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Abstract—Measurements of drop size distributions have been obtained by photography for air—water
annular flow in a 4.2 cm vertical pipe. Results are presented for a constant superficial gas velocity (36 m/s)
for different liquid flows. It is shown that droplet deposition rates can be interpreted by relating the
deposition constant directly to the root-mean square of the velocity fluctuations of the drops. The observed
decrease of the deposition constant with increasing liquid flow cannot be explained by an increase in drop
size. It is suggested that droplet—droplet interactions cause a decrease in drop turbulence. Copyright ©
1996 Elsevier Science Ltd.
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1. INTRODUCTION

In the annular regime, that occurs when gas and liquid flow through a vertical pipe, part of the
liquid moves as a layer along the wall and part as droplets in the gas. A central problem is the
prediction of the entrainment, £ = Wyig/W;., where Wi is the weight flow of entrained drops and
W, is the total weight flow of liquid. A popular approach is to describe E as resulting from a balance
between the rate of atomization of the liquid layer, R, and the rate of deposition of droplets, Rp.

Usual practice has been to relate the rate of deposition to the mass concentration of droplets,
Cs, as

WLE
SO (1]

Here Qg is the volumetric gas flow and S is the average ratio of the droplet velocity and the axial
velocity of the gas. The rate of deposition can be described in terms of the average velocity with
which droplets strike the boundary, Vw, so that

RD = kDCB = kD

Ro= VG = VuCo &2, 2
B

where Cy is the drop concentration at the wall. Measurements presented by Gill ef al. (1964) and
in this paper show that Cw/Cs & 1 so that kp = Vy if kp is defined in terms of Cs, rather than
(Cs — Cw).

In annular flows droplets strike the boundary by a free-flight. Binder & Hanratty (1991) have
argued that the average velocity of the particles at the point from which they start their free-flight

is given by
2 5 12
ko=f[%@) 3]

if the turbulent velocity fluctuations of the particles may be approximated by a Gaussian
distribution. Here (v2)'* is the root-mean square of the turbulent velocity fluctuations of the drops
and /2/n(v?)'? is the mean magnitude. Term f'is the fraction of the particles which are moving
toward the wall at the average location from which the particles are launched on a free-flight. One
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of the important results of this paper is the verification of [3] for dilute concentrations of drops.
A more detailed discussion of [3] is given by Lee et al. (1989a).

Recent measurements of Rp by Schadel e al. (1990) and by Govan et al. (1988), as well as earlier
measurements by Namie & Ueda (1972) and by Andreussi & Zanelli (1976), show that kp varies
with concentration. Some of these results are shown in figure 1. At low concentrations, Rp varies
linearly with Cs. At high concentrations, the rate of deposition is a constant or kp ~ (Cs)~'. From
[3], one would conclude that (v;)'? varies as (Cs) ™' at large Cs, if droplet turbulence continues to
control deposition at large Cs.

One possible explanation for this behavior is that droplet coalescence results in the formation
of large sluggish droplets which have very small (v2)'”. Figure 1 would then be explained if there
is a critical droplet concentration, beyond which further addition of liquid to the gas phase
produces large drops but does not result in larger deposition rates. The study described in this paper
was undertaken to test this idea.

The system considered is upward flow of air and water in the 4.2 cm pipe in which Schadel er al.
(1990) carried out their experiments. Drop size distributions were measured close to the outlet for
a superficial gas velocity of 36 m/s and for liquid mass flow rates of 30 g/s to 170 g/s. In one
experiment, drop sizes were measured at two locations along the pipe to see how the distribution
evolves.

Drop sizes in annular flows have been measured with laser-diffraction methods (Azzopardi et al.
1978, 1980, 1991; Azzopardi 1985; Jepson et al. 1989), the phase-Doppler technique (Azzopardi
& Teixeira 1992), the laser-grating technique (Semiat & Dukler 1981; Lopes & Dukler 1986; Fore
& Dukler 1995), electrical contact methods (Wicks & Dukler 1966; Tatterson et al. 1977) and
droplet immersion methods (Namie & Ueda 1972; Okada et al. 1995). Direct in situ photography
was used in this study. This has the disadvantage that the analysis of photographs is time
consuming. However, there were a number of compelling reasons for using this approach: liquid
configurations other than spherical drops could be detected, the distribution function is measured
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Figure 1. Effect of concentration (S = 1) on deposition.
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directly (and not assumed a priori) and diffraction methods become less accurate as the drop size
increases.

