertical suction-type rectangular duct as shown in Fig. 1 was
employed in this study. This rectangular duct was made up of a
settling chamber, contraction section, test section, noise reduction
chamber, and a suction fan. The contraction ratio of the tunnel is
16:1 with a cross-sectional area of 75 X 150 mm at the test section.
The coordinate as shown in Fig. 1 was selected so that the trans-
verse coordinate Y is positive in the area away from the wall, and
the streamwise coordinate X is positive in the downstream area
with the origin at the entrance of the test section.

Smoke and Droplet Loading System
To distinguish between the velocity of the continuous phase and

that of the dispersed droplet phase, the gas flow was seeded with
smoke. The seeding smoke particle size was less than 2 Jim. The
polydispersed water droplets used in this study were generated by
a Sono-Tek ultrasonic nozzle with a small cross-sectional area
(i.e., 20 mm radius) located at 800 mm upstream from the test sec-
tion. The arrangement of the ultrasonic atomizing nozzle in the set-
tling chamber is shown in Fig. 1. The cross-sectional area (i.e., 600
X 300 mm) of the settling chamber was large enough to reduce the
flow velocity in the settling chamber to less than 1 m/s. The injec-
tion velocity of the droplets from an ultrasonic nozzle in the set-
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tling chamber was as low as 0.6 m/s. The disturbance due to the
existence of the nozzle was negligible because the area blockage
ratio of the ultrasonic nozzle in the settling chamber was below
0.7%. The atomizing nozzle used in this study operated at a water
flow rate of (25.0 ±0.75) cc/min with a Sauter mean diameter
(SMD) of 53 Jim. Since measurements were performed at room
temperature (i.e., 25°C), evaporation of water droplets was also
considered to be negligible.

Measurement System and Measuring Uncertainty (PDFA)
The two-component phase Doppler particle analyzer (PDFA)

(Aerometric model PDP-3200) was used to measure the velocity
distribution, particle size, and the number density of the polydis-
persed droplets in the two-phase boundary layer. The optical sys-
tem consisted of a transmitter and a receiver module. These pack-
ages were affixed to a single base. The transmitter and receiver
could also be positioned around the test section to facilitate the re-
quired optical access necessary for taking the measurements. Off-
axis forward scatter light detection was used. A detailed descrip-
tion of the working principle had been described by Bachalo and
Houser.1 The local mean quantities were averaged by collecting
30,000 samples for every measurement point. The authors consid-
ered the statistical significance of the data for each drop size clas-
sification. The total samples of each measurement taken were as
much as 30,000 which is the instrumentation limit. This provided
more than 500 samples for each size class, making the results sta-
tistically significant. Gas-phase velocities were determined by
seeding small particles, optimizing the PDPA settings to detect
small particles, sizing all particles, and then extracting velocity
measurements associated with particles measured as being less
than 2 Jim in diameter. This approach was used previously.18

The droplet number density based on drop size was determined
from the data measured by PDPA. The data file for PDPA mea-
surements was stored in 50 bins of computer memory, filed in
terms of drop size range. For example, the data for drop size class i
was summed up from the PDPA measurement in the data bins
associated with drop size class i by the following equation.

where

(ND). = =^-
UitA

P
(1)

(2)

where ut and nt are the velocity and number of the specified drop
size, respectively, t is the total sampling time, and Ap is the mea-
suring probe area. A typical drop size range for each class was
±2% of the overall size range in a specific measurement.
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Fig. 2 Velocity profiles of continuous and dispersed phases with and
without droplet loading.

Fig. 3 Droplet number density and dispersion coefficient in the
boundary layer: a) number density without normalization, b) normal-
ized number density, and c) droplet dispersion coefficient.

Uncertainties4'18 in the mean and fluctuating velocities of the
continuous phase using the PDPA were within 2% in comparison
with the measurements of a pitot tube in the measuring range from
2 to 10 m/s. Repeatabilities in the mean and fluctuating velocities
of both phases were also within 2% uncertainty under the test con-
ditions. The variation of number density was within the 10% range
in a series of measurements. The uncertainty of the number density
was estimated from the mass conservation check of the liquid flow
rate measured atX = 145 mm, by comparison with the metered liq-
uid flow rate in the upstream water supply line. Calibration of the
monodispersed droplet showed that the error in diameter measure-
ment by PDPA was below 5%. The rejection rates of the PDPA
measurement in this study are from 5% in the freestream to 10%
near the wall. The phase Doppler particle analyzer was mounted
on a three-axis transverse system which permits positioning to
within 0.1 mm.

