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A theoretical model for the prediction of drop and bubble (fluid-particle) breakup
rates in turbulent dispersions was developed. The model is based on the theories of
isotropic turbulence and probability and contains no unknown or adjustable parame-
ters. Unlike previous work, this model predicts the breakage rate for original particles of
a given size at a given combination of the daughter particle sizes and thus does not need
a predefined daughter particle size distribution. The daughter particle size distribution is
a result and can be calculated directly from the model. Predicted breakage fractions
using the model for the air—water system in a high-intensity pipeline flow agree very
well with the available 1991 experimental results of Hesketh et al. Comparisons of the
developed model for specific particle breakage rate with earlier models show it to give
breakage-rate values bracketed by other models. The spread in predictions is high, and
improved experimental studies are recommended for verification.

Introduction

Turbulent mass transfer in liquid-liquid and gas-liquid
dispersed systems is common in the chemical, petroleum,
mining, food, and pharmaceutical industries. The possibility
of predicting fluid particle (drops or bubbles) size distribu-
tions is very important for determining interfacial areas and
heat- and mass-transfer rates when designing and scaling up
equipment such as chemical reactors and separators (e.g., ex-
tractors, distillation columns, and flotation tanks).

Population balances can be used to describe changes in the
fluid particle size distributions and other dispersion propet-
ties, and are usually the result of dynamic fluid particle
breakage and coalescence processes. The main problems in
utilizing this technique are to generalize the coalescence and
breakup rate models and express them as functions of the
basic fluid dynamics and the physical properties of a system.
These problems have received considerable attention during
the last thirty years. This article focuses only on the rate of
drop and bubble breakup in turbulent dispersion systems.

The early work was directed at establishing methods for
estimating the maximum stable bubble or drop size, d,,.
Shinnar (1961) proposed the following expression for d,, in
stirred tanks based on Kolmogorov’s concepts:
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Hinze (1955) made a semiquantitative analysis of the forces
controlling deformation and breakup of fluid particles and
developed methods to estimate a stable bubble or drop size
in a dispersion system relying on two dimensionless groups: a
Weber group and a viscosity group. Based on this concept,
Hughmark (1971) suggested the following correlation for 4,
in turbulent pipe flows:
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Previous work on breakup rates

Considerable effort has been spent in detailed analysis and
modeling of the breakup rate process. Valentas et al. (1966)
proposed a purely empirical correlation for the specific drop
breakup rate:
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Ross and Curl (1973) used an analog to the “activated
complex” concept from chemical-reaction kinetics and ob-
tained the relationship:

Q,4(d) €\ o
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Coulaloglou and Tavlarides (1977) assumed identical ki-
netic energy distributions for drops and turbulent eddies in
order to develop drop breakup efficiencies. They also as-
‘sumed the motion of daughter drops to be similar to that of
turbulent eddies and could thereby estimate a “characteristic
breakup time.” Based on this, a drop breakup model, nearly
identical to that of Ross and Curl (1973), was obtained for
stirred tanks.

Narsimhan et al. (1979) gave a more theoretical analysis of
the processes leading to drop breakage. Based on probability
theory and such assumptions as the number of eddies arriv-
ing at the surface of a droplet being a Poisson process, the
arrival frequency of eddies being constant, they proposed a
binary drop-breakage model as
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where A =[3(2%° ~1}"? and A is the average frequency of
eddies arriving at a drop surface. Narsimhan et al. (1979) as-
sumed that A was independent of drop size.

In 1983 Chatzi (Chatzi and Lee, 1987) assumed a breakage
mechanism in which a drop will break if its turbulent kinetic
energy is greater than its surface energy, and gave a drop
breakage rate model in stirred tanks as
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Lee et al. (1987a) also developed a bubble breakage model
based on the work of Narsimhan et al. (1979) using dimen-
sional analysis to obtain an expression for the average fre-
quency of eddies, A, arriving at a drop surface.
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where F() is the cumulative chi-square distribution function.
Hesketh et al. (1991b) combined the natural oscillation
mode of a sphere given by Lamb (1932) and a correlation for
the maximum stable drop size in a stirred tank developed by
themselves, and obtained an empirical drop breakage rate:

0.1,03.0.6
27 ( ch) .

o 0.4

Qd)

n

®

Previous work on daughter particle-size distributions

As pointed out by Valentas et al. (1966), a complete de-
scription of drop or bubble breakup processes also needs the

1226 May 1996 Vol. 42, No. §

so-called “daughter drop- or bubble-size distribution,” be-
cause many combinations of daughter particle sizes can occur
after breakage, ranging from two particles of equal size to
one very small and one very large particle. All the previously
cited rate models only give the total breakup rate for a given
parent particle size and say nothing about the resulting
daughter particle sizes. Therefore, most of the previous mod-
els rely on direct assumptions regarding the daughter size
distributions. In addition, they are empirical in nature,
and usually two or more unknown parameters need to be
determined.

