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The influence of impact conditions (reported in terms of Weber and Reynolds num-
bers) on nucleus formation was studied for single drops striking a static glass bead
bed. Results from high speed images showed that the nucleation rate is not influenced
by liquid physical properties (density, surface tension, viscosity) for drops that spread
significantly (30 < We < 233). Results also showed that nucleus size is determined by
how much liquid penetrates into the bed during drop spreading, so does depend on
surface tension and liquid density. A corresponding analytical model, derived from
first principles, predicts nucleus size to with 1.5% using only liquid physical and pow-
der bed properties, plus the experimentally measured drop spreading behavior. © 2011
American Institute of Chemical Engineers AIChE J, 58: 79-86, 2012
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Introduction

Interactions between the liquid and powder inside a granu-
lator are very complex. Over the years, researchers have
identified several key processes that influence granulating
behavior: (1) wetting and nucleation, (2) consolidation and
growth, and (3) attrition and breakage.l’2 This investigation
is concerned with initial interactions (impact and spreading)
between discrete liquid drops and powder bed surface as part
of a comprehensive wetting and nucleation study.

Drop impact on a deformable surface such as a powder
bed has not been studied widely. This is partly because rear-
rangement of particles at the impact site introduces compli-
cations when describing the spreading behavior of the
impacting drop. As examples, drops impacting a powder bed
show spreading, receding, and splashing behavior similar to
those impacting a flat surface.’

On a powder bed there are additional phenomena, one
being a drop absorbing particles it is in contact with. This
drop-particle combination is called a nucleus and it becomes
the core of any agglomerate(s). Our focus is on how the

Correspondence concerning this article should be addressed to A. C. S. Lee at
leeac@purdue.edu.

© 2011 American Institute of Chemical Engineers

AIChE Journal

drop impact process influences the rate of nuclei formation
and nuclei size.

There is limited work on drop impact on a powder bed,
despite the fact that it is an unavoidable part of nucleation.
Agland and Iveson® conducted experiments where dyed
drops were directed onto a glass bead bed. The impact
velocity was varied and behavior recorded at up to 400
frames per second (fps). Their observations are summarized in
Figure 1. Due to the low temporal resolution of their camera
the time evolution of drop shape could not be determined.

Hapgood4 performed experiments similar to those of
Agland and Iveson,” but using a polymeric solution and
lactose. While her 30 fps camera could not provide time
resolved information, she contended that the impact crater
was significantly deeper than observed by Agland and Ive-
son with the difference ascribed to the methods used to
produce the beds. Agland and Iveson fluidized their glass
beads and then decreased the air velocity slowly to settle
them down. Hapgood poured lactose onto a Petri dish and
scraped off the top layer. Hapgood’s work therefore sug-
gests that liquid drop-surface interactions are influenced by
material packing characteristics.

In more recent experiments, Eshtiaghi et al.’ observed that
drops impacting beds of hydrophobic powders at higher
velocities produced liquid marbles of higher powder content.
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Figure 1. Outcomes of drop impact on a powder bed
(adopted from Agland and Iveson®, time pro-
gression is to the right, impact velocity
increases downward.

They suggest that drops with higher velocities can spread
more upon impact and make contact with more particles,
which would result in an increased amount of powder on the
drop surface when it recoils.

In many nucleation studies, granules were sampled in the
middle of the operation, or at a significant time (on the order
of seconds to minutes) after liquid-powder bed contact.®~'0
Furthermore, the sampled granules were mostly dried before
any analysis. With these types of sampling schemes, it was not
only difficult to investigate the initial liquid drop-powder bed
interaction, but was also almost impossible to deconvolute the
effect of nucleation from other liquid-solid interactions.>'"

Very little information is available in the literature
regarding the nucleation kinetics (e.g., time it takes to form
a granule, or the temporal dependence of the nuclei size).
Rather, several researchers have used an analytical expres-
sion for the time it takes a drop to completely penetrate
a powder bed as a scale for estimating nucleation
rate.”'%12* One of the most widely used was proposed by
Hapgood et al.'* after adopting drop penetration models
from Denesuk et al."” and Middleman'®:

V§/3 U

%¢Rer 0 cOs 0

fpen = 1.35 (1

Here V) is the initial drop volume, p the liquid viscosity,
o the surface tension, 0 the contact angle, & the effective
powder bed porosity, and R the effective pore radius. Key
assumptions underlying Eq. 1 are: (1) the contact area
between the drop and the porous surface is constant through-
out the entire penetration process and (2) the contact radius
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is the same as the radius of the liquid drop before contact. It
will be shown in a later section that the contact area and ra-
dius can vary significantly during the impact and penetration
processes, and that they are strongly influenced by the
impact condition and liquid properties. These assumptions
limit agreement between predictions using Eq. 1 and experi-
mental data to approximately an order of magnitude.

Based on the limitations outlined above, the objectives of
this study were twofold. First, to gain better insight into the
temporal evolution of a drop impacting a static powder bed,
and the subsequent nucleation process. Second, to develop
an analytical model that predicts the size of nuclei formed
using only the spreading characteristics of the drop and the
material properties of the liquid and particles.

Experimental Setup

The experimental setup used in this study is similar to
that of Agland and Iveson’ and is depicted in Figure 2.
Agglomerates were formed by releasing drops of water, a
polymer-water mixture, or a glycerin-water mixture above a
bed of glass beads. The liquid physical properties are listed
in Table 1 along with their experimental uncertainties.

Drops were produced by forcing the liquids slowly
through a 0.15 mm ID/0.30 mm OD hypodermic needle.
Drop size was estimated using Dy = (6d0'/pg)” 3, where d is
the OD of the hypodermic needle, ¢ the interfacial tension,
p the liquid density, and g the gravitational acceleration.
Discrepancies between the estimated and measured D,
values were within 3%, with all drops between 2.1 and
2.4 mm in diameter.

The powder bed was prepared by overfilling a Petri dish
with glass spheres (representing spherical, nonporous par-
ticles) and scraping off the excess material with a straight
edge. The particle size distribution was measured using a
Mastersizer 2000 mated with a Hydro 2000S wet sample dis-
persion unit, both from Malvern Instruments, Ltd. The parti-
cle size range was ~160 to 300 um, while the Sauter mean

Figure 2. Experimental setup.
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Table 1. Physical Properties of Liquids at 20°C

Liquid Do (mm) p (kg/m>) p-x 10% [kg/(m s)] o-x 10% (kg/s?) 0(°)
Distilled water 237 991 + 6 1.101° 719 £ 0.1 179 £ 1.9
95% glycerin® 2.12 1239 + 7 544 + 25 64.7 + 0.1 31.0 £ 3.0
85% glycerin® 2.14 1210 + 7 125+£3 65.6 £ 0.0 213 +£52
60% glycerin® 2.16 1147 + 8 13+1 63.4 + 0.3 225+ 2.6

“All solutions are water-based and solution concentration is by weight.
Fox et al.

diameter (D3;) was 213 um. The drop size-to-particle size
ratio (i.e., Do/D,) was therefore ~10. As a result, one
expects immersion type nucleation where a drop engulfs
smaller particles, as proposed by Schaefer and Mathiesen.'®

The powder bed porosity was calculated using ¢ =
1 —(Pouik/ Prue) Where ppuk is the poured density and pye the
true density of glass beads. pp,x Was measured to be 1.39 £
0.04 g/mL using a graduated cylinder and digital scale. pyye
was taken as the nominal glass density, 2.50 g/mL, which
resulted in ¢ = 0.44 £ 0.02.

