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We present results from an experimental study of the impact of liquid drops onto powder beds which are
pre-wetted with the impacting liquid. Using high-speed video imaging, we study both the dynamics of the
initial spreading regime and drainage times once the drop has reached its maximum spread on the surface.
During the initial spreading stage, we compare our experimental data to a previously developed model
which incorporates imbibition into the spreading dynamics and observe reasonable agreement. We find
that the maximum spread is a strong function of the moisture content in the powder bed and that the
total time from impact to complete drainage is always shorter than that for dry powder. Our results indicate
that there is an optimum moisture content (or saturation) which leads to the fastest penetration. We use
simple scaling arguments which also identify an optimum moisture content for fastest penetration, which
agrees very well with the experimental result.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In wet granulation, liquid is added to powder with the aim of
forming granules, which have more desirable handling and flow
properties for tablet formation. It is known that the first key step in
this process, i.e. the wetting and nucleation stage, is crucial to the suc-
cess of the whole granulation process [1]. Thus it is important to un-
derstand the dynamics of this wetting process. As such, the topic of
drop impact onto powder surfaces has received renewed interest
[2–7] in order to study phenomena such as the temporal evolution
of the spreading phase, the maximum deformation of the drop and
the resulting crater morphology.

When the drop wets the powder, the ensuing imbibition into the
bed can broadly be characterised by two limiting cases; the first is
known as the constant drawing area (CDA) where the contact line
is pinned; the second is known as the decreasing drawing area
(DDA) where the contact angle remains constant but the contact
line retracts. The corresponding times for penetration in these two
cases are given by [8,9] as

tCDA ¼ 1:35
V2=3
0

�2Rpore

μ
σ cos θp

ð1Þ

tDDA ¼ 9tCDA ð2Þ
arston).
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where V0 is the initial drop volume, μ is the liquid dynamic viscosity, �
is the powder bed porosity, σ is the liquid surface tension and θp is the
apparent contact angle. Rpore=2�/((1−�)S0ρs) is the effective size of
the pores in the bed, where S0 is the particle specific surface area and
ρs is the packing density of the pores.

Hapgood et al. [9], however, provide a modified expression for the
effective pore size based on particle shape and effective porosity as

Reff ¼
Φd3;2
3

�eff
ð1−�eff Þ

; ð3Þ

where Φ is a shape factor, d3,2 is the surface mean particle diameter,
and �eff=�tap(1−�+�tap). This modification, when substituted into
Eq. (1), was found to give a better fit to experimental data for several
powders where the penetration times spanned three orders of
magnitude.

When the powder surface is non-wettable, the drop may rebound
from the powder surface with a partial or full coating of powder from
the bed [2,3], thus dramatically increasing the lifetime of the drop on
the powder surface. In particular, the work of Hapgood and co-workers
[10–13] has shown the possibility of using hydrophobic powder in the
production of novel, hollow granules from structures known as liquid
marbles [3,14,15].

Hapgood et al. [16] studied the motion and penetration of drops
which are released onto a powder surface at a controlled separation
distance from a pre-wetted area on the powder bed (i.e. the impact
site of a previously released drop). They found that the probability of
forming two nuclei is dependent not only on the separation distance,
but also on the drop penetration time. In addition, Charles-Williams et
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al. [17] have studied the penetration of drops into both dry and
pre-wetted powders. In their experiments, the pre-wetted powder
was defined as the impact site of a previous drop, thus the moisture
content was not a control parameter and the penetration times for the
pre-wetted powder was always longer than that for dry powder.

In this study, as with those of [16,17], we are motivated by the fact
that during a true wet granulation process, the binder drops will im-
pact onto not only dry, but partially wet or saturated powders. We
thus extend the studies of [16,17] by examining the evolution of a
drop after impact onto a pre-wetted powder, where we systematical-
ly vary the moisture content in the bed.

