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Wet particle interactions are observed in many applications, for example, pharmaceutical, food, agricultural, polymeriza-
tion, agglomeration, and coating, in which an accurate evaluation of the wet restitution coefficient (e,.,) is crucial to
understand the particle flowability, operating conditions and product size distribution. Experiments were performed to
measure the wet restitution coefficient by impacting a spherical particle on a stationary plate covered with a thin liquid
layer of water or glycerol solution in this work. Furthermore, novel approaches for estimation of e,., were developed
using dimensional analysis (using the Buckingham 1 theorem and regression analysis) in combination with energy budget
analysis. In the correlation development, the dominant physical properties of solid and liquid, particle impact velocity and
liquid layer thickness are grouped into well-known dimensionless numbers viz. Reynolds, Weber and Stokes. Whereas in
the energy analysis, the energy dissipation rates were determined for five distinct collision phases, that is, dipping, dry col-
lision, undipping, formation and breakage of the liquid bridge, and added mass. The efficacy of the developed approaches
was analyzed by comparing obtained results with experiments and an elastohydrodynamic model, and a modified elastohy-
drodynamic model. © 2014 American Institute of Chemical Engineers AIChE J, 61: 769-779, 2015
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Introduction

There exist numerous applications in chemical, pharma-
ceutical, food, agricultural, polymerization, agglomeration,
coating industries, and so forth involving handling, process-
ing, and transport of particles. The particulate flow character-
istics in these systems highly depend on the effective
particle interactions or impacts. A small change in these
interactions owing to the chemical and/or physical transfor-
mations significantly alter the particle morphology and hence
overall system dynamics. For instance, during agglomeration
and coating, a liquid binder mixed with a solvent is often
atomized on the dry fluidizing particles to produce a coated
powder, agglomerates or granules. The injection of the liquid
may result in partial or complete particle wetting. The pres-
ence of liquid on the particle surface dramatically modifies
the energy dissipation rate and hence particle interactions
and resulting particle size distributions.' Therefore, a
detailed study to estimate the wet interactions via an effec-
tive (wet) restitution coefficient has rapidly gained attention
to improve the product quality, system efficiency, and pro-
duction rate.
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Over the past decade, extensive experimental research has
been carried to study the restitution coefficient under dry
conditions (eg4y), defined as the ratio of the particle impact
velocities after and before collision. Generally, the restitution
coefficient provides information about kinetic energy dissi-
pated during the collision; eq, = 1 indicates a perfectly elas-
tic collision, conserving the total kinetic energy associated
with the particle and eqy =0 indicates a perfectly inelastic
collision where the total kinetic energy is dissipated in the
collision and the particle will not rebound. For an inelastic
dry collision, the restitution coefficient is often lower than 1,
that is, the energy associated with the particles is dissipated
into various effects like vibrations, sound, and plastic or
viscoelastic deformation of the materials. The energy dissi-
pation rate not only depends on the material properties but
also on the relative particle velocity. Representative studies
highlighting dry collisions include: photographic study of
particle impacts and effect of the impact velocity on the res-
titution coefficient of various martials®; determination of the
restitution coefficient and sticking velocities of a glass parti-
cle on a flat plate covered with a dry silica powder layer’;
measurement of the tangential restitution coefficient (egry,)
by impacting an aluminum oxide particle on soda lime glass
and aluminum alloy plates.4 Mueller et al.’ extended the
impact study for an oblique impact, with impact angles
(0;=0-90°) by estimating the dry normal and tangential
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restitution coefficient. They revealed that at a constant
impact velocity, the normal restitution coefficient approxi-
mately remains constant with impact angle while the tangen-
tial restitution coefficient significantly decreases up to 20—
30° and then increases reaching a maximum value of 1 at
90°. This may be due to a change in the particle collision
behavior (pure slip, partial slip and sliding, and pure sliding)
with an impact angle. At a high impact angle, a negligible
amount of energy is dissipated during particle impact, hence
a high tangential restitution coefficient is obtained. Man-
gwandi et al.% determined the restitution coefficient for melt,
wet, and binder-less granules. Recently, dry experiments
were performed by Marinack et al.” to determine the restitu-
tion coefficient by analyzing the effect of the particle size,
material properties, and particle impact velocities.