When the drop impacts the powder bed, the region under
the impacting drop is likely to be compressed and one would
expect to see a change in &. However, in a powder bed of
nonporous, rigid, and spherical particles with narrow size
distribution, such as that used in the current study, any
change in ¢ due to compression of the bed is expected to be
low. In fact, when py, was being measured, the graduated
cylinder was tapped against a table one to five times to
check the change in pp, and the resulting &, but the varia-
tions were smaller than the experimental uncertainties men-
tioned above. Therefore, the porosity is assumed to remain
nearly constant during the impact process.

The bed effective pore diameter, R, was calculated
using the Kozeny equation:

(@)

D, £
Rpor = ?p

(1-¢)

Substituting D3, for D, gives R, = 55.8 um.

The drop impact velocity was varied by altering the release
height for 0.4 < H < 30 cm. For this range of H, the impact
velocity was estimated using U = y/2gH. The agreement
between the computed and directly measured impact velocities
(using a high speed video camera) was within experimental
uncertainties associated with the direct measurement, which
were at most 10%, and less than 2% for H > 5 cm.

Based on the physical properties of the liquids and the
impact velocities, the range of impact Weber number (We =
pUzDo/a) in the current study was 5 < We < 233, and that for
impact Reynolds number (Re = pUDy/p) was 2 < Re < 5112.

Drop impact, spreading, and nucleation were captured
using a Phantom v7.1 high speed digital video camera from
Vision Research Inc. The camera was mated to an AF Micro-
Nikkor 105 mm /2.8 close-up lens. Captured video images
were played back using Vision Research Inc. video software.
The highest frame rate used in this study was 5000 fps.

Illumination was provided by a 200 W halogen lamp. Due
to the amount of heat generated by the lamp, it was only on
when the high speed video camera was sampling, (i.e., for
2-5 s at a time) and with at least 3 minutes of cooling pe-
riod between runs.
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Experimental Results: Measurement
of Nuclei Sizes

No splashing upon impact was observed for the range of
We considered here. However, two distinct behaviors were
observed depending on We.

When We < 13, the drop landed on the powder bed
surface without noticeably disturbing the landing site. See
Figure 3. After impact, the drop oscillated for a time before
attaining a spherical cap shape. Initial oscillation appeared
similar for all drops, but duration increased with rising liquid
viscosity (~18 ms for distilled water and 50 ms for 2.5%
HPMC). All drops penetrated the powder bed without a no-
ticeable change in their base diameter, which is similar to
the constant drawing area pattern described by Denesuk
et al.'"> The penetration time was longer for a more viscous
liquid, as predicted by Eq. 1. After most of the visible vol-
ume of the drop had penetrated into the bed, all drops left a
slight berm around the penetration site, which was circular
when viewed from above.

When We was increased to 30, the drop spread and made
a significant impact crater. The initial spreading was com-
pleted within 1.6-2.0 ms after impact, regardless of We or
Re. Drops recoiled after reaching their maximum spread.
During recoil, glass beads that were in contact with the drop
were separated from the rest of the bed and incorporated
into the drop to form a more or less spherical nucleus.
Figures 4 and 5 show this process for different liquid drops
released from H = 10 cm (62 < We < 76) and H = 30 cm

Figure 3. Impact and penetration behavior of distilled
water drop (top) and 2.5% HPMC solution
drop (bottom); H = 2.0 cm for distilled water
(We = 10, Re = 1166) and H = 1.3 cm for
2.5% HPMC (We = 9, Re = 20).
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Figure 4. Impact and nucleation behavior for various liquid drops falling from H = 10 cm.

(218 < We < 233), respectively. Recoiling was complete by
20 to 30 ms after impact, although minor oscillation of the
nucleus continued for a few additional milliseconds. By 50
ms after impact, clearly visible nuclei were formed at the
bed surface regardless of the release height or liquid type.

Figure 6 shows the dimensionless spreading diameter of
the drop base, Dy(7)/Dy, as a function of time after impact
for selected cases. The spreading pattern was initially circu-
lar, but started to form fingers as it neared its maximum.
Therefore, Dy,(f) was estimated by measuring the maximum
semimajor axis of the spreading drop.