2. Materials and methods

The experimental setup (see Fig. 1) consists of a small cylindrical
container, filled with fine glass beads. The beads have a mean diameter
d4,3=31 μm (d10=19 μm, d90=46 μm) and circularity C ¼ 4πA

P2 ¼ 0:96,
as determined by particle size and shape analysis on a combination
of a Malvern Mastersizer and Malvern Morphologi G3. Upon substitut-
ing C for Φ in Eq. (3), we estimate the effective pore radius to be
Reff≈4.5 μm. The contact angle was determined using the mass-based
capillary rise method [18,19] according to the following equation:

m2 ¼ c
ρ2σ cosθp

μ
t; ð4Þ

where m is the mass of liquid in the capillary at time, t, ρ is the liquid
density and c is a material constant. The experiments were performed
on a force tensiometer (Sigma 701, KSV Instruments) and c was deter-
mined using perfluorohexane (C6F14), a wetting fluid with very low
surface tension, σ=11.9 mN/m. The resulting contact angle of water
on the beads was θp=61°±3°, in reasonable agreement with existing
values [9] of θp≈52°±14°.

For dry beds, the beads are simply poured into the container, com-
pressed slightly and scraped level. For wet powders, a specific mass of
beads (mbeads) was first mixed with a specific mass of water (mliq) in
order to yield a known moisture content, given by

M ¼ mliq

mbeads
:
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Fig. 1. Schematic of the exp
We use set moisture contents of M=2.5, 5, 10, 15, 20 and 25%,
yielding bulk densities ρbulk=1.44, 1.49, 1.61, 1.68, 1.71 and 1.72 g/cm3

and approximate saturations of S=8.3, 17, 37, 59, 75 and 89% based on
the preparation methods used herein.

We then release a drop of pure water from heights hr≈1 mm up to
80 cm. The drops are dispensed from a custom-made glass capillary,
whose nozzle size can bemodified to alter the drop diameter, however,
to isolate the influence of themoisture content of the powder, we chose
a single drop size of D0=2.1 mm, resulting in a drop volume of V0=
4.85 μL in all trials. The drops thus impact vertically with speed
ui≈

ffiffiffiffiffiffiffiffiffiffi
2ghr

p
=0.14–3.9 m/s, which is measured directly from the video

sequences. The main dimensionless parameter used to characterise
the impact is the Weber number, We=ρD0ui

2/σ, which varies from
~0.5 to 440. The Bond number for this study, Bo=ρgD0

2/σ=0.59 and
the Ohnesorge number, Oh ¼ μ=

ffiffiffiffiffiffiffiffiffiffiffiffi
ρσD0

p ¼ 2:6� 10−3. Given that the
drop diameters, 2.1 mm, are smaller than the capillary length,
a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ= ρgð Þp ¼ 2:7mm, we expect the drops to be spherical at impact,
which is verified from the video sequences except for the lowest release
heights where some minor oscillations occur due to the pinch-off.

The impact, spreading and drainage are all captured in a single
video sequence by a high-speed video camera (Phantom V1610, Vi-
sion Research) equipped with a 1× objective lens, which yields effec-
tive pixel sizes of 27 μm/px. Frame rates up to 10,000 fps were used.
Due to the reproducible bed packings, the maximum spatial error (in
terms of spreading diameter) between repeat trials is ±300 μm at
any given time step, when using the moment of first contact as the
reference time. The moment of first contact itself is accurately located
to within 1 frame, so that the temporal error is ±100 μs.

All trials were conducted in an air-conditioned laboratory with
ambient temperature of 21–22 °C and relative humidity, RH=50–55%.

3. Qualitative features

Fig. 2 shows three series of images fromhigh-speed video sequences
for the spreading and drainage of a water drop in (a) dry powder,
(b) partially wetted powder with M=2.5% and (c) almost saturated
powder with M=25%. In these realisations, the drop was released
from just above the surface (hr=1.2 mm, ui=0.15 m/s). The spreading
phase in (a) appears to be characteristic of a non-wetting target surface
whilst (b) and (c) clearly exhibit characteristics of a drop spreading on a
hydrophilic surface [20–22]. The total drainage time, taken from impact
until all the liquid has been imbibed, is 211, 34 and 128 ms respectively.
Phantom
V1610

Syringe

 capillary

1 X lens

erimental setup used.



