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A study of the effects of particles on the manner in which sheets of aqueous suspen-
sions wetted particles disintegrate during atomization by hydraulic pressure nozzle
showed that the sheet stability is reduced by particles in the region where the particle
size is greater than the sheet thickness due to localized thinning of the sheet due to
curvature variations caused by particles moving apart in this region. At high-volume
fraction of solids, the sheets perforate. It is inferred from the mechanism that the criti-
cal volume fraction of solids at the onset of perforation decreases with decreasing par-
ticle size, decreasing density and surface temsion, and increasing viscosity of the
medium. A critical perforation number, A, is inferred from the above mechanism.
Waves are observed on the sheet at positions closer to the nozzle which would be
absent on aqueous sheets similarly produced but free of particles. © 2010 American
Institute of Chemical Engineers AIChE J, 57: 2007-2024, 2011
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Introduction

To predict and control the important properties of sprays,
e.g., drop-size distribution, produced by hydraulic pressure
nozzles, it is necessary to understand the mechanisms by
which the liquid sheets produced are atomized. In many
instances, atomization is achieved by forming a thin freely
moving sheet of liquid, using a nozzle, which subsequently
breaks up to form droplets. When sheets are composed of
single phase liquids, break-up occurs via action of aerody-
namic waves. This mechanism is well understood, and there
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have been numerous reviews on it." In contrast much less is
known of the mechanism by which sheets composed of two
phases break-up in spite of the obvious importance of such
information for the spray drying industry where slurries and
pastes are commonly sprayed to produce particles of desired
physical properties. Chigier and Meyer” have pointed out
that the break-up of sheets of slurries cannot be modeled on
that of liquids free of particles. Dombrowski and Fraser®
have reported that sheets of oil/water emulsions and also
sheets of Fuller’s Earth may spontaneously perforate before
wave formation. Fraser et al.* have predicted the growth rate
of perforations on sheets by equating the inertial and surface
tension forces. These predictions have been confirmed in a
series of papers by Spielbauer and Aidun’ on the break-up
of sheets of black liquor. The above workers® also provide
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an excellent account of the mechanisms of sheet disintegra-
tion. Mulhem and Schulte’ have shown that particles play an
important role in the disintegration of sheets of liquid sus-
pensions.

As the presence of nonwetted entities (e.g., oil globules)
can lead to sheet perforation, great care has to be taken to
assure that all particles, used in this work are wetted during
their residence in the sheet. To assure good wetting, the par-
ticles must be treated in such a way as to expose atoms
which can undergo hydrogen bonding with water to the sur-
face to reduce the contact angles below 90°.

In the 1980s, heuristic arguments were put forward attrib-
uting perforation to shear thinning behavior of the suspen-
sions at the yield point. However, this seems unreasonable
as the fluids undergo maximum shearing within the nozzle
orifices and thereafter undergo elongational flow within the
sheet at a strain rate, which reduces with distance from the
nozzle. To buttress this point, we have made effort to ensure
that suspensions with Newtonian and shear thinning rheolo-
gies are studied in the preliminary experiments.

Up to now, there remains a gap in the literature regarding
the mechanism by which sheets perforate, which would ena-
ble quantitative verification. This article presents a mecha-
nism by which relatively thick sheets can become destabi-
lized due to curvature induced flow and investigates experi-
mentally the influence of particle size and volume fraction
of solids on the break-up of sheets of suspensions of wetted
particles in liquids.

For experimental and theoretical reasons, the single orifice
fan spray nozzle has been used to produce sheets. Liquid
emerges from this nozzle in the form of thinning sheet,
which subsequently breaks up into a spectrum of droplets.

Flow within the fan sheet is radial, and therefore, its
thickness (H) reduces with increasing radial distance (R)
from its apparent source behind the nozzle according to a
hyperbolic law® shown in Eq. 1. K is the thinning parameter,
which is a measure of how rapidly the sheet thins. K can be
found empirically, as in this work, although it can be esti-
mated from mass balance. It is determined mainly by nozzle
geometry and only mildly depends on viscosity as the latter
affects the distribution of flow within the nozzle orifice.

H= )

This system has features common to other types of atomizers
such as the swirl spray and spinning atomizers.

A high-speed photographic technique has been used to re-
cord the effects of volume fraction of solids (phase ratio), on
the disintegration of sheets of model slurries. A mechanism
is proposed to account for the experimental observations.

The relevance of this work to the atomization literature
lies in the identification of thinning mechanism induced by
the presence of particles in the region where sheet thickness
is less than that of the particles. A situation encountered in
the combustion of solid fuel-liquid mixtures in many appli-
cations including rocketry. This work would enable a quanti-
tative analysis of the influence of liquid properties on the
perforation phenomena. Another important reason for report-
ing this work is that the break up of sheets containing sus-
pended particles can be used to model the disintegration of
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sheets of shear thinning suspensions, which may be encoun-
tered in the food processing industry. The gel-like structure
of such suspension can be expected to partially disintegrate
into smaller domains or agglomerates on passage through the
high-shear zones inside the nozzle orifice and therefore
behave like discrete particles in a thin film.

Experimental
Choice of materials

The choice of materials used to form spray suspensions
was informed by two considerations: discrete noninteracting
particles offer a good way of uncovering the quantitative
aspects of the mechanisms by which particles influence sheet
disintegration. Suspensions formed from structure forming
particles enable a demonstration of how widespread that
underlying mechanism might be. Therefore, the screening
experiments include both types of particles.

Interacting particles

Attapulgite. Particles of attapulgite clay comprise needle-
like fibers of submicron diameter. These were suspended by
introducing small quantities of it at a time into water with
shearing action to form a thick suspension. Thereafter, the
suspensions were stirred vigorously to enhance dispersion.
The particles absorb several times their volume water on
hydration and swell to form a smooth gel. The flow curve as
determined by a Haake Rotovisco viscometer indicated that
the gel (11% wt/wt) is shear thinning, with effective bulk
viscosity reducing from about 6 cP, at low-strain rates, to
about 1.5 cP in the higher strain rate regime. This response
is indicative of the break down of the gel structure, formed
on hydration, into smaller aggregates as the material is
sheared.

Titanium Dioxide. Pigment-sized particles of titanium
dioxide (TiO,) were dispersed in water a little at time with
shear action. The TiO, particles also absorbed large amounts
of water on hydration to form a gel, which exhibited a typi-
cal shear thinning flow curve in the rheometer. This indi-
cates that the gel structure breaks down on shearing into
agglomerates (or gel-particles).

Noninteracting Particles. Three sets of glass particles of
differing size distributions, shown in Figures 1A, B, and des-
ignated: coarse (Glass I), medium (Glass II), and fine (Glass
III) of mean diameters 57 um, 28 pm, and 5 wm, respec-
tively, were used to prepare model suspensions of desired
phase ratios. Clearly, these distributions are not monodis-
perse as would be required for the quantitative analysis parti-
cle size effects. Therefore, Lycopodium particles of near
monodispersion (see Figure 1A), and average size 28 um,
are used to mimic the break up of sheets containing particles
of Glass II for comparison. Glass and Lycopodium particles
are noninteracting, and their suspensions exhibit Newtonian
rheology.

The particles of glass were prewashed in chromic acid (to
remove any oily substances and dirt) and rinsed in distilled
water before being used to prepare the suspensions. The me-
dium used was buffered water. Sprayed samples were col-
lected and their weight fraction determined by drying thus
ensuring that any errors due to deposition within the pipeline
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Figure 1. A: Size distribution of coarse particles; B:
size distribution of fine particles of glass.

were avoided when interpreting the results. The volume frac-
tion of solids (phase ratios) was deduced from the weight
fraction and the known densities of suspension media and
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the particles. These results were corroborated by densitome-
ter measurements.

Lycopodium particles as supplied were not wetted by
water. To make them wet in water, the particles were heated
(to temperatures from 70°C to boiling) to remove an oily
substance from them into water, which could then be deca-
nted. Such treatment exposes the surface cellulose of the
seeds for bonding with water.

It is noted that it proved difficult increasing the phase
ratios of coarse glass particles (especially particles of Glass
I) much beyond 35% because the nozzle would block often
leading to spitting. The main reason for this occurrence is
the design of the chamber immediately above the orifice and
the orifice geometry.

Sheets laden with discrete particles reported in this work
are Newtonian, with effective viscosities less that 3 cP.