After a nucleus initially attained its spherical shape, the
liquid inside slowly drained into the bed. This caused the nu-
cleus to deform. The drainage rate was different for different
liquids, and it could take from several seconds to hours
before drainage stopped depending on liquid type. This sec-
ondary phenomenon is not a focus of the current study so
will not be discussed here.

The key factor in nucleation behavior at We > 30 is the
impact force of the drop. At lower We, a drop does not over-
come its interfacial tension force so it does not spread signif-

60% Gly.
We=233
Re=469

85% Gly.
We=224
Re=49

959 Gly.
We=218
Re=12

-0.5 ms 3 ms

icantly beyond its initial diameter. As result, it quickly
reaches a spherical cap shape and sits on the bed surface. At
higher We, a drop spreads and causes deformation at the
landing site. The spread drop recoils because of interfacial
tension and forms a liquid-particle mixture, a nucleus, as the
particles that were in contact with the spreading drop are
pulled into it as it retracts.

Nuclei sizes were measured and plotted against impact
Weber number and impact Reynolds number in Figures 7
and 8, respectively, to study the influence of impact condi-
tions on nucleation. All nuclei sizes were measured 50 ms
after impact. This time was chosen because all liquid drops,
except those of distilled water, produced spherical nuclei by
this time (The drainage rate was so fast for distilled water
that there was no sensible period of time during which the
nucleus shape or size remained constant. Also, some dis-
tilled water drops were not able to retract into a spherical
shape because of rapid penetration. Therefore, nuclei
formed from distilled water are not included in the follow-
ing discussions). Nuclei sizes were measured by counting
pixels in both the horizontal and vertical directions and by

S50 ms

10 ms 20 ms

Figure 5. Impact and nucleation behavior for various liquid drops falling from H = 30 cm.
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Figure 6. Early impacting drop evolution; D,,. were
measured 50 ms after the impact; uncertainty
bars are equal to or smaller than the symbol
size.

taking the arithmetic mean. Each data point is an average
of three separate trials. The vertical uncertainty bars repre-
sent one standard deviation. The horizontal uncertainty bars
indicate uncertainties associated with estimation of We and
Re. The horizontal dashed lines shown in the figures are the
maximum theoretical nucleus size, which will be discussed
in the next section.
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Figure 7. Nucleus size versus impact Weber number; all
D,,.c were measured 50 ms after the impact.

The dashed line represents the theoretical value for
Dnuc,max/DO~
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Figure 8. Nucleus size versus impact Reynolds number;
same experimental conditions as in Figure 7.

The dashed line represents the theoretical value for
Dnuc,xnax/D()'

Both Figures 7 and 8 show weak dependences of D,./Dy
on We or Re. However, they do show that D,,/Dg is
roughly 1.2 regardless of We or Re. In the studies by
Schaafsma et al.” and Waldie,® where granules were pro-
duced using setups similar to this one, the granule-to-drop
size ratio ranged from 1.5 to 2.6. The main difference was
the sampling time. Drops were allowed more time in the
powder bed before being sampled in the works of
Schaafsma et al. and Waldie.®

Model: Prediction of Nuclei Sizes

An analytical model to predict the size of nuclei formed via
the behavior observed was developed for 30 < We < 233.
The idealized process illustrated in Figure 9 was adopted.

Immediately following impact, a drop spreads radially as
well as into the powder bed. It is not known exactly how the
drop boundary propagates into the bed so we assume the pro-
file is hemispherical. During this time, the liquid is in contact
with the powder bed beneath it and starts to penetrate due to
capillary action. After the drop has spread to its maximum
extent, it recedes and carries along with it particles that it con-
tacted. In the video it was observed that impact craters con-
tinue to open even after drops start to recoil. When the layer
of particles under the drop separates from the rest of the bed,
the drop does not “see’” any more pores to penetrate. Thus, it
is assumed that penetration stops at maximum spreading.
Finally, a nucleus is formed as the liquid-particle mixture
contracts to a sphere. There was no visible splashing of the
impacting drop under current experimental conditions.