For binary breakage, Valentas et al. (1966) assumed a delta
function as the discrete breakup daughter particle-size distri-
bution, and a truncated normal density function for the con-
tinyous breakup daughter size distributions. The truncated
normal function has also been used by other authors, such as
Coulalogiou and Tavlarides (1977), Chatzi et al. (1989), and
Chatzi and Kiparissides (1992).

Narsimhan et al. (1979) and Randolph (1969) assumed that
a uniform distribution could be used, while Lee et al. (1987b)
used a beta distribution function. All the functions men-
tioned earlier, except the uniform distribution, have the same
characteristics: a decreasing breakage percentage appears
when v, = 0 or v, while the equal-sized breakage has the
highest probability.

As pointed out by Nambiar et al. (1992), the models that
assume a uniform or a truncated normal function-like distri-
bution, centered at v/2, for the daughter bubble or drop size,
may not be representative of the underlying physical situa-
tion. The physical concept is clear: more energy is required
for binary equal-sized breakage than binary unequal-sized
breakage. This is also supported by the experimental results
of Hesketh et al. (1991a) for bubble and drop breakage in
turbulent pipe flows. These results show that equai-sized
breakage has the lowest breakage probability while the high-
est breakage likelihood occurs when v, — 0 (or — v).

Hence, for the daughter particle-size distribution, Hesketh
et al. (1991b) proposed a so-called 1/X-shaped function with
an adjustable parameter determined by a best fit to their ex-
perimental data. However, the 1/X-shaped function has a zero
probability for equal-sized breakage, which is in contradic-
tion with their own experimental results.

Recently, Nambiar (1992) proposed a method to predict
the daughter drop-size distribution for drop breakage in tur-
bulent stirred dispersions based on an eddy interaction model,
but this method still predicts a zero probability for equal-sized
breakage. In their coalescence model, the interaction time
correlation proposed by Levich (1962), based on dimension-
less analysis, was also needed.

Purpose of this work

As seen from the preceding review, previous breakup mod-
els all include two or more unknown parameters that need to
be determined by experimental work. This may involve costly
experimental programs, and may also reduce the generality
of the models.

Thus, this article is aimed at developing a more fundamen-
tal rate model for drop or bubble breakage in turbulent
fluid—fluid dispersion systems.
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Breakup Rate
Phenomenological simplifications

In turbulent dispersion systems, the fluid dynamics and
breakup processes are complex. Hence, in order to develop
the breakage model, certain simplifications are necessary.

1. To make the problem tractable, the turbulence is usually
assumed to be isotropic. This assumption is fairly acceptable
for stirred-tank systems. For other systems, like bubble
columns, the turbulence is nonisotropic (Menzel, 1990). Nev-
ertheless, the isotropic turbulence assumption has often been
used also for these systems (e.g., Lee et al., 1987a; Prince and
Blanch, 1990). This is because theoretical considerations and
experimental evidence have shown, as concluded by Hinze
(1959), that the fine-scale structure of most actual non-
isotropic turbulent flows is locally nearly isotropic. Many fea-
tures of isotropic turbulence may thus be applied to phenom-
ena in actual turbulence that are determined mainly by the
fine-scale structure (Hinze, 1959). Furthermore, even an ac-
tual turbulence situation with a nonisotropic large-scale
structure, or that is nonisotropic through an essential part of
its spectrum, can often, as a first approximation, be treated
as if it were isotropic. The differences between results based
upon the assumed isotropy and actual results are often suffi-
ciently small to be disregarded compared to the uncertainty
of the experimental data (Hinze, 1959).

2. Only the binary breakage of fluid particles in a turbulent
dispersion is considered. As is well known, a bubble or drop
may break into two or more particies with equal or unequal
volumes, depending on the breakage type. It is commonly be-
lieved that more than one mechanism for particle breakage
may exist in turbulent dispersions, since a drop or bubble is
not only exposed to a turbulent field, but is also subjected to
both inertial and viscous forces. Normally, two are consid-
ered to be important, these being turbulent (deformation)
breakage and viscous shear (tearing) breakage (Sleicher, 1962;
Collins and Knudson, 1970; Walter and Blanch, 1986; Hes-
keth et al,, 1991a).