Fig. 3. Water drop impacting onto (a) dry and (b), (c) partially saturated powder with
impact speed ui=2.2 m/s, D0=2.1 mm. Moisture contents are M=0, 2.5 and 25% re-
spectively. Frames shown are taken at (b) t=0, 0.2, 0.4, 0.6, 1.0, 1.4, 3.6, and 190 ms
(b) t=0, 0.2, 0.4, 0.6, 1.0, 1.4, 3.6, and 13.7 ms and (c) t=0, 0.2, 0.4, 0.6, 1.0, 1.4, 3.6,
and 41.7 ms from impact. Scale bars are all 2 mm. See also Supplemental video 2.
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At higher impact speedwith ui=2.2 m/s, Fig. 3 shows the equivalent
sequences for drops impacting the same target surfaces as in Fig. 2. Here,
in contrast to the low-impact speed, the dynamics appear both qualita-
tively and, to some extent, quantitatively similar for the first 4 panels
in each series. However, we observe clear differences at later times. For
instance, the drop on dry powder generates a small crater and a granule
formation. For the two wet powders, we also observe a slight difference
in the maximum deformation and again, a three-fold difference in the
total drainage times.

At a qualitative level, the moisture content of the powder does not
dramatically influence the very initial spreading dynamics. However,
the maximum spread diameter and the drainage process appear to be
significantly influenced by the moisture content.

4. Spreading

4.1. Spread rates

For wet powders, the spreading, as shown by Figs. 2 and 3, appears
to be characteristic of a hydrophilic surface and there may also be
some penetration during the spreading phase, so that one would
expect the maximum spreading to be influenced by not only the
drop impact speed (i.e. kinetic energy), but also the moisture content
of the powder. Fig. 3(b) and (c) would certainly indicate that this is
the case. Fig. 4(a)–(d) plots the spread diameter as a function of
time from impact for a range of impact speeds and moisture contents.
Each data set is plotted only up to the maximum spread, after which
drainage begins. Note that for all moisture contents and impact
speeds, the maximum spread is reached within 10 ms from impact,
thus highlighting the rapidity of the dynamics. The transition from
low-impact speed to high-impact speed is qualitatively similar for
all moisture contents shown here and the maximum spread diameter
appears to increase monotonically with impact speed.
Fig. 2. Water drop impacting onto (a) dry and (b), (c) partially saturated powder with
low impact speed. ui=0.15 m/s, D0=2.1 mm. Moisture contents are M=0, 2.5 and
25% respectively. Frames shown are taken at (a) t=0, 0.5,1.5, 2.5, 4.5, 6.5, 9.5, and
211 ms (b) t=0, 0.5, 1.5, 2.5, 4.5, 6.5, 9.5, and 34 ms (c) t=0, 0.5, 1.5, 2.5, 4.5, 6.5,
9.5 and 128 ms and from impact. Scale bars are all 2 mm. See also Supplemental
video 1.
4.2. Comparison with theory

A continuum model for the impact, spreading and imbibition of a
drop into porous powder bed requires the solution of theNavier–Stokes
equations in the drop, coupled to the Darcy equations which describe
flow through the porous medium. These bulk equations must be com-
bined with boundary conditions which, in particular, include a descrip-
tion of the dynamic contact angle which the drop's free surface makes
with the porous medium. The formulation of this problem is described
in detail in [25], and will be the subject of future work; however, as a
first step, the experimental results of Fig. 4 will now be compared to
the model presented in [26], where a number of simplifying assump-
tions allow for the evolution of the drop to be obtained without
resorting to complex computational calculations.

The model presented in [26], for what is known as the ‘increasing
drawing area’ (IDA) regime, has been analysed in detail in [27], where
a step-by-step guide to the assumptions of the model, its derivation
and numerical implementation have been provided, so that here we
shall just briefly recapitulate the main details. It is assumed that
throughout the spreading process the drop remains a spherical cap
which is characterised by the contact angle at which the free surface
meets the powder bed. The relationship between the volume of the
drop Vd(t), the wetted radius r=d/2 and the dynamic contact angle
θd is then given by

Vd ¼ ξ θdð Þr3; where ξ θdð Þ ¼ π
3

1− cosθdð Þ cosθd þ 2ð Þ
sinθd cosθd þ 1ð Þ : ð5Þ

A key assumption in the model of [26] is that the evolution of the
dynamic contact angle can be obtained by using a formula [28,29]
which was derived for spreading on impermeable substrates:

θd ¼ F
ζ _r
σ

; θe

� �
; where F ¼ cos−1 cosθe−

ζ _r
σ

� �
ð6Þ

where θe is the ‘equilibrium’ contact angle, ζ is the ‘coefficient of
wetting-line friction’ and ṙ is the contact line speed. This is of course
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Fig. 4. Spread diameter versus time from impact for increasing impact speed with moisture contents (a) M=2.5%, (b) M=5%, (c) M=10% and (d) M=20%.
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not strictly valid, as on a porous bed there is no such thing as an equilib-
rium contact angle, as a drop placed on such a substrate will seep into it.
However, as a first stepwe simply use the formula suggested and fit the
two parameters θe and ζ, in order to at least capture some of the inter-
play between the spreading of the drop and imbibition.

Imbibition into the porous matrix is assumed analogous to the
imbibition into an array of vertical capillaries of radius Rt, so that no
radial flow occurs, and, after some manipulation, this gives the vol-
ume of liquid inside the porous matrix Vp(t) as

Vp tð Þ ¼ π�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rtσ cos θp

8μ

s
∫

t

0

r2 t−τð Þffiffiffi
τ

p dτ: ð7Þ

Noting that the total volume V0=Vd(t)+Vp(t) is conserved,
Eqs. (5) and (7) produce an integro-differential equation for the
drop radius r as a function of time

ξ θdð Þr3 þ π�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rtσ cos θp

8μ

s
∫

t

0

r2 t−τð Þffiffiffi
τ

p dτ ¼ V0 ð8Þ

where θd is given by Eq. (6). Eq. (8) has been solved using the numer-
ical methods described in [27].

Once non-dimensionalised, this model produces three parameters
which can be used to fit the data: the equilibrium contact angle θe,
the dimensionless coefficient of wetting line friction ζ ¼ ζ=μ and a

parameter λ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Rtcosθp

D0

q
which characterises the ability of the porous

medium to draw liquid from the drop.
The results of this IDA model are shown in Fig. 5 for the initial

spreading phase of the liquid drop across the powder bed for the low-
est impact speed, where the model is most likely to be valid, at four
different moisture contents. In all cases we have seen that λ≈0, so
that during this initial phase there is negligible imbibition of liquid
into the powder bed, i.e. the time scale for imbibition is much longer
than that of the initial spread which takes only a few milliseconds.
This is consistent with experimental observations which show that
indeed, very little liquid is lost in the time it takes for the drop to
reach its maximum diameter. The remaining fitted parameters are
then given by:
M
 ζ
 θe
2.5%
 202
 6.1°

5%
 259
 26.2°

10%
 210
 8.2°

20%
 169
 0°
For comparison, the red dotted line in Fig. 5 shows the effect of
forcing some imbibition for the M=10% case, by taking λ=0.01, and
finding that the best fit was then obtained for ζ ¼ 193 and θe=0°. As
can be seen graphically, the agreement between experiment and theory
is clearly worse, which confirms our initial result that λ≈0 for the IDA
phase.

Caremust be taken in extracting conclusions from this data because,
as can be seen from the free surface shapes shown in Fig. 2, assumptions
such as that of sphericity of the drop are clearly violated. However,
broadly, as typical values for ζ on smooth impermeable substrates are
around 5–50, one can say that, as also found in [25,27], a reasonable
fit can be obtainedwhen the powder beds are characterised aswettable
high-friction surfaces. In other words, the effect of moisture enhances
thewettability of the porous bed, as compared to a dry porousmedium,
but the inherent roughness of the surface on which the drop spreads
slows down the drop compared to one spreading on a smooth imper-
meable substrate.

image of Fig.�4
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4.3. Maximum spread

For drops impacting onto dry solid surfaces, the maximum spread
has been assessed by several authors, generally taking the approach
of balancing impact kinetic energy with surface energy or inertia
with surface tension, leading to scalings in terms of the Weber num-
ber of dmax/D0∼We1/2 or We1/4 respectively [23,24]. For impact onto
dry, wettable powders, Marston et al. [2] found that dmax/D0∼We1/5

for low-surface tension or low-viscosity liquids, which was later
confirmed by Nefzaoui & Skurtys [7], whilst for water drops impacting
onto hydrophobic powders [3], the scaling changes dramatically with
dmax/D0∼We2/5.