Spray System. The optical system incorporating the spray
apparatus is sketched in Figure 2. The suspensions were
stored in a pressure pot (upstream of the nozzle) and stirred
agitated immediately before a run. Nitrogen at preselected
pressures was used to force the suspensions through the noz-
zles. The sprayed slurry was collected in a tank and the par-
ticles recovered. The tank was extracted with a fan to main-
tain a gentle breeze of ambient air downward (in the direc-
tion of the spray) to prevent sprayed droplets from
impinging on the sheets.

Technique and Atomizing Conditions. Atomizing pressures
used ranged from 3 to 14 bars (see Table 1). The sheets were
observed using a flash stroboscope and several photographs (at
least five) were taken with a short duration (100 ns) light flash
produced by an argon stabilized spark source, using focused
rear illumination technique (Dombrowski and Fraser3).

N2

pressure pot

spray gun

camera

optical bench

Figure 2. Optical system and spray unit.
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Table 1. Nozzle Characteristics and Liquid Ejection
Pressures Used in Experiments

Equivalent Spherical Ejection

Diameter of Spray Pressure
Nozzle Orifice (um) Angle (°) (bars)
Titan N519 480 50 3-14
Titan N521 533 50 3-14
Titan N943 1090 90 3-14
Titan N543 1090 50 3-10
Titan N243 1090 20 3-11

Dombrowski and Fraser’ have reported that sheets con-
taining nonwetted particles would perforate even at very
low-volume fractions. Therefore, to confirm that particles
were completely wetted during their residence in the sheet,
photographs of sheets containing only a few particles of the
solids were taken and inspected for perforations. Low-phase
ratio sheets produced in this work did not perforate, confirm-
ing that the particles are indeed wetted.

The nozzles used in this work were selected carefully to
ensure that undisturbed sheets could be produced over the
range of operating conditions. Nozzles of equivalent orifice
diameter 480—1090 um and spray angle 20-90° (see Table
1) were used in forming sheets in the preliminary experi-
ments. Once it was confirmed that the nozzles were not a
direct cause of sheet perforation, nozzles designated N521
and N943 in Table 1, which had effective orifice diameters
of 533 and 1092 um, respectively, were selected for further
work.

The thickness parameter of the sheets (K) produced were
determined from their velocities and flow rate through a
known width of sheet.® Nozzles N521 and N943 had effec-
tive thickness parameter of 17.2 x 107® m” and 27.4 x
107% m?, respectively.

To determine the velocity of the sheet, double exposure
photographs of the sheets were taken using the same film
and the distance moved by the centre of features on the
sheets in the known time interval between exposures
recorded. The velocity of the sheet was calculated from the
ratio of the distance moved to the time interval between
exposures.

The amplitudes of the waves on the sheets were estimated
from the shadow photographs of the side view of the sheets.

The radial lengths of the sheets at which perforation com-
menced were estimated by two complimentary techniques:
from the growth rate of perforations and by extrapolating to
the origin, the light streaks on the multiple exposure photo-
graphs caused by the axial movement of perforations.

Results

Wetting Properties of Particles. To demonstrate that all
particles used in this work remained wetted throughout their
residence period in the sheets (less than 3 ms), water con-
taining very low concentrations of particles were used to
form sheets, which were then observed. In all cases, the
sheet lengths were not significantly changed and no perfora-
tions over the entire length of the sheet were observed. Fig-
ure 3A illustrates that the presence of a Lycopodium particles
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of size about 28 um in a surrounding sheet of thickness 4.5
um does not perforate it but instead the particle imposes cur-
vature variations in its vicinity, which leads to high contrast
over an area much larger than the cross section of the par-
ticles. The above result is entirely consistent with the earlier
observation that once the oily component has been expelled
from the Lycopodium seeds, they remain wetted by water
molecules as strong hydrogen bonding would very easily
form between the hydrogen and oxygen atoms in the cellu-
lose in the surface of the seed particles and the hydrogen
atoms in the free water molecules.

Figure 3B shows the presence of particles of size 56 um
(sampled from Glass I). These particles are wetted by the

Particles in sheet of average
thickness 8.5 microns

: \ Particles in sheet of average
4" thickness 5.3 microns

Particles in sheet of average
thickness 4.5 microns

A

1.3cm

Local sheet thickness
is 15 microns

Local sheet
thickness is
6.7 microns

Local sheet
thickness is
microns

Figure 3. A: Particles of Lycopodium powder suspended in
an expanding sheet of water; average local thick-
nesses of sheet are shown on the right-handed
side (R.H.S.); B: particles sampled from Glass |
suspended in an expanding sheet of water.
Average local thicknesses of sheet are shown on the R.H.S.
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Figure 4. Perforated sheet of shear thinning suspension

(11% attapulgite clay suspension in water).

sheet of water whose thickness reduces from 480 um (close
to the nozzle) to 3 um (within the wave break-up zone). If
particles did not remain wetted in the region where sheet
thickness is less their size, then perforations would occur
and grow, even at low-volume fraction of solid particles

used here. In this case, also curvature variations imposed on
the sheets have caused the particles to appear much larger in
the sheets than they are.

Break-Up of Sheet Containing Structure Forming Parti-
cles. The breakup of sheets of attapulgite clay suspensions is
superficially similar in some ways to the breakup of sheets
containing discrete particles (e.g., Lycopodium and glass
particles).

The sheets emerge from the nozzles and break-ups by per-
forating into a network of ligaments. The sheet thickness at
the perforation distance is 12.5 um, and the sheet thickness at
the break-up distance is about 8.5 pum. Figure 4 illustrates
this. The material in the sheet was sampled, as it emerged
from the nozzle, into a dispersant solution to determine the
agglomerate size using a traveling microscope. The sizes of
the agglomerates observed were between 15 and 20 um,
which were dispersed in very fine suspensions. Thus, the sheet
thickness at the perforation distance was less than the size of
the largest agglomerates but thicker than the fines. The sheets
are much shorter than the sheets of water produced by the
same nozzle under similar atomizing conditions.

It was observed that the rims at the edges of the attapul-
gite sheets persist over a longer time—almost the entire
length of the equivalent sheet free of particles—compared
with the time in which the thinning sheets disintegrate. The
networks of ligaments also persist for as long as 2 ms. This
contrast with the break-up of the rim of sheets laden with
discrete particles (cf. Figures 4 and 5C).

The break-up of sheets of titanium dioxides suspensions
perforate in the region where the average sheet thickness is
about 5.3 um and where waves are present on the sheet. The
perforations appear like tears and resemble the break-up of
fine glass (Glass III) of size 5 um. The sheet thickness at the
break-up length is about 3 um. The break-up characteristics

‘%‘

Mt

Aa

C

Figure 5. Front and side view of: (A) sheet of water free of particles breaking up due to the action of aerodynamic
waves and aqueous sheet containing particles of Glass Il (B) at low-phase ratio and (C) at high-phase ratio.
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Table 2. Break-Up Characteristics of Sheets Containing Structure Forming Particles

Nominal Size of

Concentration of

Sheet Thickness at Sheet Thickness at

Type of Particles Particles Particles (wt/wt %) Perforation Length (um) Break-Up Point (um)
Attapulgite Submicron diameter 11% 12.5 8.5
Titanium Pigment 53 35

Nozzle 521.

of attapulgite and titanium dioxide suspensions are summar-
ized below in Table 2. Mass fractions have been used as a
measure of the concentration of particles instead of the vol-
ume fraction, because it was not possible to determine the
proportion of water that is chemically bonded to the solid
matrices and that which is free.

The break-up of shear thinning (structure forming) suspen-
sions would be interesting from the academic viewpoint and
could also be used to mimic the sheet disintegration during
the spray drying of starchy food. However, a lot more work
would be required to characterize the break-up of the gels
into agglomerates on passage through the high-shear zones
in the nozzle orifice. Even after that is done, it would be a
major problem to determine the proportion of water bonded
within the gels and what percentage would be available
within the inter-agglomerate space, which are important pa-
rameters in characterizing the state of the suspensions during
their residence in the sheet . Therefore, greater effort is con-
centrated on sheets formed from suspensions of discrete non-
interacting particles.

Disintegration of Sheets Containing Medium Sized
Particles of Glass. To facilitate the presentation of the mech-
anistic aspects of this work, the break-up of a sheet of water
is compared with the disintegration of sheets containing mid-
dle sized particles (Glass II) of average size 27 um (see Fig-
ure 1A). Figure 5A shows a sheet of water containing no
particles breaking up due to large amplitude aerodynamic
waves as one would expect from conventional atomization
theory as presented by Squire’ and Hagerty and Shea.'” In
contrast, sheets containing particles of glass (II) of low-phase
ratio break up via action of low-amplitude waves, which
appear closer to the nozzle (illustrated in Figure 5B) com-
pared with sheets of water free of particles. It is noted that
the appearance of waves on sheets containing particles close
to the nozzle, where they are not visible on sheets of water
free of particles and produced under similar conditions, is
unexpected and cannot be explained by conventional atom-
ization theory.