The turbulent breakage is induced by fluctuating eddies
bombarding the particle surface (Walter and Blanch, 1986)
causing oscillations (or deformations) of the particle surface.
That is, a fluid particle of sufficient size will oscillate around
its equilibrium shape. The oscillations are brought about by
the kinetic energy of the turbulent motion in the continuous
phase, or by the relative velocity fluctuations between points
in the close vicinity of the particle surface. In other words,
the kinetic energy of the turbulent motion brings about an
increase in the surface energy of the particle through defor-
mations. Fragmentation of the particle occurs if the turbulent
mation provides an increase in surface energy sufficient to
cause breakage. Usually, binary breakage occurs in this case.

For the shear breakage, a drop or bubble may break into
several drops or bubbles with varying volumes due to viscous
shear. However, when concerned with bubble or drop break-
age in highly turbulent flow, the viscous forces can usually be
neglected, as the bubbles and drops are usually much larger
than the microscale of turbulence (Shinnar, 1961; Narsimhan
et al., 1979).

The simplification of binary breakage has been used by
many authors (e.g., Narsimhan et al., 1979; Hesketh, 1991a;
Nambiar et al., 1992). The recent experimental results of
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Hesketh et al. (1991a) support the assumption. They found
that all bubble and drop breakage events were binary in tor-
bulent pipeline flows. In the present model, the assumption
of binary breakage is also used. In this context this means
that multiple breakages on the same particle do not occur
simultaneously. This is partly done to simplify the model, but
also from the viewpoint that in the process of bubble or drop
breakage into more than two bubbles /droplets, the likelihood
of two or more breakage events taking place precisely at the
same time is very small.

3. The breakage volume fraction is assumed to be a stochastic
variable. For binary breakage, a dimensionless variable de-
scribing the sizes of daughter drops or bubbles (the breakage
volume fraction) can be defined as

fov=—"=—5= 9

where d; and d,; are diameters (corresponding to volumes v,
and v;;) of the daughter particles in the binary breakage of a
parent particle with diameter d (corresponding to volume v).
Obviously, the value interval for the breakage volume frac-
tion should be 0 < fg, <1 (fg, = 0.5 meaning equal binary
breakage and fz,, =0 or 1 meaning no breakage).

Fluid particles will break into a preferred range of daugh-
ter particle sizes depending on the flow conditions. However,
Hesketh et al. (1991a) found that there was no correlation
between the range of fg, values and the size of the parent
particle. In addition, no evidence exists that there is a rela-
tionship between the breakage volume fraction and the eddy
sizes, although Nambiar et al. (1992) attempted to develop
such a relationship (e.g., an eddy of size equal to the drop
diameter was considered to split the drop into two equal
fragments),

Thus, as an approximation, in this work it is assumed that
the breakage volume fraction, fy,, is a stochastic variable.

4. The occurrence of breakup is determined by the energy level
of the arriving eddy. Analogous to droplets in turbulence, ac-
cording to Narsimhan et al. (1979), oscillations of a bubble or
drop induced by a particular eddy, may be changed by the
arrival of other eddies. The degree of interference is largely
determined by the frequency of the eddy arrival process com-
pared to the already existing oscillations of the particle. If
the two frequencies are comparable, the effects of successive
eddies continually interfere with each other. Since particle
oscillations, sufficiently vigorous to make the particle break,
are caused only by hits of eddies with scale similar to, or
smaller than the particle diameter, then the smaller particles
require very small eddies to induce oscillations. Furthermore,
the time scale of oscillations should be inversely proportional
to the eddy frequency. Thus the smaller eddies will be ex-
pected to create high-frequency oscillations.

In this work, the assumption also used by Narsimhan et al.
(1979) and Lee et al. (1987a), is employed: the particle oscil-
lation frequency is larger than the arrival frequency of ed-
dies. This implies that the eddies affect the particles inde-
pendently such that once an eddy of sufficiently high energy
arrives, the particle will break.

5. Only eddies of length scale smaller than or equal to the
particle diameter can induce particle oscillations. Nambiar et
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al. (1992) discuss the movement of particles in a field of ho-
mogeneous turbulence. When the Reynolds number is large
enough, the large eddies are responsible for most of the
translatory motion of particles, while small eddies determine
the strain experienced by the individual particle or group of
particles. The latter thus dominate the deformation of the
particles in the flow field. It may therefore be reasonable to
assume that only eddies of length scale smaller than or equal
to the particle diameter can participate in its deformation
and that the larger eddies merely convect the particle.