Fig. 6(a) plots the maximum spread diameter as a function of im-
pact speed for different moisture contents assessed in this study, in-
cluding dry powder (shown by solid black circles) for reference. For
low-impact speeds up to ui≈2 m/s, it is clear that the maximum
spread increases monotonically withmoisture content. For higher im-
pact speeds, however, the data becomes more scattered, which may
be due to increasing competition between inertia-driven spreading
and penetration into the pre-wetted void structures.

The data from Fig. 6(a) is replotted in Fig. 6(b) where dmax has
been normalised with respect to the initial drop diameter, D0, and
the impact speed with respect to surface tension, in terms of the
impact Weber number. Here, we have also included the limiting
values of the slopes obtained from fitting the data to dmax/D0∼Weα,
where α≈1/5 for dry powder and α≈1/10 for pre-wetted powder
at high moisture contents. The dependence of α on M is shown in
Fig. 6(c). Note that in this fitting procedure, we have excluded the
low-impact speed data since we are focusing on a regime in which
the spreading is driven by inertia. For pre-wetted powders, the
drop spreads easily across the surface due to the presence of liquid,
not just in the pores, but on the surface of the top layer of grains,
which ultimately results in significantly reduced contact line friction,
leading to increased spread diameters. However, the spreading will
be arrested not just by surface tension, as is the case for non-porous
or hydrophobic substrates, but also by penetration into the powder
bed. As the moisture content increases, however, (e.g. for M=25%),
the pores become more saturated and thus we expect a weaker
influence of penetration during the spreading phase, which is observed
in Fig. 6(c) forM=25%.
5. Drainage

5.1. Drainage type

In Fig. 7, we present three example sequences of the drainage pro-
cess into (a) dry and (b, c) pre-wetted powders. The scale bars at the
top of each sequence indicate the maximum contact diameter from
which the drainage starts. Note that for the pre-wetted powders, this
is precisely the same as dmax, obtained during the spreading phase,
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but not for dry powders since the drops will often first rebound before
penetration commences.

Fig. 7(d) shows the diameter of the apparent contact area, dapp,
versus time for the three examples in Fig. 7(a), (b) and (c). The final
data point for the dry powder is the last measurement that could be
taken due to the crater obscuring the camera view.

The absolute times for complete drainage, whenmeasured from the
moment of impact, vary significantly with tdrain≈211, 34 and 128 ms
(for (a), (b) and (c) respectively). Note that for dry powder, complete
drainage was only observed for the lowest impact speeds (i.e. ui=
0.15 m/s) when the drop was released just above the powder surface.
For all other impact speeds studied herein, a granule is formed (e.g.
Fig 3(a)). The total time from impact to either drainage or granule
020406080100120140
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formation for dry powders is independent of impact speed with mean
time, t≈247ms and standard deviation, std=30 ms.

In the case of the dry powder, in Fig. 7(a), we observe that the
apparent contact diameter is roughly constant during the penetration,
thus in agreement with the experiments of Hapgood et al. [9] for
water on glass beads, it appears that the drainage occurs over a constant
drawing area (CDA).

In contrast, for the pre-wetted powders, as in Fig. 7(b) and (c), the
apparent contact diameter is clearly time-dependent and diminishes
as time progresses towards complete drainage. From these experimen-
tal observations of the apparent contact diameter alone it is difficult
to say whether the drainage type is that of decreasing drawing area
(DDA) or whether it is a modified version of the CDA-type, where
a thin remnant film remains on the powder surface. This modified
CDA-type drainagewas described in Denesuk et al. [14] and a schematic
of this process is shown in Fig. 8(a). Intuitively, it is reasonable to expect
that thismodified CDA-type drainage occurs given that the powders are
pre-wet and we present evidence that this is indeed the case.