Effect of Medium Sized Particles on the Structure of the
Sheets. In the region of the sheets where the particle sizes
exceed the local sheet thickness, as estimated by Eq. 1, the
images of the glass particles in low-phase ratio sheets were
much larger than expected and the particles of Glass II
become visible on the photograph as black patches (see
Figure 5B). Further down the sheet, image sizes (after cor-
rection for magnification) on the shadow photographs as
large as 400 um and above are observed, whereas in fact the
largest size of particles sprayed was 65 um (as measured by
a particle size analyzer). This apparent magnification effect
demonstrated more clearly on the photograph in Figure 3B,
where the suspension is very dilute and the apparent diame-
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ter of the arrowed particle in the surrounding sheet of 5-um
thickness is about 450 um. Therefore, its apparent magnifica-
tion is eight-fold.

Stability Lengths of Sheets Containing Medium Sized Par-
ticles. At high-phase ratios (greater than a critical value
defined later), the sheets perforate close to the nozzle beyond
the region where the sheet thickness falls below the particle
size (26 pum). A typical perforated sheet is shown in Figure
5C. The perforations grow as the rims thicken to form a net-
work of ligaments, which subsequently disintegrate to into
droplets. Striations can be observed on the sheets indicating
the presence of low-amplitude waves. The side view of the
sheets (see Figure 5C) showed the wave amplitudes in the
perforated zones were so small that they are obscured by
rims of the sheet.

Figures 5C and 6B show typical perforated sheets (of
Glass II slurry) produced by two nozzles of different thin-
ning parameter (K). Although perforation lengths differ, the
sheet thickness at the onset of perforation (deduced from the
Eq. 1) are equal within the experimental error of 10%.

The effect of the presence of particles in destabilizing
sheets containing Glass II is summarized in Figures 7A, B
which show the variation of both sheet break-up length and
the perforation distance with phase ratio for two nozzles of
orifice diameter 533 um and 1090 um, respectively. The
break-up length is defined as the radial distance from appa-
rent source of the sheet behind the orifice beyond which the
sheet loses its connectivity. Curve C' in Figure 7A shows
that the break-up length of sheets containing Glass II falls
steeply from 4.7 cm to 2.7 cm as phase ratio increases from
0-3.5% v/v. The reduction in sheet break-up length with
increasing phase ratio is gentler at the higher values. The
sheets perforate at high-phase ratios (beyond 17% v/v) and
the perforation distance (curve D’ in Figure 7A) is relatively
insensitive to phase ratio. The above results are confirmed
by the break-up of sheets containing medium sized glass (II)
particles, produced by a larger orifice nozzle (see Figure
7B), which produces sheets of larger thickness parameter—
274 E —08 m” The sheet break-up length depicted in
Figure 7B (curve A’) falls rapidly with increasing phase
ratios (from O to ca. 15%) and then appears to level off at
higher phase ratios. The perforation occurs at high-phase
ratios (curve B) and the lengths are relatively insensitive to
phase ratio at high values (dropping from 2.1 cm to 1.8 cm
over an increase in phase ratio from about 20-27%).

Disintegration of Sheets Containing Lycopodium Parti-
cles. The above results indicate the importance of the size of
particles relative to the local sheet thickness; therefore, Lyco-
podium particles of much narrower size distribution (see Fig-
ure 1) were used to mimic the impact of Glass II on sheet
disintegration. Figures 8A—C illustrate the disintegration of
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Figure 6. Perforated sheets of aqueous suspensions containing particles of different sizes (Sheet velocity 22 m/s,

nozzle —N943).

sheets of water containing Lycopodium particles as a func-
tion of phase ratio. These sheets have been produced under
conditions similar to experiments carried out on Glass II. It
is noted in Figure 8B, that the Lycopodium particles appear
much larger on the low-phase ratio sheets than their actual
size (see arrowed features). This has been attributed to cur-
vature variations caused by particles. The curvature effects
begin at the radial distance where the sheet thickness is
about 30 pum, which is close to the mean size of the par-
ticles. The apparent magnification of the particles within the
sheet, inferred from the photographs, increased from 4 to 16
as the radial distance increases from 1 cm to 3.5 cm as
shown in Figure 9 (curve A). Over those distances, the sheet
thickness decreases from 18 um to 5 um as depicted in
curve B in the same figure. This trend is brought about by
presence of curvature variations in the area of the sheet sur-
rounding the particles. These effects intensify as the sheets
thin with distance from the nozzle because the curvature
extends over a wider area as the sheet thickness reduces far
below the size of the particles.

The perforations appeared on the Lycopodium sheets of
high-phase ratio, at similar radial distance from the apparent
source of the sheets as those containing particles of Glass II
of high-phase ratio. The striations observed on the Lycopo-
dium sheets are similar to those observed on the sheets con-
taining Glass II.

In Table 3, the dependence of the perforation distances on
the Lycopodium sheets on the ejection pressure are compared
for different nozzles. It can be seen that four-fold variation
in the ejection pressure (equivalent to doubling the sheet ve-
locity) did not influence the perforation distance signifi-
cantly. The same insensitivity was observed when nozzles of
different thickness parameters were used. Thus, the speed of
separation of particles (which is proportional to radial veloc-
ity) appears not to affect the kinetics of the perforation pro-
cess greatly.

Curves E' and F' in Figure 7A show that the dependence
on phase ratio of the break-up lengths and the perforation
distance of sheets containing Lycopodium, follow a similar
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trend to that of sheets containing glass (II), but are not iden-
tical. At a given phase ratio, the break-up lengths of Lycopo-
dium sheets are shorter than those of Glass II by about 0.25
cm. The curves depicting the variation of perforation lengths
with phase ratio are almost coincident. Sheets of Glass II
suspensions perforate at 17% phase ratio, whereas Lycopo-
dium sheets perforate at 22% phase ratios. The differences
may be attributed the presence of a significant proportion of
glass particles of size greater than the mean in the distribu-
tion of the latter as shown in Figure 1.

In Figure 10, the maximum amplitude of waves in the
break-up zone and the average thickness of the sheets at the
break-up lengths are plotted against phase ratio (curves A
and B). The amplitude of the waves in the break-up zone
decreases from about 3 mm to 0.2 mm as phase ratio
increases from 0% to 22%. Curve B shows the average
thickness of the sheet in the break-up zone, calculated from
the expansion flow, increases with increasing phase ratio
from 3.7 um (sheets free of particles) to 17.4 um for sheets
of phase ratio 22%. These results illustrate that the presence
of particles in the region where sheet thickness is less than
particle size, destabilize it to the extent that lower amplitude
waves are able to break-up sheets of higher average thick-
ness.

Disintegration of Sheets Containing Coarse Particles. The
manner of disintegration of sheets containing glass of aver-
age size 57 um (Glass I) is similar to the break up sheets
containing Glass II as described above. The difference is
that the perforation distance and the break-up lengths are
closer to the nozzles, when the particles are larger. Compari-
son of photographs of sheets containing Glass 1 (A) and
Glass II (B) in Figures 6A, B demonstrates these results
effectively.

Curve C’' in Figure 7B shows the dependence of break-up
lengths on phase ratio, of sheets containing Glass I produced
by a nozzle of larger orifice diameter (N943). The break-up
lengths fall with increasing phase ratio: steeply from 3.8 cm
to 2 cm as phase ratio increases from 5% to 15% v/v. The
break-up length then falls gently with phase ratios as the
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Figure 7. A: Stability length of sheets of suspensions
of particles vs. phase ratio (v/v %) (Nozzle
521, sheet velocity 25 m/s); B: stability length
of sheets of suspensions of particles vs.
phase ratio (v/v %) (Nozzle 943, sheet velocity
25 m/s).

latter increases from 22% to 35%, for which the sheet length
decreases from 1.4 cm to about 1 cm.

Perforation takes place at shorter radial distances from the
source of sheet (e.g., see curve D’ in Figure 7B) and at
higher phase ratios (in excess of 32% v/v) compared with
sheets containing particles of Glass II (see curves A’ and B’
in Figure 7B).