Basic model of breakage rate

In a turbulent field, velocity fluctuations at a point can be
thought of as caused by the arrival of eddies of a spectrum of
lengthscales (frequencies). Similarly, the fluctuations in rela-
tive velocity on the surface of a bubble or drop exposed to a
turbulent field can be considered to be due to the arrival of
similar eddies at the surface. This is equivalent to the
“bombardment” of eddies on a particle surface. Of course,
the various arriving eddies contain different amounts of en-
ergy, and thus will provide or supply different energies to the
surface energy required for fragmentation of a particle.

The kinetic energy contained in an eddy and the number
density of the eddy depend on its length scale. Since the re-
quired energy for a particle breakage depends on the break-
age volume fraction, fg,,, we propose a general rate model
for fluid particle breakage in turbulence as follows:

QB(v:vaV)=j;dv Pp(vitfpy,, MDag (v)dr  (10)

Here @jp ,(v) is the arrival (bombarding) frequency of eddies
of size (length scale) between A and A+ dA onto particles of
size v; Pg(v:vy, A) is the probability for a particle of size v to
break into two particles, one with size (volume) v; = vfg,,
when the particle is hit by an arriving eddy of size A. Accord-
ing to assumption 4 in the preceding subsection, Pg(v:v;, A)
will equal the probability of the arriving eddy of size A having
a kinetic energy greater than, or equal to, the minimum en-
ergy required for particle breakage to occur. The upper limit
for the integral in Eq. 10 is based on simplification (assump-
tion 5) in the same subsection.

One should note that since fy is considered to be the
independent variable with range (0,1), then Qg(v:ufp, ) is the
breakage rate of particles of size v into a fraction between
far and fg,, + dfg, (one of the daughter particles has a vol-
ume between ufg, and ufg; + vdfg;) for a continuous fgy,
and into a fraction equal fg,- for a discrete fg, , respectively.

Arrival or bombarding frequency of eddies

The arrival frequency of eddies with a given size A on the
surface of drops or bubbles with size d, is equivalent to the
collision frequency between the same eddies and fluid parti-
cles. Since the motion of eddies is considered random, the
collision frequency of eddies of a size between A and A+ dA
with particles of size d can be expressed by

w
g ()= (d+ Nia,n,n, (11)
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where 7, is the number of eddies of size between A and A+
d\ per unit reactor volume, and %, is the turbulent velocity
of eddies of size A. This is also considered to be the relative
velocity between particle and eddy.

The mean turbulent velocity of eddies with size A in the
inertial subrange of isotropic turbulence can be expressed by
(Kuboi et al. (1972a,b)

2

8u? 8\
uf(i) =(_B) (e’ =B, (12
3 3

where the constant, 8 =(3/5)['(1/3)a. Here « is considered
to be a universal constant, as given by Batchelor (1982), based
on turbulence theory. 8 becomes about 2.41 when using a =
1.5 (Tennekes and Lumiey, 1972). The measured value of ﬁ
is 2.0 according to Kuboi et al. (1972a).

The energy spectrum, E(k), gives the kinetic energy con-
tained in eddies of wave number between k and k + dk, or
equivalently, of size between A and A+ dA, per unit mass
(Tennekes and Lumley, 1972). When this is known, a rela-
tionship between 7, and E(k) can be obtained as follows

=2
. T, Uy
”Apc‘g)‘ 7d)\=E(k)pc(1~ed)(—dk), (13)

where €, is the local fraction of dispersed phase.

The functional form of the energy spectrum for the whole
range of isotropic turbulence is not available, but in the iner-
tial subrange it is well described (Tennekes and Lumiey, 1972)
by

E(k) = ae?Pk~ 7, 19

The relationship between the wave number and the size of
an eddy is k =2n/A (Tennekes and Lumley, 1972). There-
fore, the number of eddies of size between A and A+ dA per
unit reactor volume, or the number density of eddies, is

. csl—-¢p)
== (15)
where

B Yo _ 15
C22mPB 22m)T3)

¢ =0.822.  (16)

Equation (15) indicates that smaller eddies have higher
number densities. However, the equation is only valid for ed-
dies in the inertial subrange of isotropic turbulence because
the used turbulent energy spectrum function and the turbu-
lent velocity are only valid in this subrange. This limitation
will probably have an insignificant effect on the eddy bom-
barding consideration, since the very small eddies have very
low energy contents and very short lifetimes.