The experiments show that the original supposition, outlined above, is incorrect. Drop size
increased with increasing liquid flow rate, but not enough to account for the decrease in (v})"?
suggested by the measurements of Rp. A new explanation is proposed, but not substantiated, by
which droplet-droplet encounters cause (v2)"? to decrease as (Cs)~' at large concentrations.

2. THEORY—DILUTE SUSPENSIONS

If the droplet concentration is dilute enough that droplet—droplet interactions are not important,
the rate of deposition can be estimated from [3] by taking /= 1/2 and by assuming that v? can
be obtained by considering the statistical behavior of single drops in a turbulent field. For the
experiments being considered, the drops have enough inertia that they move through the viscous
wall region in free-flight but not enough inertia that the free-flight extends from wall to wall (see
Binder & Hanratty 1991). Consequently, the drops are undergoing a haphazard motion caused by
the gas phase turbulence. Nonhomogeneities in the gas phase turbulence close to the wall are having
little effect so v} may be taken as an average over the pipe cross-section. Furthermore, lift effects
associated with mean velocity gradients (Lee & Durst 1982) are ignored.

The reciprocal time constant, which characterizes the ability of drops to follow fluid turbulence
1s defined as

ﬂ - 3CDPf
4dyp,

Vs, 4]

where C, is the drag coefficient, d,, the drop diameter and Vs, the mean relative velocity between
the drops and the gas. Recks (1977) and Mei et al. (1993) have presented analyses for v}/v
for a homogeneous isotropic turbulence, where v7 is the mean square of the fluid turbulent
velocity fluctuations. The parameters affecting the particle turbulence are shown to be Vs/(v})"”
and B/(v})"*k, where (v})'"?k, is the reciprocal of a characteristic time scale of the fluid
turbulence. _

Vames & Hanratty (1988) measured v} for particles in a fluid flowing turbulently through a pipe,
under conditions that Vs/(v})'? was having a small effect. Good agreement between these
measurements and Reek’s analysis is obtained if [(v})"?k,]~' is taken as equal to the Lagrangian
time scale of the fluid, t.r (Hay 1994). By making this substitution, [3] and the analyses by Reeks
(1977) and Mei et al. (1993) can be used to calculate kp, for dilute concentrations. The chief difficulty
with this approach is the estimation of V/(v)"~.

3. DESCRIPTION OF EXPERIMENTS

3.1. Impact tube experiments

The equipment used in the experiments is described in previous papers by Asali et al. (1985a)
and by Schadel er al. (1990). The air and water entered at the bottom of the 4.2 cm pipe. The water
was introduced as a wall film by a slotted entrance described by Asali (1984).

Droplet fluxes and impact pressures were measured 5.29 m above the entrance. The test section
consisted of a straight Plexiglas pipe with ports at two axial locations. The lower port
accommodated a pressure tap. An impact tube constructed of 1/8 inch stainless steel tubing entered
through the upper port and faced upstream. The end of the tube was beveled; its inside diameter
was measured as 1.457 + 0.004 mm.

Local droplet fluxes, G.e, were determined by withdrawing liquid through the tube. The flux was
calculated as the measured mass flow of the liquid divided by the inside area. Williams (1990) and
Asali (1984) tested the accuracy of this method by comparing measured fluxes obtained with tubes
of different diameter. The total entrainment, E, was calculated from measured droplet fluxes at
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different locations over a traverse from the pipe center to the time-averaged location of the liquid

film, m:
2 1 — mja
E- zgl‘i J Gis L d(é), 5]
0

where a is the pipe radius. Measurements could not be made too close to the film so an
extrapolation of Gig to (@ — m) had to be made. This was the chief source of error (about 6%)
in the determination of F.

Measurements of the difference in pressure at the pitot opening and at the pressure tap on the
wall, were used to calculate gas velocity profiles by using the following equation derived by
Anderson & Mantzouranis (1960):

AP = iepc U + aSUG s, [6]

where U is the local time-mean gas velocity, ¢ is the void fraction, and « is the momentum transfer
factor. For these experiments, all drops moving towards the pitot tube opening were captured,
o = 1. Direct measurements of the slip ratio were not made. However, data of Teixeira (1988)
indicate that it does not vary appreciably with location. Therefore, the procedure described in detail
by Williams (1990) and Williams et al. (1996) was used. The slip ratio was assumed to be constant
over the entire pipe cross-section and was adjusted until the integrated gas phase velocity profile
agreed with the measured gas flow rate. As with the droplet flux profiles, an extrapolation was made
to (a — m).