Following Denesuk et al. [8], in the modified CDA regime, where a
thin remnant film persists on the powder surface, we can express the
time-dependent apparent contact diameter as:

dapp tð Þ ¼ dmax 1−
ffiffiffiffiffiffiffiffiffi
t

tCDA

s !1=3

; ð9Þ
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Fig. 8. (a) Schematic of the modified CDA-type drainage process for pre-wet powder
beds, showing a thin remnant film with constant diameter dmax and decreasing appar-
ent contact radius. (b) Predicted apparent contact radius versus time for modified CDA
and DDA-type drainage from Eqs. (9) and (10) respectively.
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where both dmax and tCDA are easilymeasured from the video sequences.
In contrast, for a true DDA-type drainage, the corresponding apparent
contact diameter is given simply by:

dapp tð Þ ¼ dmax 1−
ffiffiffiffiffiffiffiffiffi
t

tDDA

s !
: ð10Þ

These two equations then allow us to quantitatively assess which
type of drainage occurs in our experiments. Fig. 8(b) plots dapp(t)
from Eqs. (4) and (5) based on an arbitrary initial contact diameter.
These curves show that for DDA, the magnitude of the slope decreases
with time, whereas for the modified CDA, the slope initially decreases
but then increases more rapidly as the drainage progresses. The latter
provides a better qualitative description of the drainage for the
pre-wet powders, as shown by Fig. 9 for 3 different realisations with
M=2.5%. The predicted evolution of dapp from the DDA limit is clearly
qualitatively incorrect, whereas the predicted evolution from the
modified CDA-type drainage does correctly predict the increasing rate
of drainage as time progresses, which is seen in the experiments. The
overall quantitative agreement deteriorates with increasing impact
speed or, equivalently, initial contact diameter. From Fig. 10(a)–(d),
we also find better agreement for lower moisture contents, where we
plot the evolution of the apparent contact diameter for different values
of M and ui. For both Figs. 9 and 10, the values of tCDA are taken as the
time from maximum contact diameter to complete drainage, which is
the true period of time over which the drainage process take places.
Note that this simple model was derived from arguments based on an
ideal porous surface with parallel cylindrical pores of equal diameter
which, as noted by Hapgood et al. [9], cannot strictly be applied to
true powder beds as they contain complex heterogeneous void struc-
tures. Nonetheless, the characteristic features of the drainage observed
in the experiments appear to support the modified CDA-type drainage
model.

5.2. Drainage time

The total time for the drop to completely drain into the powder bed,
taken from the moment of impact, is presented in Fig. 11. Here we can
clearly observe the independence of td on ui for the dry powder
(shown by solid blue data points) with a mean drainage time of
247 ms. For the pre-wetted powders with Mb25%, we find that td can
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Fig. 9. Apparent contact diameter versus time for pre-wetted powder for different drop
impact speeds (M=2.5%). The discrete data points correspond to the experimental
data, whilst the solid and dashed lines correspond to the predicted evolution from
Eqs. (9) and (10) respectively.
reduce by a factor of 5 or more with td=30−138 ms for the lowest
impact speed and td=6−43 ms for the highest impact speeds. We
note that for M=25%, there is a sudden increase in td for ui>2.5 m/s,
which is highlighted by the dotted black line. This particular observa-
tion is not yet understood, however, it is likely to be due to the complex
competition between increasing drop impact kinetic energy, powder
compression and initial saturation. In general, we find that the shortest
drainage times are achievedwithM=5%, shown by the red data points.
This is further emphasized in Fig. 12, where we plot td versus M for
select impact speeds. Each data set shows a local minimum occurring
at M=5%, thus indicating that there is an optimum initial moisture
content or saturation that induces the fastest penetration.

To understand this optimum moisture content, we revert to the
original expression for drainage time proposed by Denusek et al. [8],
which can be expressed in the following form:

tCDA ¼ AR3
eff

cosðθpÞk2
ð11Þ

where A is a constant depending on several material parameters each
independent of moisture content, Reff is the effective pore radius,
cos(θp) quantifies the pore wettability, and k is the permeability. We
now seek to express how these variables behave with increasing mois-
ture content. If increasing the moisture content in the porous medium
decreases its permeability and yet enhances its wettability, then one
might expect these two competing mechanisms to result in an optimal
moisturewhich yields the fastest imbibition. This idea is pursued below
in the simplest possible mathematical framework aimed at capturing
this principal effect only.