One of the most common descriptions of a nucleus is its
high moisture level, meaning that most of the interstitial voids
are filled with liquid. Assuming no splashing and no air inside
a nucleus, the volume V. is equal to the sum of the initial
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Figure 9. Formation of nucleus immediately following drop impact.

drop volume V, and the total volume of particles that make
contact with the drop, Vs, i.e., Vi = Vo + Vs. With all inter-
stitial voids in the nucleus filled with liquid, Vs is equal to
Vpen'[(1—¢)/e], where Vi, is the amount of liquid that pene-
trates into the bed during spreading and ¢ is the void fraction,
or porosity, of the bed. The sphere equivalent diameter of a

nucleus is:
6 1—c¢
Dyye = \3/ (VO + Vpen ( F)) (3)
T g

D, reaches a maximum when the entire volume of drop
penetrates the bed during spreading and the liquid-particle
mixture contracts to a sphere. The maximum D, is equal

to 1/ 6/n(V0 /e), or Dy/e'”. Therefore, the dashed lines shown
in Figures 7 and 8 represent the value Dyycmax/Do = 1/e'3
(Or Dnuc,max/DO ~ 131)

In reality, liquid drops are not able to contract to spheres
if the solids content is too high. This causes overestimation
of D, which was more often seen in less viscous liquids
such as distilled water and 60% glycerin.

Vpen 1s time dependent because (1) the contact area
between the drop and bed changes during spreading and re-
traction and (2) the rate of liquid penetration is different for
different liquids. The longer the time of contact, or the larger
the contact area, the more liquid will penetrate into the bed.
Also, any reduction in the resistance to liquid penetration,
such as the viscous force, will increase the rate of liquid
penetration. This behavior can be observed when a volume
of liquid is in contact with a bundle of capillaries.

An expression to predict Vi, is now developed by
assuming the powder bed acts as a bundle of capillaries
(Figure 10). It is based on the Washburn'® model for liquid
flow in a cylindrical capillary.
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Imagine a viscous liquid flowing through a cylinder hav-
ing a constant radius, Rp,,. Assuming (1) the flow is laminar,
(2) gravitational effects are small compared to viscous
effects, and (3) the capillary is completely wetted by the
liquid, the Navier-Stokes equations reduce to the Hagen-
Poiseuille form:

dhpen 1 AP,
dt 8pthpen ™

“

Uavg =

Here, u,,, is the average velocity of the liquid, /e, and
Rpor are the length of the liquid column in the capillary and
its radius, respectively, u is the liquid viscosity, and AP is
the pressure differential driving the flow. Washburn sug-
gested that there are three major components to AP: (1)
hydrostatic head, (2) resistance due to air flow in the capil-
lary as it is replaced by the liquid, and (3) capillary pressure
due to surface tension. Assuming the capillary pressure is
the dominant factor, Eq. 4 can be rearranged and integrated
to yield one of several variants:

o cos OR ,or
Ppen (1) = ?""r o)

The differential volume of liquid that is in the capillaries,
dVpen, 18:

8
WVier = (7Rl (pporzrcrdr) ©)

where pp,. is the number density of capillary entrances in a
given surface area. This is the approach Denesuk et al.' used,
except they employed a planar liquid spreading profile
whereas a hemispherical one is used here.
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Figure 10. Powder bed beneath the liquid modeled as a bundle of capillaries of equal diameters (right). Spreading
profile of of the impacting drop is assumed to be spherical (left).

The expression in the first parentheses on the right hand
side of Eq. 6 is the volume of liquid in a single capillary.
The one in the second parentheses is the total number of
capillaries in contact with the liquid. dhpe, can be obtained
by differentiating Eq. 5 with respect to ¢. Substituting it into
Eq. 6 gives:

. ocos OR r
dVien = (nRgmppm) (27” /T"> Jdrdt (D)

Note that 71R§0r Ppor 18 the surface porosity.