Concentration profiles were calculated by dividing the local droplet flux by the local drop
velocity:

0
[
3

(7]

o)
<

3.2. Drop size measurements

A Molectron MY 34 Nd:YAG pulsed laser was used to illuminate a plane parallel to the flow
direction. Drops were photographed with an Olympus 35 mm camera aimed perpendicular to the
flow direction, as shown by figure 2. A special three armed test section was constructed to allow
viewing of the entrained drops. The liquid film was removed with an adjustable slotted section with
an 1/8 inch protruding sharp lip that was located approximately one pipe diameter below the test
volume. Measurements were taken at the center of the flow to avoid the possibility of unwanted
effects introduced by the withdrawal.

The laser can deliver a 225 mJ pulse at a wavelength of 532 nm with a duration of 15 ns, during
which a droplet moves less than one micron. The horizontal dimension of the 8 mm circular beam
was contracted to less than 2 mm at the center of the test section by using special optics described
by Hay (1994). The ability to keep the laser sheet thin is an important advantage of this technique
because the effective depth of field will be no more than this thickness. By setting the optics of
the camera in such a way as to give a depth of field greater than the sheet thickness, concern over
the effects of droplet size on depth of field was lessened.

The camera had a long adjustable bellows attached to a 85-200 mm Kyron lens set at 180 mm.
It was mounted on a traversing platform which allowed movement towards the test section to adjust
the focal plane location as well as to adjust the height and the aim. The aperture f number was
set at 22. The arrangement gave a measured magnification of 3.10 and a calculated depth of field
of 1.8 mm. Kodak T-Max 35 mm 400 ASA black and white film was used which provided a good
compromise between speed and resolution.

During an experiment, the camera shutter was opened and closed briefly while one laser pulse
was triggered manually. Photographs were taken at a rate of about one per two seconds, so one
roll of 24 exposures were exposed in less than one minute. All photographs were taken in a single
experiment to ensure that conditions were constant.

The photographic negatives lacked sufficient contrast to determine drop edges confidently so the
contrast was increased by making positives. A Mitutoyo PJ311 profile projector with 1 ym
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Figure 2. Pulsed laser sideview setup.

precision was used to analyse each photograph. The projector equipment consists of a cross travel
stage with micrometer adjusters for two dimensions, a zoom lens capable of 10-50 times
magnification, a digital counter readout and a computer interface. The positives were placed on
the stage in a fixed position and analysed in a methodical back and forth technique to prevent
missing or measuring droplets more than once. The photographs were roughly 24 mm high and
36 mm wide so that, considering the magnification, the actual test volume dimensions were roughly
7.7 mm by 11.6 mm by the effective depth of field. As mentioned before, the depth of field in this
case depends on the thickness of the laser sheet in the test volume; this is difficult to measure with
precision. However, it can be calculated by adjusting its value until the droplet concentration found
with the photographs matches concentrations measured in the pitot experiments.

Most of the exposures on a given photograph were due to scatter off drop surfaces. As a result,
a typical drop image resembled two half-moons facing each other. The left half-moon was formed
from the incident beam reflecting off the left side. The right half moon was formed by light
transmitted through the drop and angled toward the camera by the drop’s right edge. This gives
clear images of the two horizontal edges of the drops, so that drop diameters were obtained by
measuring the horizontal distance between the outermost edges. This is based on the assumption
that drops are spherical. Only a few images, mostly for large drops above 350 um, appeared to
be nonspherical.
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The only two criteria, for selecting droplets to measure, were that the edges of the drop must
be visible and focused. These criteria were not met in situations where a drop was only partially
illuminated at the edge of the laser sheet, when an out of plane drop was illuminated by direct
blocking of an in plane drop or when a drop was illuminated by scattered light. As expected, all
of these effects tend to increase with increasing drop concentration. At higher concentrations, there
is also an increased risk that the view of illuminated small droplets (<30 um) becomes obstructed.
In an effort to avoid these problems, photographs that showed large areas of obstructed view were
not analysed.