Disintegration of Sheets Containing Fine Particles. Figures
6A—C show sheets containing coarse (Glass I), medium
(Glass II), and fine (Glass III) particles, respectively. The
sheets in the above photographs are of similar phase ratio
and have been produced by the same nozzle. The perforation
phenomena observed on the sheet containing fine particles is
more intense and appears as tears (cf. Figures 6C with 6A
and 6B). The break-up of sheets containing glass particles of
average size 5 um (Glass III) are also influenced by par-
ticles. At high-phase ratios, perforations occur on the sheets
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Figure 8. A: Sheet of water free of particles breaking
up under the action of aerodynamic waves;
B: sheet of water containing few particles of
Lycopodium (0.11 v/v %) breaking up under
the action of aerodynamic waves; C: sheet of
Lycopodium suspension of high-phase ratio
(25.0 v/v %) breaking up by perforation mech-
anism.

at radial distances from the nozzle where the sheet thickness
is about 7 um. Large amplitude aerodynamic waves are
observed in same region. The perforation distance is subject
to a degree of random fluctuations and the sheets are longer
compared with sheets containing coarse particles (Glass I
and Glass II).

The break-up lengths of sheets of Glass III decrease from
4.7 cm (no particles) to 3.7 cm (at 7% phase ratio) and
increases gently with increasing phase ratio to 4.5 cm (at
27.5%) as shown by curves A’ in Figure 7A. The depend-
ence of perforation distance on phase ratio follow a similar
trend: it falls weakly with increasing phase ratio from 3.8
cm to 3.5 cm (at 7% v/v) then increases to 4.2 cm at 27.5%
phase ratio. Over the range of phase ratios used, the maxi-
mum percent increase in sheet length was about 15%. This
increase was accompanied by a reduction in the angle of
emergence from the nozzle orifice at the higher values of the

N
Radial Distance {cm)

Sheet Thickness at the radial distance
(microns)

0 2 4 6 8 10 12 14 16 18

Apparent Magnification of Particles

Figure 9. Apparent magnification of Lycopodium par-
ticles as function of sheet thickness and ra-
dial distance from the nozzle.
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Table 3. Relative Insensitivity of Perforation Distance with
Ejection Pressure

Thickness Parameter Pressure Perforation
of Sheet (K) (bar) Distance (1072 m)
17.2 x 1078 3.7 0.9
172 x 1078 4.1 0.86
172 x 1078 6.4 0.91
172 x 1078 13.6 0.98
27.4 x 1078 3.7 1.45
274 x 1078 7.1 1.55
274 x 1078 13.6 1.48
140 x 1078 4.1 7
140 x 1078 6.1 7
140 x 1078 11.2 7.3

phase ratio. Thus, there are changes in the sheet thickness
parameter at the higher phase ratios and this relates to the
flow field within the passages of the nozzle orifice. Because
this work is not concerned with this issue, the measured ra-
dial distance, R,,, were corrected for any systematic changes
in the measured thickness parameter (K,,) by equating sheet
thicknesses to give:

R =Rn(K/Ky) (2

When these corrections are applied to the changes in
perforation distance and break-up lengths, break-up lengths,
and perforation distances were insensitive to phase ratio
(beyond ca. 1.5% v/v) but subject to random fluctuations due
to the presence of waves on the sheets.

Curve C in Figure 10 shows that the amplitude of aerody-
namic waves in the break-up zone of sheets containing fine
particles falls with increasing phase ratio, from about 3 mm
(for sheets free of particles) and then levels off at about 1.3
mm, at phase ratios between 5% and 20%. The latter value
is substantially larger than the amplitude of waves in the
break-up zone of sheets containing coarse particles (cf. curve
A in Figure 10), where wave amplitude in the break-up zone
at 20% phase ratio is about 0.5 mm). The corresponding

35 20

(microns)

Amplitude of Waves in Break-up zone {mm)
Average Sheet thickness in Break-up Zone

Volume Percent of Particles (%)

=a&—\Vave Amplitude on Fine Glass Sheet
== Thickness of Fine Glass Sheet

“—e—Wave Amplitude on Lycopodium Sheet
~==Thickness of Lycopodium Sheet

Figure 10. Amplitude of waves in break-up zone and
the average thickness of sheets of suspen-
sions at the break-up distance vs volume
fraction (phase ratio) (Nozzle 521, velocity
ca. 25 m/s).
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Figure 11. Summary of the dependence of stability
length on particle size.

sheet thickness in the break-up zone increases from about
3.7 pm to about 4.5 pum as phase ratio increases from 0 to
20% (see curve B in Figure 11). Thus, the presence of fine
particles do reduce the stability of the sheets, but to a lesser
extent that the reduction in stability due to coarse particles.
Table 4 summarizes the effects of particles size on the
appearance of waves of significant amplitudes, on sheets of
suspensions of glass of three particles sizes. The minimum
radial distance, from the source of the sheet, beyond which
waves can be seen on the sheets produced by two nozzles,
of different thickness parameter (i.e., different orifice size
and spray angle), are compared with the radial distance at
which the sheet thickness falls below the particle size in
Table 4. For the entire range of particles sizes, wave action
can be seen on the sheets at shorter distances from the noz-
zle orifice when particles are present compared with the case
when the sheets are free of particles. Examination of col-
umns three and four of the above table shows that large am-
plitude waves could be seen at radial distances where sheet
thicknesses are greater than particle size when the sheets
contain fine particles (Glass III). The opposite is the case,
when sheets contain large particles (Glass I and Glass II).

Summary of particle size effects on the stability lengths

In Figure 11, the perforation lengths of the sheets pro-
duced by a typical nozzle (N943) under standard conditions
are plotted against the reciprocal of the particle diameter.
The radial distance from the nozzle at which the sheet

Table 4. Comparison of Minimum distance from Nozzle at
Which Waves are Visible with the Distance at Which Sheet
Thickness Falls Below Particles Size

Distance from

Nozzle at Which Distance from

Titan Sheet Thickness Nozzle at Which
Nozzle Particle Equals Particle Waves are
Type Size (um) Size (cm), K/dp Visible (1072 m)
N521 No particles Not applicable 33

N521 4.5 39 2.3

N521 27 0.64 1.1

N943 No particles Not applicable 35

N943 45 6.0 32

N943 27 1.0 2.1

N943 55 0.49 0.62
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Figure 12. Critical phase volume fraction of solids
(phase ratio) at the onset of sheet perfora-
tion vs Size of suspended particles.

thickness falls below the particle size (as predicted by Eq. 3)
is shown on the same graph. It is apparent from the above
that perforations occur closer to the nozzles as the size of
particles increase. The experimental points lie close to the
theoretical line. Even though these glass particles are not
monodisperse, they are nonetheless unimodal in their distri-
bution and also rounded in shape; therefore, the average par-
ticle diameter has been used to represent particle size.

It is apparent from the above figure that the sheet break-
up length (Lp) decreases with increasing particles size; how-
ever, the relationship is nonlinear.

Dependence of critical phase ratio on particle size

It is noted that for each of the three particle sizes used,
there exist a threshold phase ratio—critical phase ratio above
which perforations could be seen on sheets. This critical
phase ratio is insensitive to the range of atomizing velocities
used and the nozzle used. Dombrowski and Fraser’ also
report that the perforation of sheets of Fuller’s earth is not
affected by the nozzle or atomizing pressure used. Figure 12
shows the variation of this critical phase ratio with particles
size. The critical phase ratio increases from about 2% v/v
for particle size of 5 um to about 35% for particles of size
55 pm. These results were neither affected by the nozzle
used nor the atomizing pressure as the latter was varied from
3 bar to 14 bar.

Finally, we note that although this article does not seek to
account for droplet sizes resulting from the sprays, compari-
sons of photographs of sprays formed from sheets containing
coarse and fine particles showed qualitatively that the former
produced larger particles compared with the latter (cf.
Figures 6A-C).