Consequently, the bombarding frequency of the eddies with
size between A and A+ dA on particles of size d can be ex-
pressed as
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where £ = A/d is the size ratio between an eddy and a parti-
cle, and

i =cimBY2/4=0923. (18)

Breakage probability (efficiency)

For a particular eddy hitting a particle, the probability for
particle breakage depends not only on the energy contained
in the arriving eddy, but also on the minimum energy re-
quired by the surface area increase due to particle fragmen-
tation. The latter is determined by the number and the sizes
of the daughter particles formed in the breakage processes.

To determine the energy contained in eddies of different
scales, a distribution function of the kinetic energy for eddies
in turbulence is required. Lee et al. (1987a) used Maxwell’s
law for this function. However Maxwell’s law is especially for
free-gas molecular motion and may not be suitable for turbu-
lent eddies. Angelidou et al. (1979) have developed an en-
ergy-distribution density function for fluid particles in liquids,
which satisfies a natural exponential function. Actually, for
the kinetic energy of turbulent eddies, this exponential-en-
ergy density function is found to be equivalent to the com-
mon assumption that the velocity distribution of turbulent
eddies is a normal density function (Saffman and Turner,
1956; Coulaloglou and Tavlarides, 1977; Narsimhan et al.,
1979). This assumption of a normal velocity distribution is
also supported by the experimental results of Kuboi et al.
(1972a) for a turbulent liquid-liquid dispersion system.
Hence, this distribution function is also used in the present
work to describe the kinetic energy distribution of the eddies
in turbulence:

e(r)

X=z0 (19)

1
Pe(X)=meXp(—x),

Here the mean kinetic energy of an eddy with size A, &(A), is
given by

T _u: =B
BN =p ¥ —21 -5 ped)Pd% 1A, (20)

When a particle of size d breaks into two particles with a
given value of fj;, the increase in surface energy is

a(d) =3 + (- £ 1| nd = c;md’o, D)

where Cr is defined as the increase coefficient of surface area,
that is

¢r=fH+U-fg ) -1 22
As seen, cf(O <¢p<2 -0.5%3 —1) depends only on the break-
age volume fraction, fg,, and is a function that is symmetri-

cal about fg, =0.5.
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Since the time scale of particle oscillations is assumed to
be smaller than that associated with the eddy bombardment,
implying that once an eddy of sufficiently high energy arrives,
this leads to particle breakage, then the condition for an os-
cillating deformed particle to break is that the kinetic energy
of the bombarding eddy exceeds the increase in surface en-
ergy required for breakage:

eV ze(d)=cynd%. 23)

Consequently, according to probability theory, the probability
for a particle of size v or d to break into a size of v; = vfy;,
when the particle is hit by an arriving eddy of size A, will be
equal to the probability of the arriving eddy of size A having
a kinetic energy greater than or equal to the minimum energy
required for the particle breakup. This gives

Py(viufg,, M) =Ple(VD) = e(d)]=P[ x = x.]

where x is the dimensionless energy, e(A)/e(A), and y, is
the critical dimensionless energy for breakup:

e(d) 12¢50

Xe ™ 2(A) Bp. e PV (25)

Then, the conditional breakage probability, Pg(v:ufg,, A), can
be expressed as

Py(v:0f s )\)=l—j;xcexp(— x)dx =exp(—x.). (26)

The expression for breakage rate

Substituting Eqgs. 17 and 26 into Eq. 10, the breakup rate
of particles of size v or 4 into particle sizes of ufg, and
v(1— fgy) can be obtained as

Qp(v:vfay)
(1—-¢)n
€\ 1 (1+§)2 12(;f0-
=c4(?) /;min §1m_exP(_chTdS/3§W3—)d§’ @n

where &g = Apin/d-

In the preceding integral the microscale of eddies, Ay,
should actually be used as the lower limit, but it has been
replaced by the minimum size of eddies in the inertial sub-
range of isotropic turbulence, A_,,. The reason is that the
expressions for bombarding frequency of eddies and break-
age probability developed earlier are only valid for this sub-
range. However, as discussed previously, this change is ac-
ceptable since the very small eddies have very low energy
contents and very short lifetimes, thereby having a negligible
effect on the breakage of particles.