To obtain accurate mass distributions, either an enormous number of drops need to be measured
or a method needs to be developed to improve the statistical representation of large drops. Because
the droplet photographs were analysed manually, the latter approach was more feasible. For each
flow condition, one set of photographs was scanned for ali measurable drops (small drop analysis,
SA). A second set of photographs were scanned for larger drops (large drop analysis, LA). The
cutoff diameter was 160-200 ym but remained constant for a particular fiow condition. In order
to obtain drop samples from many photographs, only a one centimeter horizontal strip across the
center of each photograph was used in the small drop analysis. In the large drop analysis, drops
were compared to a gauge, placed on the projector, which was slightly less than the cutoff width.
This ensured that all drops at or above the cutoff were measured. Measured drops were sorted into
equal-sized drop size bins of 20 um. The numbers of drops with diameters below or equal to the
cutoff diameter, that were counted in the small drop analysis, were used to calculate the distribution
function. The numbers of drops in the distribution with diameters above the cutoff diameter were
obtained by using a weighting calculation. This weighting was based on the proportionate amount
of photograph volume scanned. For bins with median diameters below the cutoff diameter, this
volume was the volume scanned in the small analysis. For bins with median diameters above the
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Figure 3. Estimation of rates of deposition.
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Figure 4. Droplet flux profiles.

cutoff diameter, this volume was the sum of the volumes scanned by both analyses. A population
distribution was calculated by the following equations:

N@G) = Z’%\i—), for d(i) < cutoff; [8]

nSA(i) + nu\(i)

N@y = Vsa+ Via

for d(i) > cutoff, 9]

where N(i) = drop population per volume for the ith bin; n(i) = number of drops in the ith bin;
d(i) = median diameter of the ith bin and V' = volume scanned for drops in photographs. A typical
sample for a given flow condition was between 2400 and 4100 drops.

A reasonable estimate of the error for an individual drop measurement is of the order of
+ 10 ym. This is the main reason for distributing the drop measurements into bins of 20 um

Table 1. Measured entrainment
and relative velocity ratios

Wi (g/s) E S
31 0.419 0.82
63 0.527 0.79
90 0.553 0.79

119 0.558 0.77

144 0.564 0.74

170 0.570 —
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increments. The error in determining the Sauter mean, is in the order of 6 to 7%; however, this
is a conservative estimate because of the use of a separate analysis for the large drops.

4. RESULTS

Results were obtained for conditions represented by the darkened triangles in figure 3. These
are rates of deposition measured by Schadel et al. (1990) for a tube diameter of 4.2 cm and
superficial gas velocity of 36 m/s. The dashed curve is an extrapolation of these data that is
consistent with measurements obtained under other conditions by Govan et al. (1988) and Schadel
et al. (1990).

4.1. Impact tube results

Droplet flux measurements are plotted in figure 4. These show a maximum value near the center
of the pipe (r = 0). The flux also shows a sharp increase near the pipe wall where the pitot tube
intercepts waves on the liquid film. The dashed curve is an extrapolation from the point where the
tube intercepts waves to the average film thickness. The shapes of the flux profiles are similar for
different liquid flows. These profiles were integrated, as indicated by [5) to obtain the results
presented in table 1.

The relative velocity ratios, calculated in the determination of the gas velocity profiles, are also
presented in table 1. These values of S are smaller than would be determined from the free-fall
velocities. Schadel et al. (1990) have suggested that the drops are not in the flow long enough to
accelerate to the gas velocity and used this concept to calculate values of S for Uss = 36 m/s that
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Figure 5. Gas velocity profiles.
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varied from 0.75 to 0.70 as the liquid flow increased from 20 to 93 g/s. Teixeira (1988) and Fore
& Dukler (1995) measured drop velocities directly, and obtained values of S close to those
presented in table 1.

Gas velocity profiles, in figure 5, show a definite change in shape with increases in the liquid
flow rate. The flat turbulent profile for single-phase flow develops, with increasing liquid flow, into
a more diffuse profile. Two factors could contribute to this change in the velocity profile, changes
in the gas-liquid film interface and increases in drop concentration. A plot in accordance with the
velocity defect law (Schlichting 1968) gives an indication of the role of the film on the wall in
affecting the velocity field. If the film acts on the gas core in a way similar to that of a roughened
boundary, then curves of (. — u)/u* versus r/a at different liquid flow rates would fall on the same
curve (u. is the centerline gas velocity and «* is the friction velocity calculated with the correlation
of Asali e al. 1985b). Figure 6 shows that this is the case and suggests that there is an increase
in gas phase turbulence, due primarily to changes in the roughness of the interface, if the root-mean
square gas phase velocity fluctuations increase with u*.