Effect of mixed particle sizes

As stated earlier, the presence of larger diameter particles
introduce curvature variation effects on the sheet closer to
the nozzle where the sheet is thicker compared with the case
where only smaller sized particles are present. Therefore, it
can be expected that a small number of relatively large par-
ticles can be introduced into a distribution of predominantly
smaller particles to change the character of the sheet disinte-
gration. In a demonstrative experiment, a suspension of a
mix comprising 7.3 v/v % fine glass (Glass III) and 1.7 v/v
% coarse glass (Glass I) used to form a sheet its disintegra-
tion observed. As recorded in Table 5, sheets containing
1.7% coarse glass do not perforate but have a long break-up
length (ca. 6.5 X 1072 m); sheets laden with fine glass (I1I)
of strength 7.3 v/v % (which is greater than the critical
value), perforate at a large distance from the nozzle (ca. 5 x
1072 m) and the break-up length is about 1 cm longer. In
sharp contrast, sheet comprising the majority fine glass parti-
cle dosed with 1.7 v/v % coarse glass perforated close to the
nozzle (at radial distance of 1.25 x 107> m where the sheet
thickness is 22 um. Likewise the break-up length, the same
sheet is short (about 1.5 cm).

Such apparently unusual results cannot be explained by any
unusual rheological effects because the volume fraction of solids
is small—and, therefore, the fluid rheology is Newtonian and
close that of water. Particle dewetting is also not an issue. Rather,
they can be inferred from the mechanism of curvature driven
thinning of the sheet as outlined above. The large particles thin
the sheet in the interparticle space to the size of the smaller par-
ticles (5 pm). Because these smaller particles are present in vol-
ume fractions which exceed the critical value, the sheets perfo-
rate and break-up closer to the nozzle than expected.

Discussion

The experimental results show that particles reduce the sta-
bility of freely moving sheets of suspensions. The reduction in
stability takes the form of perforations, which appear on the
sheets and grow, and the accelerated growth of waves in the
region where conventional atomization theory would lead one
to expect otherwise. As there is no accepted rational theory
which would explain many of these seemingly paradoxical
results, this section is prefaced by a discussion of hypotheses,
which could be advanced to explain the above observations,
followed by their elimination and further discrimination.

Particle dewetting hypothesis

As stated earlier, when nonwetted particles or liquids are
suspended in thinning freely moving sheets of water, sponta-
neous perforations can take place, even at low-phase ratios

Table 5. Impact of Large Particles on the Break-Up of a Sheet of Suspension of Fine Particles

Size Critical Value of Actual Volume Perforation Break-Up
Description Range (um) Volume Fraction Fraction Length (1072 m) Length (1072 m)
Coarse glass 10-90 35% 1.7% Not applicable 6.5
Fine glass 1.3-13 3.5% 7.3% 49 6.0-6.35
Mixture: 1.3-13 and 10-90 Coarse glass: 1.7% 1.25 1.50

Fine glass: 7.3%

Nozzle characteristics: code N943, diameter 1090 ym, K = 27.4 x 10~% m>.
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Figure 13. 3-D sketch of a portion of the thinning sheet
containing particles.

A plan view of the cross section at increasing distance
from the orifice of the nozzle is shown on the left-handed
side (L.H.S).

(Dombrowski and Fraser3). However, where the particles are
wetted, i.e., where the contacts angles are less than 90°, the
interfacial energy, which is in excess of the thermal energy,
would be required to strip water off the particles."’

The interfacial energy at the glass—water interface is in
the region of 50-70 x 1073 N/m. Those of the particle—
water interface, where particles are clays, are likely to be
higher because of the physical and chemical interaction of
the particle surfaces with water. Using the above estimates
of surface energies, it can be shown that the energy per
mole required for breaking the hydrogen bonds at the water—
particle interphase is about 1000 times greater than the ki-
netic energy per mole of the water, imparted at the nozzles
in typical atomization work. Therefore, traction due to the
mechanical energy imparted at the nozzle cannot account for
the perforation process.

The sheets produced in this work are continuous in the
axial direction and move at high velocities and, therefore,
the residence time in the sheets are small (of the order of
0.1 us); therefore, gravity drainage is negligible.

Thus, neither gravity nor mechanical energy imparted at
the nozzle nor the thermal energy of the water would be suf-
ficient to strip water from the particles. Furthermore, it was
observed that sprayed particles (clay, glass, and Lycopodium)
remained wetted.

Cell droplet model

In the light of the above, it is necessary to explore a
hydrodynamic explanation for the observations, which is
well established in the fluid dynamic literature.

In analyzing the likely effects of particles on sheet stabil-
ity, it is instructive to consider the structure of the sheets as
comprising two zones: zone I, where the sheet thickness is
greater than that of the particles and zone II, where the sheet
thickness is less than that of the particles.

Figure 13 shows a 3-D sketch of the expanding sheet with
the zones identified. In the absence of wave thinning, the ra-
dial distance (R") at which zone I ends and zone II begins
depends on the particle size, d, and can be estimated from
Eq. 1 to give:
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R = 7 3
Within zone II, the sheets can be conceptualized as comprising
“cells” of liquid with bulbous ends, bordered by particles
which move apart due to extensional flow (see the sketch
Figure 13). The dynamics of the liquid in the “cells”” would be
similar to that of planar drops with bulbous ends as described
by Taylor,12 Buckmaster and Flaherty,13 Acrivos and Lo,14
Rallison and Acrivos,15 Stone and Leal.'® Motion arising from
the excess pressure gradient due curvature variations would be
resisted by viscous forces.

Taylor'? identifies two dynamical consequences of the
imposition of extensional flow on the drop.

If the convective term due to elongation is dominant then
the dynamics will be similar to that of an inviscid liquid
drop; hence, long extensions will be achieved producing
long thin segments in the midsection. Under these circum-
stances, curvature induced thinning will not be intense
enough to cause puncture. This result is confirmed by Acri-
vos and Lo'* who showed by calculation that when the
imposed elongational flow is high and convective terms
dominate then the drops will not break-up, instead they will
form long slender bodies with thin midsections.

When the Reynolds number for elongation is small then
the dynamics of the evolution of the drop is dominated by
viscous flows accompanied by intense localized thinning,
which cause the drops to develop bulbous ends and burst.
These results are confirmed by Buckmaster and Flaherty,13
who studied the dynamics of the relaxation of pre-extended
planar droplets, and found that curvature variations imposed
by the bulbous ends give rise to large velocities gradients
leading to bursting. Stone and Leal'® show that once drops
have attained certain shapes (a degree of curvature varia-
tion), eliminating the imposed flow cannot prevent bursting.
Rallison and Acrivos'® define as this type of drop break-up
as type 1 bursting.

The presence of curvature variations on the sheets is illus-
trated in Figure 14, which shows a sketch of the profile of
“cells” in zone II before and after extension. The constraints
at the boundaries lead to the development of a convex region
between A and B, followed by a concavity between B and
C. According to the symmetrical boundary conditions, the
curvature is zero at centre of the “cell” (D). The particles at
the ends of the “cells” undergo rigid body motion and can-
not deform to take up the stresses, unlike the normal drop
with deformable ends. Therefore, the curvature driven flow
is likely to be more intense and persist throughout the life-
time of the “cell” compared with what would obtain in bul-
bous drops of pure liquids, which can develop pointed ends
to dampen curvature effects.

Parameters of “cell” elongation

Whereas the mathematical analysis of evolution of the liquid
thickness profile in the “cell” lies beyond the scope of this ex-
perimental article, some useful remarks can be made about the
dynamics of the process at the qualitative level by considering
the role of the pertinent dimensionless numbers. The Reynolds
number would determine the relative importance of convective
terms to viscous terms in the Navier-Stokes equation for
describing the dynamics of the extension of the “cells.”
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I=lo+wdt

Figure 14. Schematic of the liquid profile within a
“cell” before and after elongation by w-dt.

The nominal Reynolds number for cell elongation is
given by:
Re =" @
u
where w is the speed with which the particles recede from one
another and « is the characteristic length. The speed with
which particle centers recede is given by:

w=-U0, ©)

where © is the angle subtended at the source of sheet by
two neighboring receding particles a distance ¢ apart. © is
given by:

® =(/R (6)

The lengths of the cells are subject to random perturbations
and so are the speeds at which particles recede from one
another. However, the average value of the interparticle
distance ¢, at the border between zones I and II can be
estimated from phase balance. Thus, consider a slab of
suspension at the point where the sheet thickness equals the
particle size and which is one particle diameter wide! Suppose
such a slab contains N noninteracting particles, separated by
the distance ¢, at the border between zones I and II. In
principle £, is a distributed parameter; however, if N is large,
the expected value of /, is the average value, .

The volume of the slab of fluid = (N — 1)ydxd

The volume of particles = N ndg

From phase balance, the volume fraction of particles is
given by:

Nnd®

V= Vi
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From which the average interparticle spacing is given by:
lo = y'yy&j which in the limit where N is large
approaches,

- b
ly=d [6—} @)
Substituting Eqgs. 3, 6, and 7 into Eq. 5 gives:
_pl Y
w=d [ X LA v ®)

Thus, the speed with which particles recede from one another
decreases with increasing volume fraction of solids.