In a powder bed where flow paths are interconnected, R,
is dependent on the particle size and bed porosity, ¢. To
make Eq. 7 applicable to powder beds, the surface porosity

is replaced by ¢ and the corresponding R, calculated. Inte-

grating Eq. 7 gives:
) o/

Voen = (an

The value of the integral in Eq. 8 depends on the contact
area between the liquid and the powder bed and the duration
of that contact. In this work, we define the moment of impact
(t = 0) as the instant when the drop makes first contact with
the powder bed surface. This means that at = 0, r = 0.

Currently, we are incapable of predicting the impact
behavior of liquid in a powder bed as we do not know how

r(1)?

Vi

0 ¢08 ORpor

dt
2p

®)

r changes with time, or what its upper limit is. We therefore
rely on experimental data, as discussed below.

In Figure 6, we showed the temporal change of the
spreading drop diameter in dimensionless form (i.e., Dy/Dy
Vs t). We have assumed the spreading profile to be hemi-
spherical so we set Dy(f) = 2-7(¢). Then, the integral in Eq. 8
can be discretized using the trapezoid rule:

)At O

T
[
where i = 0O is at t = 0 and i = N is at the last ¢ value in each
plot. At 1 = 0, (Dy/Dy)*/+/1 is assumed to be 0 for all cases.
Vpen can now be calculated using liquid properties from Table
1 and ¢ and R, values discussed in the Experimental Setup
section. Results are summarized in Table 2.

When model D,,. are compared with experimental data,
agreement is within 1.5% for all 60% glycerin, 85% glyc-
erin, and 95% glycerin cases considered here. In addition,
predicted values fall within experimental uncertainty for all
cases but one. Considering that no fitting parameters were
used in the model, and that the model accurately predicts the
effect of small differences in spreading behavior on nucleus
size, the overall capability of the model is deemed satisfac-
tory. The fact that Eq. 8 yields accurate results implies that
drop spreading is an important factor in determining both
the rate of nucleation and nuclei sizes.

2

rt

=285 (L2, o/

Table 2. Summary of Nucleation Model Input Parameters and Results

Symbols in Figure 6 & <& * A A \V4
e 0.44 0.44 0.44 0.44 0.44 0.44
oo % 107 (kg/s?) 63.4 63.4 63.4 65.6 65.6 64.7
o % 10° (kg/m s) 13 13 13 125 125 544
0 ) 223 223 223 21.5 215 31.0
Ry x 10° m (from Eq. 2) 55.8 55.8 55.8 55.8 55.8 55.8
fo' dr x 107, m*s" (from Eq. 9 and Fig. 6) 2.58 2.33 2.18 1.69 1.56 1.49
D, % 10%, m (model) 273 2.69 2.66 2.49 2.46 2.46
D, x 10°, m (measured) 2724007  266+007 262+003 2484007 2444003 244+ 0.04
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Conclusions

The influence of impact conditions on nucleation was
studied for single drops impacting a glass bead bed. High
speed images of drop impact helped identify the mechanistic
steps of nucleation. Results showed that nucleation rate is
not influenced by liquid properties for drops spreading sig-
nificantly after impact (i.e., 30 < We < 233). They also
showed that nucleus size is determined by how much liquid
penetrates into the powder bed during the drop spreading
phase, which typically lasted less than 2 ms. Therefore, lig-
uid properties are important in determining nucleus size.

The corresponding analytical model that was developed
accurately predicts the nucleus size (to within 1.5%) using
only liquid and powder bed properties and the experimentally
measured spreading behavior of the drop. It is the first of its
kind to predict a nucleus property from general principles and
without using any empirical constants. Since, the model cur-
rently requires experimental data for the spreading behavior of
the drop on a powder bed further research on drop spreading
on a powder bed is warranted.
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