Tennekes and Lumley (1972) have given the minimum size
of eddies in the inertia subrange as 27wA, /A, = 0.2-0.55 or
Amin/Ag = 11.4-314,
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The integrand in Eq. 27 can be expressed by the incom-
plete gamma functions and is then easy to calculate.

As mentioned before, since fg, is the independent vari-
able in the interval (0,1), then Qg(v:vfg,) represents the
breakage rate for particles of size v into fractions repre-
sented by an fg, between fg, and fg + dfp; for a continu-
ous fg, function. Thus, the total breakage rate of particles of
size v or d can be obtained by integrating the preceding
equation over the whole interval. The total breakage rate of
particles of size v or d is then expressed as

1 1
Qp(0) = [ Qpvitfay) dfay, (28)
27

where the factor 1/2 takes into account that the effective
range of fg, is either 0-0.5 or 0.5-1 (the integrand is sym-
metrical with fg, = 0.5).

Daughter Particle Size Distribution

As mentioned before, all previous models for breakage rate
depend on a predefined daughter particle size distribution.
This is because the rate models can only give the total break-
age rate for particles of size v, Qz(v). The daughter particle
size distribution, n(v:v,), was first introduced by Valentas et
al. (1966) to describe the size distribution of daughter drops
or bubbles. It was also called the “breakage kernel.” For a
continuous daughter particle size distribution, n(v:v)dy;
represents the fraction of particles of size v that break into
particles of size between v; and v, + du;.

However, as mentioned before, the choice of daughter par-
ticle size distribution has usually been more or less arbitrary
by previous authors. Most of the functions used, except the
uniform distribution, have the same characteristics; a de-
creasing breakage percentage appears when v; — O or v, while
the equal-sized breakage has the highest probability. Nam-
biar et al. (1992) have pointed out that the models that have
hitherto assumed a uniform or a truncated normal function-
like distribution, centered at v/2 for the daughter bubble or
drop size, may not be representative of the underlying physi-
cal situation. This is correct in a physical sense because more
energy is required for binary equal-sized breakage then bi-
nary unequal-sized breakage. The experimental results of
Hesketh et al. (1991a) have also shown that equal-sized
breakage has the lowest breakage probability, while the high-
est breakage likelihood occurs when v; — 0 (or — v).

Unlike previous work, the present model does not need
the daughter particle size distribution because the model di-
rectly gives the “partial breakage rate” for particles of size v
breaking into the daughter particles with a given fz,. The
daughter particle size distribution now comes out as a result
and can be calculated directly from this model.

For a continuous fp,, the Qg(v:0fg,,) describes the rate at
which particles of size v or d break into a size between v and
v; + dv; (v, =uvfgy). Then, according to the definition, the
daughter particle size distribution is given by

2[1 (1+ £)2¢ Wexe dg¢

Results and Discussion

In contrast to previous models for bubble or drop break-
age, the present model for fluid particle breakup has no un-
known or tuned parameters. Both the breakage rate and the
daughter bubble or drop size distribution can be predicted,
given the operating conditions and the fluid system.

The present model shows that the particle sizes resulting
from a bubble or drop breakage are normally functions of the
original bubble size, the energy dissipation rate, and the
physical properties. The dimensionless daughter bubble size
distribution nu, for the air-water system, is illustrated in Fig-
ure 1. It shows that the dimensionless daughter size distribu-
tion is a U-shaped function and that the lowest probability
(which is nonzero) is found for equal-sized breakage for any
given original particle size. This agrees well with both physi-
cal intuition and the experimental results obtained by Hes-
keth (1991a,b).

The daughter bubble size distribution depends, as men-
tioned earlier, not only on the energy dissipation rate, but
also on the original bubble size. As seen from Figure 1, the
curves for 6-mm bubbles are flatter than for 3-mm bubbles,
and the difference between the two energy dissipation rates
is smaller for the larger bubble size. For even larger bubbles,
the effect of the energy dissipation rate becomes insignificant
and the daughter bubble size distribution tends to become
flat. This situation can be seen more clearly in Figure 2, where
the breakage fraction is given as a function of breakage vol-
ume fraction, fg;,. The breakage fraction is defined as the
number fraction of original bubbles, breaking into a certain
distribution of daughter bubbles defined by fg,,. The frac-
tions are summed over every interval of 0.05 in fy,. For 3-mm
bubbles and a low-energy dissipation rate (0.5 m?%/s*), the
breakage fraction is high, { ~ 0.6) for unequal-sized breakage,
and goes down to about 0.02 for equal-sized breakage,
whereas for 6-mm bubbles at € =1 m?/?>, the same span is
from 0.29 to 0.07. This is physically reasonable, since there is
a wider size range of eddies affecting the larger bubbles, and
therefore a higher chance of breaking them into daughter
bubbles with close to equal sizes. An increase in the energy