Reynolds number for “cell” elongation

Substituting the above into Eq. 4 gives the expression for
the “cell” elongation Reynolds number below, which falls
rapidly with diminishing particle size and increasing volume
fraction of solids.

B pd’a nU

The particle diameter can be used as the characteristic length
scale, a, for cell elongation; however, when the interparticle
distance y which is the appropriate value (Stone and Leal'®) is
used, a greater dependence of volume fraction is predicted as
below.

32
Re=PL 7Y (10)
u 36y K
It can be inferred from the above that at low-phase ratios the
Reynolds number would be higher; therefore, the dynamics of
elongation would be dominated by the convective terms
instead of the viscous term in the Navier-Stokes equation.
From the analogies with the evolution of planar drops in
extension flow, the dynamics would be similar to that of an
inviscid liquid drop undergoing elongation. Long extensions
would be achieved, producing thin segments in section C
(beyond B) in Figure 14. Thus, the sheets would be thinner in
these regions than would be expected from the bulk
extensional flow. Under these circumstances, the liquid
medium is supplied at high velocity to satisfy any pressure
gradient produced by the local curvature gradients. Curvature
induced thinning will not be intense enough to cause localized
puncture in the life time of the sheet; therefore, no perforations
occur in spite of the presence of particles at low-phase ratios.
The stability of the sheets of suspensions of low-volume
fraction of coarse particles (as measured by break up length),
will be controlled by the accelerated growth of waves, in the
thin sections of the “cells,” leading to shorter sheets as
observed in this work.
The elongation of the ‘“cells” at low Reynolds numbers
present a necessary but not sufficient condition for bursting
or perforation.

Validation of the cell droplet model

Shadow Photographs of Sheets in Zone II. The observed
magnification of particles in the sheets confirms the presence

August 2011 Vol. 57, No. 8 AIChE Journal



of curvature variations on the liquid surface between par-
ticles within Zone II. This is caused by particles holding
water around them due to surface tension force. Therefore,
the near flat sheet becomes distorted by particles some dis-
tance away. Light passing through the region of distortion
cannot be focused on the film by the camera lens. Such areas
develop as high-contrast regions on the photographic film as
if particles extended that far leading to apparent magnifica-
tion of suspended particles. It follows that liquid is unevenly
distributed in the interparticle space. Some areas will be
much thicker than the average thickness of the sheet at that
radial distance, whereas others would be much thinner.

The increase in the magnification of the particles by the
liquid-lens effect described above—with increasing distance
within zone II (as summarized in Figure 9) is entirely con-
sistent with this model as the local distortion of the sheet by
particles can be expected over a wider area as the sheet thins
with increasing radial distance from the nozzle.

Shadow photographs of sheets containing Glass II indicate
that zone II begins closer to the nozzle for these particles
compared with the distance at which it would begin for par-
ticle of size equal to the mean value (as would be estimated
by Eq. 3). This is because a significant proportion of the par-
ticles have sizes greater than the mean or modal values. Ex-
amination of the picture in Figure 5B shows that the black
patches appear closer to the nozzle in the region where sheet
thickness is about 80 um. This is caused by the presence of
particles of this size in the distribution shown in Figure 1A.

Thinning Rates and Curvature Driven Flows. We con-
sider in this section, the kinematics of “cell” droplet evolu-
tion in time. The average thinning rates of the sheet due to
extension flow imparted at the nozzle can be predicted from
the thinning parameter. However, particle induced thinning
rates are difficult to measure directly, but are inferred from
the kinetics of perforations.

Using the Lycopodium experiments as a model, the obser-
vation that perforation originate at about 2.7 mm inside zone
II imply that the curvature variations do cause segments liquid
within the interparticles space to thin locally from the average
value (27 pum) to ultrathin values (0.1 um) over a period of 12
ms. Thus, curvature driven localized thinning rate is about
0.22 m/s. The thinning rate imposed by the extensional flow
falls with radial distance according to Eq. 15. At the border
between zone I and II produced by Nozzle N521, it is about 6
times lower (0.038 m/s) than the above and about 9.5 times
lower than the curvature driven thinning in sheets produced
by the larger nozzle (N943). In the absence of waves, exten-
sional flow produced by the nozzles (e.g., N521) would
require a much longer residence times (>78 ms) to reduce the
thickness of sheet to ultrathin values.

In other words, within the perforation regime, localized
thinning within the “cells” is an order of magnitude greater
than that due to motion imposed on the sheet by the nozzle.
The implications of this on the kinematics of droplet evolution
are discussed further.

To further explore the relationship between the observed
thinning rates and the curvature induced velocities, we con-
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sider a slab of liquid in Zone II some distance away from
the nozzle orifice. The thinning and stretching (extension)
can be represented in two-dimensional rectilinear axes: x-
axis is in the direction of extension and the y-axis is perpen-
dicular to the sheet. The slab extends from —#/ (lower free
surface) to & (upper free surface) on the y-axis and 0 to x
along the x-axis, where 4 is the half thickness of the sheet.
As the slab is stretched it thins. The continuity equation is
thus:

Ou v
oy (12)
where u# and v are the velocities along x-axis and y-axis,
respectively. We integrate both sides of the continuity across
the local half thickness of the sheet, after the method of
Levich'” and Pozrikidis,'® in analyzing the flow of slender or
thin liquid bodies, to give:

h
4 dh
a/uay = _[V]g: _(Vy:h - Vy:O) = _Vy:h = _E;

0

From the symmetrical boundary condition, v, — o = 0. The
integral in the left hand side of the above is by definition the
average material flux, Au. Thus

Ohu _ dh

o ar (13)

By taking the ratio of both sides of the equations in the
presence of particles (subscripted 2) to the same quantities in
the absence of particles (subscripted 1) and noting the ratios of
thinning rates deduced from the experiments we obtain,
beyond the radial distance at which zone II begins, gives the
following:

The order of magnitude of the ratio of the velocity gra-
dients can be inferred from the ratio of fluxes by noting that
the local thicknesses, A, start from the same value but rap-
idly approaches zero in the perforation regime, but changes
little in the absence of particles. Thus the ratio hy to hy over
the perforation period is 2. The ratio of velocity gradients is

given by:
[%]2 ~ El [%L‘u}z
a0, = w)?
oxl1 2

| %]

Thus, the ratio of velocity gradients in the presence of
particles to those in the absence of particles also exceeds 6.
These results are in agreement with the evolution of drops
with bulbous end reported in the literature. Buckmaster and
Flaherty13 observed from calculations that two-dimensional
drops will burst even when the external flow field is relaxed,
provided the bulbous shape had developed beyond a certain
degree. In this work, the particles at the ends of the cells are

>121to0 20
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wetted and not deformable; therefore, the curvature varia-
tions exerted on the sheets by them are expected to be
severer than what one would expect in bulbous drops with-
out particles. Thus, particle induced curvature driven flow is
more intense than that due to extension flow and that could
explain the observed insensitivity of perforation (distance
and critical phase ratio) to the nozzle (value of K) used and
to the ejection pressure (ejection velocity U) in this work
and also in work reported in the literature.’

Critical perforation phase ratio of “cells”

It is important for the experimentalist or the design engi-
neer, to be able to predict what the critical perforation phase
ratio is, so that he can decide on how to formulate suspen-
sions for atomization, which will form sheets which break
up to give the desired droplet sizes. The results of the
experiments presented in this work show that particle size is
important in imposing curvature variations on the sheet and
that this is the driving force for perforation. In response to
the above, the liquid shears and breaks, therefore the perti-
nent suspension properties are: surface tension (o), density
(p), and viscosity (u) of the liquid and the size of the par-
ticles (d). The atomization velocity is excluded because the
as argued above its effect on thinning within the cells is neg-
ligible compared with curvature driven flow. The density of
the particles is also not relevant to the perforation process,
as demonstrated by the similarity the observed disintegration
of sheets of suspensions of glass particles and Lycopodium
particles despite the over two-fold difference in the particle
densities (2.5 g/cc to 1.1 g/cc, respectively).