Drop velocities are calculated as the product of the relative velocity ratios and the gas velocities.
The concentration profiles, shown in figure 7, were obtained by dividing droplet fluxes by droplet
velocities. These are approximately constant over the pipe cross-section, in agreement with the
findings of Gill ez al. (1964). This indicates that turbulent diffusion to the wall is rapid enough
that it is not affecting droplet deposition.

4.2. Drop size results

Table 2 gives the number of photographs and drops analysed for each condition. Increases in
drop size are found with increasing liquid flow. Here ds,, dy and ds., are, respectively, the Sauter,
volume mean and volume median diameters. Cumulative volume distributions are plotted in figure
8. The increasing contribution to the entrained mass by larger drops is clearly demonstrated.

For the range of flow conditions used in this study, the probability density functions are best
characterized by the log normal and upper-limit log normal relations, used by Wicks & Dukler
(1966), Tatterson et al. (1977) and Andreussi et al. (1978) for annular flow. Distribution functions
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Figure 7. Droplet concentration profiles.

with two peaks, such as obtained by Fore & Dukler (1995), were not observed. The
Rosin-Rammler distribution function, used by Azzopardi e al. (1978, 1980, 1991), Azzopardi
(1985), Teixeira (1988) and Jepson et al. (1989), fits the cumulative volume distributions for
Wi >90g/s but not the probability distribution function, as is illustrated in figure 9 for
Wy = 144 g/s. The Rosin-Rammler distribution underpredicts the contribution by large drops,
especially at lower liquid flow rates. Figure 10 shows the fit to the data in figure 9 with an upper
limit log normal distribution. Table 3 presents the distribution parameters for the log normal and
the upper limit log normal distributions for all of the flow conditions that were studied.
Azzopardi (1985) has suggested the following equation for predicting the Sauter mean diameter:

% =134 | 55 G0u

(10]

where Gye is the entrained liquid mass flux and We is a Weber number based on U and
A = (o/pLg)"?. A comparison of this equation with the measurements obtained in this study is

Table 2. Photograph samples and mean drop diameters

No. photos No. photos Cutoff d No. drops ds do dsov,
Wi (g/s) Small analysis No. drops Large analysis (um) > cutoff (um) (um) (um)
30 19 2301 64 160 109 82.0 107 81.8
60 16 2967 51 180 222 102 133 110
90 12 2522 21 200 146 118 158 135
120 10 2578 30 160 641 126 172 153
144 12 3183 32 160 873 138 189 165

170 7 2120 10 160 328 146 206 181
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presented in figure 11. Agreement is noted at low liquid flows. However, the measurements
presented in this paper show a stronger effect of liquid flow. Somewhat better agreement is noted
with the recent correlation suggested by Ambrosini ez a/. (1991). It is to be noted that most of the
measurements considered by Azzopardi and by Ambrosini et al. depended on the use of a
Rosin-Rammler distribution. If the measurements presented in this paper were fitted with a
Rosin—Rammler distribution, the calculated Sauter mean diameters would lie between the
correlations of Ambrosini et al. (1991) and Azzopardi (1985), except for the two lowest liquid flow
rates where the Rosin~Rammler distribution describes the actual distribution poorly. Fore &
Dukler (1995) also observed a larger effect of liquid flow than reported by Azzopardi. They
reported a 70% increase with a four-fold increase in liquid flow for air superficial velocities in the
range of 23-30 m/s. However, they obtained much larger Sauter mean diameters (400-750 ym) and
observed almost no effect of gas velocity, in contrast to what has been observed by others. If one
considers all of their data (18-33 m/s), a decrease of drop size with increasing gas velocity is noted.

One cause of the increase in drop size with increasing flow rate is coalescence. However,
increasing liquid flows are also associated with thicker liquid films. This could lead to the formation
of larger drops during atomization. The theory of Taylor (1940) suggests that drop size varies

Table 3. Upper limit and log normal distribution parameters

Wi (g/s) é d, (um)  dn/da Equation

30 1.41 91.2 — LN

60 1.26 121 — LN

90 0.876 146 3.67 UL
120 0.833 161 3.31 UL
144 0.847 175 3.59 UL
170 0.810 192 3.85 UL

Average (UL) 0384

2
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Figure 11. Sauter mean comparison to literature correlations.

directly with the wavelength of waves which are being removed from the liquid layer. If the
wavelength scales with the thickness of the liquid film then one obtains

dr = constant. (11]
m

Equation [11] is tested in figure 12 for d5;, dy and for the median drop size. The correlation of
Asali et al. (1985b) was used to calculate m for the different experimental conditions. The good
agreement with [11] would suggest that an increase in the size of the film thickness during formation
needs to be considered, along with coalescence, in explaining the increase in drop size with liquid
flow.