If we let M ¼ M=Mmax, where M is the moisture content and Mmax

represents the moisture content at saturation, then M ¼ 0 for dry
powder andM ¼ 1 for completely saturated powder. The permeability,
k∼Reff

2 , so that to express the decreasing permeability, or alternatively
the decreasing effective pore size, with moisture content we have:

k2=R3
eff∼Reff≡Rdry 1−M

� � ð12Þ

where Rdry ¼ Reff M ¼ 0
� �

≈4:5μm. Since we also know that the contact
angle on the dry bed, θp≈60°, the simplest way to express the
enhanced wettability with increasing moisture content is to write

θp M
� � ¼ 60 1−M

� �
: ð13Þ

Substituting Eqs. (12) and (13) into Eq. (11), we then have

tCDA ¼ A
cos 60 1−M

� �� �
Rdry 1−M

� � : ð14Þ

This expression for tCDA has a minimum at M ¼ 0:18, which for our
experiments corresponds to M=5.4%. Whilst this is in good quantita-
tive agreement with the experimental observations, we emphasize
again that we have again used some overly simplistic assumptions
of how parameters in Eq. (11) depend on moisture content, which
will be addressed in future work. Nonetheless, the observation of an
optimum initial moisture content may prove useful for applications
where fast liquid penetration or drainage is desirable or simply for
extending the regime maps for granule formation (e.g. Emady et al.
[30]). Using humidified air has already been used at the pilot-scale to
achieve binderless granulation [31,32] and could also be used to
pre-fluidise powder beds to increase the initial bed moisture content
prior to binder spray addition that may then result in faster wetting of
the powder for granulation.
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6. Concluding remarks

We have performed an experimental study of the impact of water
drops onto pre-wetted powders with a range of moisture contents.
During the very initial spreading regime, the moisture content has lit-
tle effect and the spreading appears both qualitatively and quantita-
tively similar for both low (∼2.5−5%) and high (∼20−25%)
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Fig. 11. Total drainage time versus drop impact speed for dry and pre-wetted powders.
The dashed blue line represents the mean time of 247 ms for the dry powder, whilst
the fastest penetration (M=5%) are highlighted in red. The dotted black line shows
the increase in td, which occurs for M=25% for ui>2.5 m/s.
moisture contents. In contrast however, the maximum spread and
subsequent drainage of the drop into the powder are significantly
influenced by the moisture content and impact speed.

For low-impact speed, we have compared our experimental data
to the model of Clarke et al. [26], which indicates that there is little
imbibition during the initial spreading phase. The fit to the theory,
however, relies upon several overly simplistic assumptions and the
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development of a full theoretical treatment of this problem which
will extend the work of [25] is the focus of on-going work.

The maximum spread of the drops can be expressed in terms of the
impact Weber number as dmax/D0∼Weα, but the scaling exponent, α,
becomes a function of the moisture content,M.

For impact onto dry powder, the drop only drains for low impact
speeds, whilst at higher impact speeds we observe the formation of
granule nuclei. In stark contrast, forwet powders at allmoisture contents
and drop impact speeds, we observe full drainage of the drop into the
powder. Our observations of the apparent contact diameter indicate that
the drainage type is a modified CDA-type, proposed by Denesuk et al.
[8]. Granules are never observed for pre-wetted powders. We have also
not observed any splashing during impact onto pre-wetted powders.

The total time from impact to complete drainage spans two orders of
magnitude and is a strong function of both the moisture content in the
powder bed and the drop impact speed or, equivalently, the maximum
spread diameter. In contrast to Charles-Williams et al. [17], we find that
the penetration times for pre-wetted powder are always shorter than
for dry powders and that there is an optimum saturation that induces
the fastest penetration. Our experiments indicate that this value is
achieved with M≈5% or S≈17%, which is supported by simple argu-
ments based on the effective pore radius, contact angle and permeabil-
ity of the powder bed. This value may vary depending on the size and
shape of the grains and further investigation into the drainage of
drops into pre-wetted powders should include both of these parame-
ters. The regime maps for granule formation also need to be re-
addressed in light of this finding.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.powtec.2013.01.062.
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