III. Results and Discussion
Experiments were performed at X = 145 mm with freestream

velocity 11.2 m/s, corresponding to Reynolds numbers based on
the hydraulic diameter, i.e., ReD = 70,100. Measurements were
carried out at the X = 145-mm position because the test section is
only 150 mm, and the authors tried to measure at the position as far
from the contraction section as possible to assure a local equilib-
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rium condition between phases. Since the drop was seeded 945
mm in the upstream, measurements showed that the number den-
sity distribution was uniform in the freestream at the test section
position. Results are presented for four drop sizes, 20, 30, 50, and
80 (im, to show the effects of drop size.

Figure 2 illustrates the streamwise velocity distributions for the
single-phase flow (i.e., without droplet loading) and for the two-
phase flow. Since the velocity profile under the single-phase con-
dition compares favorably with the Blasius profile, it is clear that
the boundary layer without droplet loading is essentially laminar in
the test flow condition. The laminar boundary-layer thickness cal-
culated at the measured position is 4.0 mm (from the wall to 99%
freestream velocity), and the momentum thickness is 0.44 mm
under the single-phase condition. Under the two-phase flow condi-
tion, the boundary-layer thickness and the momentum thickness of
the gas phase (i.e., continuous phase) are 7.5 and 0.84 mm, respec-
tively. It turns out that the Reynolds numbers based on the momen-
tum thickness (i.e., ReQ) is 317 for the single-phase flow and 605
for the two-phase flow. A paper by Page and Preston11 found that
the lower limit of ReQ for a turbulent boundary layer is approxi-
mately 320. As is shown in Fig. 2, the velocity profile under the
two-phase flow condition deviates from that of the single-phase
flow, indicating that droplet loading, like a tripping device, causes
flow from the laminar transition to the turbulent. The results also
illustrate that the velocity of the single-phase flow is higher than
that of the two-phase flow in most of the boundary-layer region.
This implies that there is higher momentum and energy transport
in the boundary layer due to droplet loading.

Figure 3 shows the dependence of number density distribution
on drop size. It can be seen from Fig. 3a that the number density of
20-jim drops is much larger than those of 50- and 80-|Lim drops.
The distribution of the number density is almost uniform at the
outer region of the boundary layer, i.e., 7/5 > 0.8. This figure also
illustrates that the number densities in the boundary-layer region
are lower than those in the freestream region for all drop sizes.
Since drop loading is done in the freestream in the beginning, the
drops found in the boundary-layer region should be due to drop
dispersion from the freestream.

To allow discussion of the drop dispersion phenomenon in the
boundary-layer region, the drop number densities for 20, 50, and
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80 |um were further normalized by their number densities at 7/8
= 1.0 (see Fig. 3b). It is interesting to see that those three normal-
ized number density distribution curves collapse together, indicat-
ing the same dispersion process for all drop sizes. Moreover, the
normalized number density distributions can be separated into two
regions for all drops, i.e., the linear variation region in the bound-
ary layer (i.e., 7/5 < 1.0) and the constant distribution region in the
freestream (i.e., 7/5 > 1.0). The slope of the normalized number
density in the linear variation region can be defined as the linear
coefficient of the drop number density in the boundary layer F of
the droplets entrained from the freestream to the boundary layer
and can be expressed as

r 3(7/5) v"
Analysis of the measured data shows that the linear coefficient of
the drop number density F is 1.17 ± 0.15 in the boundary layer. '

Moreover, the net number flux of the droplets NF can be calcu-
lated as

NF = (ND) • Vdis (4)

where Vdisp is the droplet dispersion velocity toward the 7 direc-
tion. Hence, the droplet dispersion coefficient/) is defined as

NF = -D, d(ND)
37

or

D-
p

Y/8-- :/8]

(5)

(6)