----- d =0003m, £=05 m¥s?
A d =0006m, £=05 m¥s?
----- d =0.003m, =10 m¥s3
m?s3

0.5 |-

Dimensionless daughter size distribution

0 . 0.2 0.4 0.6 0.8 . 1
Breakage volume fraction fpy

Figure 1. Effect of bubble size and energy dissipation

rate per unit mass, on the dimensioniess
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Figure 2. Effect of bubble size and energy dissipation
rate per unit mass, on the breakage fraction
as function of the breakage volume fraction
for the air-water system.

dissipation rate also makes the distribution flatter since this
is equivalent to providing a higher energy for breakage. It is
also consistent with the distinction made by Narsimhan et al.
(1984) between “thorough” and “erosive” breakages, where
“erosive” breakages, meaning separations of small particles,
was found to be more common. For large particles, however,
the chances of equal-sized, “thorough” breakage became
more probable.

From Figures 1 and 2 it is seen that the prevalent breakage
volume fraction lies in the low range of daughter bubble sizes.
This means that most frequently small bubbles separate from
the original larger bubble. The separation of a small bubble
from a large bubble may of course take place many times in
rapid succession, and thus resemble the breakage into more
than two bubbles. There is no inherent assumption made in
the present model preventing a fluid particle from being hit
by more than one eddy aimost at the same time. In fact, mul-
tiple breakage may be caused by a close to “simultaneous”
bombardment of several smaller eddies. In this way, the model
may be thought of as also covering the erosion type of break-
age that is described by Chatzi and Kiparissides (1992). How-
ever, basically, each separation is modeled as a binary
breakup.

In liquid-liquid dispersions in stirred tanks, smaller droplet
sizes prevail. Model results for the case of small oil droplets
(d =200 pm) in water are shown in Figure 3. As expected
the energy dissipation rates needed to break these smaller
droplets are much greater than for the air-water system. En-
ergy dissipations rates in the range 70-350 m?/> were used.
This is the range that would be expected in the region near
the impeller in a stirred tank. According to Keey (1967), dis-
sipation rates in this region may be 70 times higher than the
average value. It is clearly seen that the probability for un-
equal breakage increases dramatically, compared to the
air-water system. At smaller droplet diameters, the effect is
even greater. Also for these droplet sizes the model predicts
a flattening of the daughter droplet size distribution with in-
creasing dissipation rate.

In order to test the present breakage rate model against
experimental results, the predicted breakage fractions for the
air—water system in pipeline flows have been compared with
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Figure 3. Effect of bubbie size and energy dissipation
rate per unit mass, on the dimensionless
daughter bubble-size distribution, n(v:vfg,)v,
for the system oil-water.

Interfacial tension oil-water o, = 0.05 N/m.

the measured results of Hesketh et al. (1991a,b), as shown in
Figure 4, which also illustrates the predicted results. It can
be seen that the agreement between the predicted results of
the present model and the experimental results is very good.
In addition, it can be found that the original bubble size, d,
has nearly no effect on the daughter bubble distribution or
breakage kernel, under the high-energy dissipation rates, € =
13.3 m%/5% which prevailed during the experiments. Further-
more, unlike the models of Hesketh et al. (1991b) and Nam-
biar et al. (1992), the present model shows that the fraction
of equal-sized breakage is nonzero, except for very small bub-
bles (close to the minimum length scale of eddies in a system)
or at very low-energy dissipation rates. This is also supported
by the experimental results of Hesketh et al. (1991a).

The influence of bubble size and energy dissipation rate on
the specific breakage rate, ,/(1— €,)n], is shown in Figure
5, with the air—water system as an example. The larger the
bubble size and /or the energy dissipation rate, the higher the
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| Il Data of Hesketh et al, (1991b)
‘B d =0003m, £=13.3 m¥s?
d =0.006m, £=13.3 m¥s?
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Figure 4. Comparison of predicted breakage fractions
for two bubble sizes from the developed
model with the measured data of Hesketh et
al. (1991a).