We use dimensional analysis to summarize the relation-
ship between the critical phase ratio and the above properties
of the suspensions, thus:

_.nl gn2 n3 _nd
Yo =u"d" p"o

Equating powers of the dimensions on both sides of the
equation gives:
Powers of mass:

0=nl+n3+nd

Powers of length:

0= —nl+n2—3n3

Powers of time:
0=—nl—2n4

From the above, the relationships between the powers of the
variable are:

n2=—1inl, n3=—1nl, n4d=—1nl. Because of the
observed positive correlation of the critical phase ratio, in
Figure 12, with increasing particle size, only values of nl
less than zero need be considered. Substituting values
permissible values of nl in the above relationships yields
equations which predict the dependence of the critical phase
ratio on the suspensions properties. Thus for the case where
nl = —1,
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(14a)

For the case where nl = —2,

Ve =2dpo (14b)
u

A plot of Egs. 14a and 14b in Figure 12 shows that the data is
better described by Eq. 14a than Eq. 14b and that the best
estimate of A. determined from experiments is 5 X 107>, The
appropriateness of Eq. 14a was confirmed from discriminating
experiments which showed that the critical perforation phase
ratio of suspensions of Lycopodium in water—glycerol mixture
of viscosity twice that of water, 2 cP, fell from about 22% to
13%. Decreasing the surface tension by the addition of ethanol
to the water medium also decreases the critical perforation
phase ratio as predicted.

By analogy with the break-up of bulbous drops, it can be
inferred from Eq. 14a that the dimensionless perforation
number, A (in Eq. 15), whose critical value is A, is a mea-
sure of the curvature capillary number, or the tendency for

“cells” to burst.
1
A=y [ (15)
po

Stability of sheets containing medium and coarse
particles

The trends in the stability of sheets containing coarse non-
interacting particles shown by curves C, D, E, and F in
Figure 8A and curve A, B, C, and D in Figure 8B can be
directly inferred from the model described above. The size
of such particles is such that Zone I of sheets containing
them, would lie close to nozzle, in the region of the sheet
where normal aerodynamic waves would be underdeveloped.
In this work, medium and coarse particles comprise Lycopo-
dium, Glass I, and Glass II. The ratio of the momentum
force to viscous force (Reynolds numbers) for “cell” elonga-
tion along curves C' and E’ in Figure 7A and curves A’ and
C’ in Figure 7B decrease with increasing phase ratio as sum-
marized in the Table 6 below. As explained in the sections
above, the convective terms in the descriptive equations
decrease in importance as viscous terms increase leading to
increasing localized thinning of the midsections of the
“cells” due to curvature driven flow. As a consequence, the
axial waves would “see” a succession of ‘“cells,” which
thin at rates far in excess of that imposed by the radial flow.
According to Squire’s9 theory, the growth rate of wave is
inversely proportional to the square root of the local sheet
thickness, therefore the waves will grow faster in zone II,
and will require smaller amplitude ratios than otherwise
would be the case, to break-up the sheets. These two effects
reinforce one another and thus the break-up lengths of the
sheets decrease with increasing phase ratio on the above
curves. Figure 10 confirms the reduction in the amplitude of
the waves, which break-up the sheets containing coarse par-
ticles, with increasing phase ratio even though the sheet
thickness at the break-up point increases as the sheets
become shorter.
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Table 6. Summary of Pertinent “Cell” Parameters Underlying Sheet Stability

Growth Time of
Waves as Percentage of

Range of “Cell” Range of “Cell” Growth Time of Equivalent

Curve Particles Nozzle Reynolds Numbers Perforation Numbers Sheet of Water
Figure 7A, Curve A Fine glass (III) N521
Figure 7A, Curve B Fine glass (III) N521 >5E 03
Figure 7A, Curve C Glass 1T N521 5427-14 18%
Figure 7A, Curve D Glass II N521 >7E —-03
Figure 7A, Curve E Lycopodium N521 1500-13 8%
Figure 7A, Curve F Lycopodium N521 >6.5E 03
Figure 7B, Curve A Glass 11 N9o43 5124-61 15%
Figure 7B, Curve B Glass 1I N943 >6 E —03
Figure 7B, Curve C Glass I N9o43 11,236-46 13%
Figure 7B, Curve D Glass 1 N943 >6 E —03

The perforation number increase with increasing phase ra-
tio. However, perforation only occurs along curves B/, D,
and F' in Figure 7A and curves B’ and D’ in Figure 7B on
the sheets containing coarse particles, when the values are
greater than the critical value of about 3.7 x 10> as shown
in Table 6 above. This agrees with the simple model pre-
sented above. The observed mild reduction of perforation
distance with increasing phase ratio in Figures 7A (curves D/
and F') and B (curves B’ and D’) reflect the expected reduc-
tion in the average inter particle distance of the “cells” as
phase ratio increases and therefore the intensification the
impact of the curvature driven flow on the sheet with
increasing phase ratio, which would reduce elongation time
before rupture.

The relative insensitivity of the perforation distance of
sheets containing coarse particles to ejection pressure for a
given sheet thickness parameter (see Table 3), indicate that
the speed with which neighboring particles separate (which
is proportional to the sheet velocity) play a less important
role in the perforation process than the curvature driven flow
induced by particles in zone II. By analogy with the break-
up of planar droplet with bulbous ends the curvature capil-
lary number would be high and instability in the form of
spontaneous perforations originate only a short distance into
zone II. Pandit and Davidson'? in their study of the hydrody-
namics of bubble rupture find the spontaneous break occurs
when the thickness is of the order of 0.09 um. Madarelli*’
shows that ultrathin films rupture spontaneously due to dis-
turbance on the molecular scale when the thickness is less
than 0.1 pum. In this work, perforation can be attributed to
the development of ultrathin films in the interparticle space,
which cause rupture by similar mechanism.

The prediction of the critical phase ratio as a function of
particle size, in Eq. 14a, is plotted in Figure 12, using the
properties of water and the mean particle size for d, to show
that the observed experimental results agree with the pre-
dicted trend for the coarse particles. The greatest deviation
between the observed and the predicted critical phase ratios
occur at the fine particle range. Whereas normal disturbances
from the nozzle, which are believed to be the source of nor-
mal aerodynamic waves, would have a growth time in the
region of 0.3 ms before reaching the border of zone II for
sheets containing coarse particles produced by either noz-
zles; when the same nozzles are used to produce sheets con-
taining fine particles (Glass III), growth time of waves
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before reaching Zone II are much larger and lie between 1.3
to 1.7 ms. Thus, waves of significant amplitudes can be
attained, which would make the prediction in Eq. 3 only ap-
proximate.

Waves

Although this work has not been concerned with mea-
suring the growth rate of waves, the impact of particles on
the appearance of mature waves in zone II deserves com-
ment. Conventional atomization theory predicts that wave
growth rates on liquid sheets are retarded by increased bulk
density and viscosity but increases with the reduction in
sheet thickness. In zone I, the axial waves ‘“‘see’ a sheet
whose thickness is determined by bulk expansion (Eq. 1).

The early appearance of waves (see Figure 4) and the
reduced break-up lengths of nonperforated sheets (Figures
6A, B) confirm that in zone II the waves “see’ a succession
of elongating “cells” which thin at a rate greater than that
predicted in Eq. 1 due to curvature driven flow and that the
growth rate of waves is determined by the thinnest regions
in the interparticle space. As stated in the previous section,
the thinning rate due to curvature driven flow can be as
much as 6 times higher than that due to bulk elongation thus
leading to much larger growth rates of waves in zone II.

Stability of sheets containing fine particles

Where fine particles are use in preparing the suspensions,
the limit of Zone I as predicted from sheet expansion, would
lie at a longer radial distance from the nozzle such that con-
ventional atomization theory would predict the growth of
sinuous waves to significant amplitudes. Clark and Dom-
browski®' predict that the waves thin the sheet to a maxi-
mum degree in troughs at half wavelength intervals. In situa-
tions where the length of Zone I, as predicted by Eq. 3, is
sufficiently distant from the nozzle for waves to grow to
high amplitudes, then the sheet thickness in the troughs of
the waves could fall below the size of the particles inside
zone 1. Sheet made from suspensions of Glass III fall into
this category. Waves grow within Zone I to an extent that at
the average sheet thickness of 7 pm, the troughs of the
waves have a thickness of less than 5 um. For demonstrative
purposes, wave thinning due to varicose waves have been
sketched Figure 15. The heavy solid lines represent the
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Figure 15. Sketch of profile of a sheet of suspension of
fine particles showing disturbance by high-
amplitude waves.

position of the undisturbed surfaces of the sheet in the ab-
sence of waves. The varicose waves have grown to the
extent that the thicknesses of the troughs are less than the
particle size. This demonstrative calculation sketched above
agrees with the observations of the perforation of sheets con-
taining fine particles (see Figures 5C and 6A). The sheet per-
forates closer to the nozzle than would be predicted by Eq.
3. Quite clearly, the estimate of the critical perforation num-
ber, as presented above, can at best be approximated because
of the concurrent action of the waves and the curvature
driven sheet thinning.