Figure 3c illustrates the droplet dispersion coefficient in the
boundary layer. It is interesting to find that the variation of Dp in
the boundary-layer region is linear. Moreover, the dispersion coef-
ficients of larger droplets (i.e., 50 and 80 (im) are higher than the
smaller droplets (i.e., 20 jim). The dispersion coefficient can be
characterized by the dispersion velocity and the length scale. The
dispersion velocities in the boundary-layer region are higher for
the bigger droplets as will be shown in Fig. 9. Hence the dispersion
coefficients of the bigger droplets are higher than that of the
smaller droplets. As a reference, the slope of the dispersion coeffi-
cient are 22.66 and 15.75 for bigger droplets (50 and 80 Jim) and
smaller droplets (20 Jim), respectively.

Further investigation of the droplet motion in the boundary-
layer region shows a droplet ejection phenomenon12 in the bound-
ary layer. Figure 4 illustrates the percentage of droplets ejected
from the boundary layer back to the freestream. The percentage of
droplets ejected from the boundary-layer region, i.e., droplets with
positive transverse velocity, is defined as P(V +) and is expressed
as the following equation:

- x 100% (7)

where

n (8)
where nt(V+) and nt(V~) are the number of drops with positive and
negative transverse velocities of specified drop size /, respectively,
and Nt is the number of drops with both positive and negative
transverse velocities for specified drop size /. As shown in Fig. 4a,
Pi (V+) for 20-jjm drops decreases from 15% in the boundary layer
to 5% in the freestream, whereas Pf(V+) for bigger drops remains
almost constant in both boundary-layer and freestream regions.
This phenomenon has been explained in terms of vortex motion in
the boundary-layer region by Rashidi et al.12

In an effort to measure the effect of vortex motion on drop ejec-
tion in the boundary-layer region, the droplet ejection factor for a
specific drop size / in the boundary layer CFL)/ is defined as the
following equation to evaluate the percentage of drops with posi-
tive transverse velocity in the boundary-layer region over those in
the freestream.

(9)
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where [Pfl£,(V+)]/ is the percentage of drops with positive trans-
verse velocity in the boundary-layer region and [Pf(V+)]i is that in
the freestream. Figure 4b illustrates the droplet ejection factor in
the boundary layer for 20-, 30-, 50-, and 80-jim drops. (XFL)/ for
larger drops, i.e., 50- and 80-jom drops, is almost zero, implying
that the boundary-layer effect on larger drops is insignificant due
to their higher inertia. However, CF^)/ is about 10 and 6% for 20-
and 30-fim drops, respectively, indicating that the motion of
smaller drops is influenced by the characteristics of the boundary-
layer flow. It is suggested that the description of droplet motion in
the boundary layer should consider the ejection effect on smaller
size drops.

In an attempt to further explain the foregoing results, the proba-
bility density function (pdf) for droplets ejected from the wall is
depicted in Fig. 5. The pdf histogram of drop ejections is calcu-
lated by the following equation:
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Fig. 7 Streamwise velocity fluctuation distribution of the drops in the
boundary-layer region.

where A^ is the size interval of each drop size d(. Figure 5a illus-
trates the correlation between the pdf and the drop size at 7/5
= 0.267. As shown in this figure, the pdf values decrease as drop
size increases from 15 to 110 |im. It is clear that the droplet ejec-
tion factor for 20-jam drops is much higher than that of 50- and 80-
jim drops, as is consistent with the data shown in Fig. 4. This trend
is also found for the pdf's distributions at 7/5 - 0.667 and 1.20 (see
Figs. 5b and 5c).

Figure 6 compares the velocity distributions of the gas phase
and the dispersed phase. Measurements were carried out as close
to the wall as possible, i.e., Y = 1.5 mm or 7/8 = 0.2. It seems that
the velocity distribution can be divided into two regions: one is
near the wall, i.e., 7/5 < 0.8; the other is near the freestream, i.e.,
7/5 > 0.8. In the outer region of Y/8 > 0.8, the velocities of the
smaller drops (i.e., 20 and 50 Jim) and gas phase are almost the
same within the measuring uncertainty. Since the momentum of
the drops issued from the nozzle is transferred from the gas phase,
the velocity of the larger drops (i.e., 80 jam) is less than that of
other drops in this region because of their higher inertia. However,
the velocity distributions are quite different in the near-wall region
(i.e., 7/8 < 0.8). The velocity of the 80-jim drop is the highest in
the near-wall region whereas the velocity of the gas phase is the
lowest in the same region (see Fig. 6). Similar results were also
reported in the literature.9'15'16 It seems that the viscous effect in
the near-wall region is significant and that the influence of this
effect on the drop velocities depends on their sizes. The velocity of
the larger drops in the near-wall region is higher because of their
higher inertia when entrained from the freestream. Furthermore,
the higher velocity gradient in the near-wall region implies higher
vorticity and vortex motion there. This can be used to explain the
higher droplet ejection factor in the boundary-layer region as
shown in Fig. 4.