4.3. Evolution of size distribution

One experiment was carried out, for a liquid flow of 144 g/s, at approximately half the axial
distance (z = 62 pipe diameters) at which all of the other experiments were performed. A
comparison of the two measured drop size distributions for W, = 144 g/s is given in figure 13. The
mass of entrained liquid at the two axial stations was approximately equal. Comparisons of the
mean drop diameters are given in table 4. The increase in drop size with distance downstream
suggests that coalescence could be occurring. However, it is also possible that some of the increase
can be attributed to deposition. Larger drops will take longer times to deposit, so their numbers
increase with increasing distance downstream.

5. COMPARISON WITH DILUTE SUSPENSION THEORY

The measurements of Rp in figure 3 and [3], developed for Cy &~ Cw, were used to calculate
the change in particle turbulence. Figure 14 shows that values of (v2)'? obtained in this
way approach a constant value, equal to about 0.18(z7)'”, at small concentrations and decrease
as C~' at large concentrations.
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Table 4. Change in drop size between stations for Wy = 144 g/s

Mean z=62-D. z=126-D, % Increase
diameter Size (um)  Size (um) between stations
dy 120 138 15

dxw 160 189 18

dsov, 133 165 24

Values of (7)'?/(vf)'?, calculated with Reek’s theory, are shown in figure 15. The solid curve
shows the theoretical prediction for Vs = 0. The crosses represent measurements made by Lee et al.
(1989b) for negligibly small V5. Both the theory and experiments show a decrease in (v2)"?/(v?)"?
with decreasing Br.r, because of increasing particle inertia. The dashed curve gives v}/uvf calculated
with Reek’s theory for Vs/(v7)'"?=3. A decrease in »} is indicated, because of the
crossing-of-trajectories effect, first cited by Yudine (1959).

Values of (v))"?/(v})'? have been calculated from the measured values of the Sauter mean
diameters for Vs = 0, for Vs given by the free-fall velocity and for Vs = (1 — S)Us. Figure 14 shows
that the calculated v} are relatively insensitive to the model used for Vs (see Hay 1994 for detail).
This is because increases in ft.r associated with increased drag tend to counterbalance the effect
of an increase in Vs/(v?)'"”.

Rates of deposition calculated by using the drop size measurements, [2] and [3], and Reek’s
theory are shown in figure 16. In this calculation the relative contributions of the different sizes
of drops were taken into account. The fluid turbulence was estimated as

(03)"2 = 0.9u*. [12]

Values of u* measured by Asali er al. (1985b) and values of v7 calculated from [12] are presented
in table 5 for each of the liquid flow rates that were studied. It is noted from figure 16 that good
agreement is obtained with dilute suspension theory at the lowest liquid flow rate. However, dilute
theory overpredicts the rate of deposition at large concentrations and the error becomes greater
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Figure 14. Root mean square particle velocity needed to explain deposition data.
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with increasing concentration. These calculations show that the decreases of Rp with increasing
liquid flow rate cannot be explained as resulting from increases in drop size.

6. INTERPRETATION

The above calculations show that deposition rates can be correctly calculated with [3] at low
liquid flows by using theoretical estimates of v based on the behavior of a single particle in a
turbulent fluid. The decrease in the deposition constant at large liquid flows, however, cannot be
explained solely by an increase in drop size. Furthermore, measurements of gas phase velocity
profiles shown in figure 6 do not support the notion that the decrease is associated with a decrease
in the gas phase turbulence.

An important feature of the system studied is that the droplets are quite sluggish. The mean
square of their velocity fluctuations, 7, is of the order of one per cent of the mean square of the
fluid velocity fluctuations, »f. This would indicate that extraneous effects, other than fluid
turbulence, could be important. Another feature is that, at large concentrations (v})"” is varying
as C\.