The perforation number increases with phase ratio, how-
ever, as in the case of the sheets containing coarse particles,
perforation along curve B’ in Figure 7A, on sheets containing
fine particles when the perforation number is greater than 5.3
E —03. The latter experimentally observed number is less
than but close to the derived value because of the interference
of aerodynamic waves, which are present on these sheets,
well before Zone II, (as estimated by Eq. 3), is reached.

Effect of particle size on sheet stability

The radial distance at which perforations occur is strongly
dependent on the particle size, because curvature driven thin-
ning commences at the point at which sheet thickness falls
below particle size. This is demonstrated by the pictures in
Figure 6. A useful way of predicting the approximate posi-
tion of the radial perforation length is to assume that it
occurs close to the border between zone I and II and to use
Eq. 3 in the estimation. The plot shown in Figure 11 sup-
ports this argument, although it is worth noting that whereas
the points representing coarse particles lie above the predic-
tive curve, that of the fine particle lies below it. This is
because waves interfere with the perforation process of
sheets containing fine particles. The plot of the break-up
length against reciprocal particle size deviates significantly
from linearity because break-up is via wave action whose
growth is accelerated by the particles.

Mixtures of particles sampled from different
distributions

The model discriminatory experiment carried out with a
suspension which is dilute in large particles but high in vol-
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ume fraction of fine particles presents an interesting fluid dy-
namical paradox, which is illustrated in the sketch in Figure
16. At the point where the sheet thickness reduces below the
size of the large particles through expansion flow, the sheet
behaves like a dilute suspension. The ‘“cells” formed by the
large particles expand at a high Reynolds number; therefore,
convection terms dominate the flow. In the example pre-
sented, the “cell” Reynolds number is about 958, and there-
fore, the sheet does not perforate near the point where the
thickness falls below that of the large particles (0.006 m).
Instead the midsections of the “cells” thin with particle sep-
aration to the point where the thickness in the inter particle
space reaches the size of the small particles. At that point,
the “new cells” are formed by the fine particles, which
expand at slower speeds, i.e., with a low Reynolds number.
In the example presented in Table 5 and sketched in Figure
16, the Reynolds number of the new smaller “cells” is about
0.48. These new “cells” of liquid with bulbous ends, appear-
ing closer to the nozzle than would be expected from the
size of the fine particles, perforate the sheet because the
dimensionless perforation number, A (5.4 X 1073), exceeds
the critical value (5 x 1073). As shown in Table 5 above,
the perforation distance is 0.0125 m, much shorter than the
distance at which the average sheet thickness would fall
below the size of the finer particles (about 0.05 m). The
observed break-up length, 0.015 m, is also much shorter
than that of the sheet containing fine particles but free of
large particles is consistent with the explanation given
above.

Break-up of sheets of structure forming suspensions

The observation of a wide range of sizes of agglomerates
in the samples of the sheet collected in dispersant confirm
that structure forming suspensions would break-up during
passage through the high-shear zones in nozzle orifice to
form agglomerate-particles suspended in a suspension of
fines. The large agglomerates draw the water around them at
the point where sheets thickness falls below the agglomerate
size (15 um of attapulgite). Beyond that point, the agglomer-
ates separate creating thin sections which eventually fall
below the size of the fines, which perforate the sheet. Thus,
the sheets perforate at distances where the thicknesses, less
than the size of the agglomerates 12.5 compared with 15-20
um, but higher than those of the fines. Both the perforation
distance and the break-up lengths are shorter that the

w=0.13m's
+ 1 Re=0.48

w=5.8m/s
Re=958

"cells" formed by fine
particles

"Cells" formed by large particles

Figure 16. Sketch of section of sheet showing a “cell”
formed by large particles at low-phase ratio
and “cells” formed by fine particles at a
higher phase ratio undergoing elongation.
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Figure 17. Photograph of a typical plume of droplets
which results from the secondary disinte-
gration of a sheet of water.

equivalent sheet of water. Thus, the break-up of sheets con-
taining mixtures sampled from different particle size distri-
bution may be used to model the break-up of suspensions of
structure forming particles. The size and volume fraction of
the agglomerate particles as well as the modified properties
of the water medium are important for understanding the dis-
integration of such sheets. Yet often too little direct mea-
surement is made of these parameters making prediction
very difficult. Further work is required to shed more light on
this interesting and important area of atomization of non-
Newtonian (structure forming) suspensions.

Secondary disintegration of perforated sheets

Previous sections of this article describe the appearance of
perforation on sheets during the primary process of sheet
disintegration. As stated earlier, the perforations grow on the
sheets resulting in a network of nodes which are joined by
ligaments. Although no drop size measurements have been
undertaken in this work, the observations of how the net-
work of ligaments, formed above, breakdown to form drops
in the secondary disintegration processes of drop formation
are pertinent to the prediction of drop size distributions. This
section describes the secondary disintegration of the network
of ligaments into droplets.

Secondary processes in the formation of drops

Fraser et al.* postulate that portions of the sheets of the
liquid, torn off by the axial waves during liquid atomization,
contract into transverse cylindrical columns and are broken
up by waves normal to the sheet according to Rayleigh’s
theory. Although there is no direct empirical evidence to
support this hypothesis, we observed on the photographs of
sheets of water undergoing disintegration a plume of droplets
which extend across the entire span of the spray, which may
be the result from this mechanism. An example of this ob-
servation is shown in the photograph in Figure 17 on which
the plume is demarcated.

The secondary break-up of the network of ligaments con-
taining the suspended particles differ from the above and
deserve mention below. Figure 18 shows a picture of fila-
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ments of the suspension of the largest noninteracting particles
(Glass I) undergoing secondary disintegration. A ligament
linking two nodes which is undergoing break-up in three pla-
ces is encircled in the above picture. Three types of drops
would result from the above break-up. These are identified as:
nodal drops, midsection drops and satellite drops in the above
figure. It is expected that the particles would be found in the
nodal and midsection drops, whereas the satellite drops would
not contain any; as breaks in the filaments cannot occur across
particles. The nodal drop gives rise to coarse droplets. Further
discussion of the relative frequencies of the types of sprayed
drop lies beyond the scope of this article.

Summary, Conclusions, and Recommendation
Sheet perforation

A deterministic and simple mechanism for the atomization
of suspension of particles in liquids which accounts for the
effect of particles on the disintegration of sheets produced
by a hydraulic pressure nozzle has been put forward to
explain the observations reported. Three driving forces tend-
ing to thin sheets (extensional flow, forces due to curvature
variation and wave action) are identified. Sheet thinning, due
to elongation, occurs at all radial positions and is similar to
what pertains in sheets free of particles. Curvature forces
become operational in the region where sheet thickness is
less than particle size. The effect of this additional force is
to destabilize the sheet locally at all phase ratios. Curvature-
driven flow leads to sheet perforation at high-phase ratio for
all particle sizes and the appearance of waves closer to the
nozzles in sheets containing coarse particles compared with
those free of particles.

Dimensional analysis is used to adduce the dependence of
critical perforation phase ratio on particle size and the prop-
erties of the liquid medium.

Droplet formation process

Perforations grow as the portions of the sheet in between
them contract to form nodes and ligaments. The elongational
flow leads to breaks at the nodes and along the ligaments to
form the nodal drops and the midsection drops. Satellite
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. Satellite Drop

B \

Figure 18. Secondary disintegration of network of liga-
ments formed by suspensions of particles
of Glass I.
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drops are formed at the breakage points. The break-up of the
ligaments are similar to the break-up of pendant drops con-
taining particles. As breaks do not occur across hard par-
ticles, satellite drops would normally not contain particles.

However, where you have submicron particles then they
could be present in the satellite droplets although the ag-
glomerate would not.

The major consequence of break-up closer to the nozzle
when sheets are laden with particles compared with the case
where they are free of particles is that droplets in the distri-
bution which are labeled as nodal are larger because they
originate at the point of perforation.

Whereas this work does not explore the quantitative
effects of particle size distribution on drop size distribution,
it can be inferred from the proposed mechanism and the evi-
dence presented, that the inclusion of larger particles in sus-
pensions can be used to control radial position where the
sheets disintegrate and hence the drop sizes formed.
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