Figure 7 further illustrates the distributions of the turbulence in-
tensities in the flow direction under single- and two-phase flow
conditions in the boundary-layer region. The maximum freestream
turbulent intensity is 2% for single-phase flow. This is reasonably
low in consideration of the limitation of building height on a verti-
cal facility. It is clear that the streamwise velocity fluctuations of
the 20-jjm drops are larger than those of 50- and 80-jLim drops, and
the lowest velocity fluctuations occur in the single-phase flow con-
dition. Comparison of Figs. 4 and 7 shows that the region with
higher velocity fluctuations near the wall corresponds to the region
with a larger number of ejections for the smaller droplets. The ve-
locity fluctuations of the gas phase are larger than those of the sin-
gle-phase flow, indicating that the flow becomes turbulent under
droplet loading. Examination of Fig. 2 also shows that the mean
velocity of the gas phase under droplet loading is lower than that of
the single-phase flow. Hence, the added turbulent kinetic energy of
the gas phase as illustrated in Fig. 7 is mainly converted from mean
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Table 1 Skewness and peakness of streamwise
velocity pdf at F/8 = 0.267

Skewness
Peakness

dp = 20 um
-0.220
-0.317

dp = 50 urn
-1.028

2.025

dp = 80 um
-1.228

2.348

dp=80fj,m
Re=70100
Y/6=0.267

Gaussian
distribution
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Fig. 8 Histograms of the streamwise velocity probability density
functions of 20-, 50-, and 80-JLlm drops: a) F/8 = 0.267 and b) F/8
= 1.20.

kinetic energy. This is consistent with the literature reported by
Wang and Liu17 in 1991. It seems clear that the velocity fluctua-
tions in the gas phase under droplet loading is due to the distur-
bance caused by the drop motion. This, in turn, results in an in-
crease in the number of ejections in the boundary-layer region.

In an attempt to discuss the physical processes involved in the
foregoing results, the velocity probability density functions are fur-
ther illustrated in Fig. 8. Figure 8a shows the streamwise velocity
pdf of 20-, 50-, and 80-^un drops at 7/8 = 0.267. As can be seen
from this figure, the most probable value of the distribution func-
tion shifts to a higher velocity as the drop size increases from 20 to
80 jLim. This indicates that the larger drops possess a greater stream-
wise velocity than the smaller drops near the wall. Moreover, the
20-jim drops show a wider distribution range, indicating that the
streamwise velocity fluctuation of 20-|0,m drops is higher than
larger drops. Table 1 shows the skewness and peakness of the
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Fig. 9 Transverse velocity distribution of the drops in the boundary-
layer region.
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Fig. 10 Transverse velocity fluctuation distribution of the drops in
the boundary-layer region.

streamwise velocity for 20-, 50-, and 80-jam drops. The negative
skewness of the streamwise velocity increases from-0.22 to -1.23,
and the peakness increases from -0.32 to 2.35 as drop size increases
from 20 to 80 Jim. This indicates that the velocity pdf of smaller
drops is almost a Gaussian distribution, similar to that of the gas
phase.15'16 Tsuji and Morikawa15 used the signals of air and parti-
cles to discriminate the velocities of both phases. They also found
that, if the discrimination was incomplete, the distribution of the
probability density function would show an unusual profile. The
higher negative skewness for larger drops is due to their higher in-
ertia. The velocity pdf histograms of 20-, 50-, and 80-]im drops at
the outer region of the boundary layer (i.e., F/8 = 1.20) are different
from those near the wall (see Fig. 8b). The most probable value of
the distribution function shifts to the lower velocity as the drop
sizes increase from 20 to 80 Jim, indicating that the streamwise ve-
locity of 80-(im drops is lower than that of others in the main
stream. Moreover, the range of the pdf histogram in the main
stream is narrower than that in the boundary layer, indicating lower
velocity fluctuations in the main stream.