Since the number of encounters per unit time that a droplet experiences, n, increases linearly
with the number of drops per unit volume, N, it is plausible to explore the notion that
particle-particle encounters result in a decrease in particle turbulence through inelastic
interactions.

Particle time scales are large compared to the turbulent time scales of the fluid. Therefore, a long
time is needed for the particles to become fully entrained in the fluid turbulence. The small
measured change in drop size along the pipe suggests that a surprisingly small fraction of the drop
interactions results in coalescence (see Brown 1985). Suppose that the encounter of another drop
most often results in an interruption of the radial motion of the drop. This temporarily decouples
the particle from the fluid velocity field. Fluid turbulence again interacts with the particle and starts
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Figure 16. Theoretical predictions of the rate of deposition.

it on a new trajectory. The change of the particle velocity during this new trajectory is described
by the equation.

S Blo~ vy), [13)

where v; and v, are the radial velocity components of the fluid and the particle. Vames (1985) gives
the following solution of [13]:

—_ P
v? =l e 4 (a_’im [1 —e 2 — g~G+Ar § g=(a+3x), [14]

where vy is the initial velocity of the drop. This result required the definition of a function, R(z, 8),
which correlates the fluid velocity fluctuations seen by the particle at time ¢ with the fluid velocity
fluctuations seen at (¢ + ). Equation [14] was derived by assuming

R(6) = exp(—ab), [15]

where « is a reciprocal time scale of the order of the reciprocal Lagrangian time scale of the fluid,
that is determined empirically (see Vames & Hanratty 1988).
The average time interval between interactions, 7;, is given as

=n"" [16]

Table 5. Calculated gas phase velocities

Wi (g/s) u* (m/s) v? (m/s)?
0 1.68 2.29
30 2.55 527
60 2.87 6.67
90 3.14 7.99
120 3.38 9.25
144 3.55 10.2

170 3.71 11.1
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For large concentrations, ft; would be small. If E«;%_ and f«a, eqn [14] simplifies to

vl = 20B%t. (17
This can be averaged over the time interval t =0 to ¢ = 1; to obtain
w3y = 3} [18]
or
(O3 = fin™ B0y, [19]

Since kp ~ (v2)'* and n ~ C, [19] gives kp ~ C~' at large C.

In an attempt to quantify the impact of particle interactions on deposition an estimation of
droplet encounter frequencies was made by Hay (1994). A brief outline of the computations is
contained in appendix A. Particle encounters are assumed to occur due to the relative velocities
between drops of different sizes caused by gravity. This could be a conservative estimate since effects
to turbulence are neglected. The average velocity differences between drops of different sizes were
approximated as equal to the differences in free-fall (terminal) velocities. The measurements of
Teixeira (1988) indicate that the axial velocities of drops in an annular flow decrease with increasing
drop size, at least in the order of the terminal velocity differences.

Results of the calculation performed by Hay are shown in figure 17. A larger drop sweeps
through a continuous medium of smaller drops. Contributions from the interactions between all
smaller and larger drops are summed to obtain the distribution of encounter frequencies, n,
experienced by drops of different sizes. It is noted that » increases with increasing drop diameter
and with increasing liquid flow.

Figure 17 and [14], with v, = 0 and 1 = n~', have been used to estimate deposition rates. The
calculation is thus simplified by assuming that interacting drops reset to zero radial velocity
regardless of drop size or velocity. The results are shown in figure 16 as open diamonds. It can
be seen that calculated deposition rates are much closer to measurements than what is predicted
by ignoring particle—particle interactions.
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APPENDIX A

Particle encounter frequencies were determined by summing the number of interactions caused
by differences in free-fall velocities. The radial velocities are assumed to equal zero. In the
calculation, a uniform concentration of drops with a given size (designated as size distribution bin
i) sweep out a volume containing a uniform concentration of smaller drops or are swept by a
uniform concentration of large drops (j). The effective sweep volume rate of a drop is given by

di+ 4\
Q= n(‘—z—J) [v: — vyl [A1]

where v is the free-fall velocity. The number concentration of drops can be expressed as C/(pLV4),
where C is the mass concentration and V, is the spherical volume of a drop. The number of
interactions per unit time experienced by an individual drop i with drops in bin j is given by

G
5= Q05— A2
Ny=Qissr (A2]

The total number of interactions per unit time experienced by drop i is
# bins
n; = Z N, i [A3]

i=1

where it is noted that N; = 0.