The system is air-water.
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Figure 5. Effect of bubble size and energy dissipation
rate per unit mass on the specific breakage
rate, Q5/[(1 — €4)n], for the air—water system.

specific breakage rate. This is reasonable, as pointed out be-
fore, since a larger bubble can be hit by a wider range of
eddies, and a larger energy dissipation rate means a higher
energy content per unit mass of eddies. The specific break-
age rate of very small bubbles is close to zero, because the
eddies capable of causing the bubbles to oscillate are too small
to make them break. As the energy dissipation rate increases,
the bubble size under which no breakage occurs, is de-
creased. The same tendency is shown in Figure 6 for small
(200 wm) oil droplets in water, but even more pronounced.
In this case, the breakage rate is generally much lower than
for bubbles in water because of the increased density and
viscosity of the fluid particles. Also the energy dissipation level
needed for breakup in this size range is higher since higher
energy levels are needed to break smaller drops.

Figure 7 contains a comparison between the present model
for specific breakage particle rate and models found in the
literature. The literature models, Narsimhan et al. (1984),
Laso et al. (1987), Coulaloglou and Taviarides (1976, 1977),
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Figure 6. Effect of bubble size and energy dissipation
rate per unit mass on the specific breakage
rate, Q,/[(1- ey,)n], for the oil-water sys-
tem.

Interfacial tension oil-water oy, = 0.05 N/m.
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Chatzi et al. (1989), and Chatzi and Kiparissides (1992), are
all fitted to data from stirred-tank experiments using popula-
tion balance modeling, and they contain one or more param-
eters. In addition, the geometric dimensions of the tank/im-
peller system enter into the formula in different ways. The
numerical comparison in Figure 7 is thus done at a fixed av-
erage energy dissipation rate (€ = 1 m%/s*), but with the per-
tinent geometric data given for each reference. The figure
shows that the spread in predicted breakage rates is wide.
This is similar to what was found by Laso et al. (1987), and
they attributed the inconsistencies to differences in the ex-
perimental conditions. This may be true, as all models are
extensive in nature and thus tailored to the equipment used.
However, the underlying model assumptions also vary, in par-
ticular the treatment of the coalescence processes taking
place.

This model is geometry independent and predicts breakage
rates in the middle of the other models. At droplet sizes above
0.2 mm the predicted rates are higher than those from the
model of Laso et al. (1987). For smaller droplet sizes the
present predictions are lower than those of Laso et al. (1987),
but in this range higher than the model of Coulaloglou and
Tavlarides (1977). It has not been possible to run a direct
comparison with the models of Chatzi and Kiparissides (1992)
because of lack of parameter values. However, extrapolating
semiquantitatively their own comparisons from the model of
Laso et al. (1987), their model seems to give values below
that model above 0.2-mm drop size and fall off to low break-
age rate values, very similar to the model presented in this
work, at low droplet sizes.

To improve the possibilities for verification of the various
models, independent droplet/bubble breakup studies are
needed, both concerning the impact of shear and turbulence.
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Conclusions

A theoretical fluid-particle (drops and bubbles) breakup-
rate model has been developed, based on the theories of
probability and turbulence. The breakage-rate model has no
unknown parameters since all the constants in the model are
determined from isotropic turbulence theory. This is in con-
trast to previous models that have at least three unknown
parameters. In addition, the developed model does not need
a predefined daughter particle size distribution, as it directly
gives the breakage rate for a given combination of daughter
sizes. Also, the daughter particle size distribution can directly
be derived from the breakage-rate model.

The breakage fractions predicted by the present model for
the air—water system in high-intensity pipeline flow are shown
to be in very good agreement with the experimental results of
Hesketh et al. (1991a,b). The developed model for specific
breakage rate has been compared to models found in the lit-
erature, and is found to give breakage-rate values bracketed
by the other models. The spread in predictions is, however,
large, and improved experimental studies are recommended.

Notation

¢y,¢, =unknown constants in breakage rate models
c3,¢4 =constants defined by Eqs. 16 and 18
D =diameter of impeller, m
e =energy of individual eddies, J
é=mean of e, J
¢; = increase of surface energy due to a bubble breakage, J
n =number of bubbles or drops per unit dispersion volume,
m
P, =energy probability
& =friction velocity, (ty/p,)"?, m/s

Greek letters

B =constant defined in Eq. 12
I'( ) =gamma function
& =energy dissipation rate per unit mass, m>s ™
A, =eddy size of viscous dissipation, m
. =viscosity of continuous phase, Pa-s
u, =viscosity of dispersed phase, Pa-s
p. =density of continuous phase, kg/m>
pq =density of dispersed phase, kg/m’
o =surface tension, N/m
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