The negative velocity of droplets in the transverse coordinates
denotes drop motion into the boundary layer. Figure 9 illustrates
the typical transverse velocity profile of the gas phase, and 20-, 50,
as well as 80-jim drops at X = 145 mm. As shown in this figure,
the transverse velocities of the gas phase are lower in both inner
and outer edges of the boundary layer. However, the entraining
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Fig. 11 Histograms of the transverse velocity probability density
function of 20-, 50-, and 80-JHm drops at F/8 = 0.267.

velocity slightly increases as the drop size increases because the
number of ejections decreases as the drop size increases, as shown
in Fig. 4. The transverse velocity fluctuations of the single phase,
gas phase, and 20-, 50-, and 80-|Lim droplets are shown in Fig. 10.
This figure shows that the measured maximum transverse velocity
fluctuation of the gas phase is 0.057ty, about half of that for the
streamwise direction. In addition, the fluctuations of various drops
are significantly lower than that of the gas phase in the transverse
direction. This implies that these drops can not catch up with the
turbulent motion of the gas flow in the boundary layer. Similar
results were also reported by Rogers and Eaton14 in 1989.

Figure 11 shows the pdf's distribution of the transverse velocity
for 20-, 50-, and 80-jum drops at 7/5 = 0.267 near the wall. The
transverse velocity pdf histogram of 20-jim drops shows a wider
distribution than that of 50- and 80-|im drops, indicating that the
transverse velocity fluctuation of the 20-jnm drops is higher than
that of 50- and 80-jo,m drops. This is due to the higher number of
ejections for 20-jim drops as shown in Fig. 4. The transverse
velocities of the drops cover the negative and positive part in this
distribution. Negative and positive transverse velocity represents
the transport mechanism of the dispersion and ejection motions in
the boundary layer, respectively. In addition, some of the drops
near the wall have a positive velocity, indicating an ejection
motion of the droplet away from the wall and into the main stream.
This is also explained by droplet ejection in the boundary layer,
which is described by Rashidi et al.12

Results shown in Fig. 4 can also be explained by the transverse
velocity pdf shown in Fig. 11. The distribution of the transverse
velocity pdf covers both negative and positive parts. The positive
transverse velocity represents the ejection motion from the low-
speed area near the wall toward the high-speed area near the free-
stream. The distribution of the transverse velocity pdf for 20-jam
drops covers a wider positive transverse velocity range than that of
50- and 80-(im drops at 7/5 = 0.267, indicating, that the droplet
ejection factor for 20-|om drops is higher than that of others.

IV. Conclusions
Droplet dispersion and ejection processes in the two-phase

boundary layer for drops ranging in size from 20 to 80 (im are
described in this paper. The results reveal that the existence of
drops in the boundary layer has significant effects on both the

velocity profile and the turbulence intensities of the flow. Mea-
surements show that the flow characteristics are controlled by
droplet transport processes, i.e., the dispersion of droplets from the
freestream to the boundary-layer region and the ejection of drop-
lets from the boundary-layer region to the freestream. Analysis of
the data indicates that the normalized number density profiles in
the boundary-layer region collapse for all drop size classes. A lin-
ear coefficient, 1.17 ± 0.15, could be obtained as further calculat-
ing the slope of the normalized number density for droplets from
20 to 80 (im. The slopes of the dispersion coefficients for the
larger drops (i.e., 50 and 80 Jim) and for the smaller drops (i.e., 20
jLim) are 22.66 and 15.75, respectively. These data are very useful
to evaluate the dispersion of drops in the two-phase boundary-
layer flow. The results also show that the ejection of larger drops is
insignificant due to their higher inertia. The droplet ejection factor
is 10 and 6% for 20- and 30-|Lim drops, respectively. This implies
that the description of the two-phase boundary layer flow should
consider the droplet ejection process of drops in the small size
range.
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