However, only a limited number of experimental studies
have been reported for the estimation of the restitution coef-
ficient in the presence of a liquid (i.e., wet restitution coeffi-
cient, eye) and even fewer studies on the development of a
correlation and/or a phenomenological model. Joseph et al.®
evaluated the wet restitution coefficient by means of high
speed imaging of the particle rebound (d, = 3-5 mm) from a
glass wall covered with glycerol and water using a pendulum
string. Their investigations suggest that the particle rebound
velocity mainly depends on Stokes number and weakly on
the material properties (Young’s modulus and Poisson’s
ratio). Further, at low impact velocities and thin liquid layer
surface roughness plays an important role. Davis et al.? cal-
culated the wet restitution coefficient by dropping spherical
particles (Nylon 66 and stainless steel of d, =3.2-6.4 mm)
on a smooth quartz plate covered with a thin liquid layer
(o) of silicon-based oils in the range of J; =80, 150, and
250 (um). Additionally, an approximate model based on
lubrication theory for undeformed particles and scaling rela-
tions for elastic deformation and rebound was proposed, and
model results were compared with experimental findings.
Gondret et al.'” quantified the wet restitution coefficient of
various particles (d,=1-6 mm) on a plate covered with vari-
ous liquids of varying viscosities. In addition, rebound trajec-
tories of the particles were calculated by solving the
equation of motion considering external forces such as grav-
ity, drag and added-mass forces. Fu et al.'"'? correlated
properties of the granules (in terms of binder content, poros-
ity, shape, and surface condition) prepared under different
operating conditions by estimating the coefficient of restitu-
tion. Kantak and Davis'? experimentally studied the colli-
sions of the particles on a solid surface covered with a thin
layer of wet and dry fabric. Their results showed that, the
dry restitution coefficient slightly decreases with impact
velocity due to larger inelastic losses in residual deformation.
Note that, the dry restitution coefficient is much lower in the
presence of a fabric, due to the higher inelastic losses associ-
ated with the fabric. The wet restitution coefficient also
slightly decreases for investigated particle impact velocities.
This may be due to the sufficient required energy to over-
come the viscous losses that are stored in solid deformation.
Stocchino and Guala'* estimated the wet restitution coeffi-
cient for steel particles on a plate with water and carboxy-
methyl cellulose using a digital image analysis technique.
Antonyuk et al.'> obtained experimental results for the parti-
cle collision (at 2.36 m/s impact velocity) and compared
those with numerical results obtained by numerically solving
the equation of motion by considering various forces acting
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on the particles. Mueller et al.” evaluated the normal restitu-
tion coefficient (eye) for three wet granules (Al,O3, zeolite
4A and sodium benzoate) on a hardened steel plate. Sub-
barao,'® performed experiments by impacting a brass particle
on a liquid covered substrate and compared their results with
an elastohydrodynamic model proposed by Ref. 9, and
numerically solving the particle motion by considering vari-
ous forces as reported by Ref. 15. Their results reveal
revealed that the approach proposed by Antonyuk et al.'s
possesses a limited applicability at higher Stokes number
compared with Davis et al.” Wet particle interactions were
also studied by impacting two wet particles held by pendu-
lum strings by Donahue et al!71% Although their investiga-
tions are very significant, the particle collisions are often
influenced by the centrifugal force and it is difficult to main-
tain a uniform liquid layer thickness around the particles.

The objective of this study is to develop a unified correla-
tion for the wet restitution coefficient using Buckingham =
theorem and quantifying the energy dissipation during five
distinct collision phases. In the correlation development, the
dominant physical properties of solid and liquid, particle
impact velocity, and liquid layer thickness are grouped into
well-known dimensionless numbers viz. Reynolds, Weber,
and Stokes. The efficacy of the developed approaches were
analyzed by comparing the obtained results with an elastohy-
drodynamic model® and experimental results obtained by
impacting a particle on a stationary plate covered with a thin
liquid layer of water and glycerol. In this work, investiga-
tions were performed at a room temperature and atmospheric
pressure without considerable liquid evaporation. Also the
effect of particle roughness and angular velocity were
neglected.

We realize that the system studied, in this work, is a sim-
plification of the complex particle—particle interactions that
occur during fluidization. However, experiments under actual
fluidizing condition are virtually impossible to perform and
to control. Therefore, this work should be viewed as a first
step to determine and verify the wet restitution coefficient
used for a wet binary collision. As the collision time is usu-
ally very short, knowledge of the net energy dissipation dur-
ing the wet collisions through various forces (gravitational,
surface tension, buoyancy, drag, contact between the particle
and the wall, viscous and capillary) is more important than
the actual collision behavior. So, the expressions for the wet
restitution coefficient can be used as input for large scale
models (computational fluid dynamics-discrete element
model [CFD-DEM]) that can be used to study the variation
in the flow patterns under wet conditions in, for example,
fluidized bed granulator study. Additionally this study will
also be useful to validate the direct numerical simulations of
the complex multiphase flows used to study wet—particle
interactions, for example, see Jain et al.'” The organization
of this work is as follows: first, the experimental analysis
will be reported, followed by dimensional analysis and
energy analysis. Then, obtained results will be compared
with the experiments.

Experimental Setup

In this study, the experiments were performed in a similar
way as described by Antonyuk et al.,'> a schematic of the
experimental setup is shown in Figure 1. During experi-
ments, a spherical glass particle (of d,=2.5+0.02 mm and
pp = 2526 kg/m?; obtained from Sigmund Lindner GmbH,
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Figure 1. Schematic of the experimental setup for esti-

mation of the dry and wet restitution coeffi-
cient on a stationary glass plate.

Vacuum pump

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Germany) was impinged on a stationary glass plate (soda
lime) of dimension W X D X H=8 X 8 X 2 cm’, covered
with a thin liquid layer. SEM snapshots of the used particle
displaying surface morphology are shown in Figure 2. It
should be noted that, collisional energy dissipation also
depends on the plate thickness. The experiments were per-
formed on a flat glass plate (of the same material as that of
particle) with a thickness higher than five times the particle
diameter. The experiments were performed by changing the
particle impact velocity (v, o=0.9-5 m/s) through adjust-
ment of the vacuum nozzle position, the liquid viscosity,
density, surface tension, and the liquid layer thickness
(1=0-1000 um). Note that, the experiments were performed
in a closed box to avoid an influence of the ambience on the
particle deflection and to minimize the liquid evaporation
rate by maintaining a constant temperature. The uniform lig-
uid layer thickness was ensured by applying a very thin
hydrophilic coating by exposing the glass plate to Ozone for
20 min. prior to each set of experiment. The particle was
dropped by releasing the vacuum from the nozzle and the
impact velocities were obtained by capturing high speed
images using a camera (LaVision High Speed Star with a
Sigma 105 F2.8 DG lens, at 4000 Hz). Other settings, such
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as the aperture area and the exposure time were altered to
obtain clear images.

The captured images were analyzed in MATLAB (R2012
a) script by determining the particle centroid displacement
after and before the collision with time and wet restitution
coefficient was evaluated using Eq. 1. The pixel displace-
ment in the images was rescaled to mm by calculating num-
ber of pixels associated with the particle size

[vp.a
Cywet =

avg (l)
|VP7b |avg

Each measurement was repeated 10 times to reduce the
manual error, and average values of the wet restitution coef-
ficient were calculated with standard deviation. Additionally,
the particle velocity was determined by averaging 10 data
points after and before impact (Figure 1 shows only five
data points due to space limitations). Noted that the ratio of
the particle height before and after impact can also provide
meaningful information about the restitution coefficient.
However, these measurements may be influenced by particle
trajectories and interstitial air. The liquid layer thickness on
the plate was determined by measuring total volume of the
liquid layer (weight/density) and dividing it by wetted base
area of the plate (5 X 5 cm®). The weighing procedure was
repeated after each measurement to minimize the evapora-
tion effects.

Dimensional Analysis

Published wet collision experiments imply that the addi-
tional energy dissipated (next to the energy dissipated in a
dry collision) in presence of a liquid layer depends on the
particle impact velocity, physical properties of the solid and
liquid, and also on the liquid layer thickness. The variables
effecting the wet restitution coefficient are summarized in
Table 1. For a meaningful classification of these parameters,
it is required to combine them in terms of dimensionless
groups characterizing ratios of the inertia, viscous, surface
tension, and capillary forces. In this section, a parametric
dependency of the restitution coefficient is explored by
expressing it as a function of the dominant variables. The

(b)

Figure 2. SEM snapshots of the glass particle with surface morphology.
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Table 1. The Essential Parameters Considered During
Dimensional Analysis of the Wet Coefficient Restitution

Parameter Symbol  Dimension MLT
Particle diameter d, m MOL'TO
Density of the particles Pp kg/m® M'L3T°
Particle impact velocity Vpo m/s MoL' !
Liquid layer thickness o m MOL'T®
Viscosity of the liquid m Pa s M LT
Density of the liquid 0 kg/m® M'L3T°
Surface tension of the liquid 7, N/m M'LOT™2
Dimensionless energy loss AEy. - MOLOT®

additional energy dissipated in presence of the liquid can be
expressed as

Cywet = Cdry ( 1- AEwet) (2)

where the dimensionless energy loss during a wet collision
can be expressed as

AEwel:f(dpappaVp,07517.ulvplay]) (3)

In this study, we consider two different selections of the
dependent/reference variables. In Case 1, the particle impact
velocity, liquid layer thickness, and viscosity were consid-
ered as dependent variables, whereas in Case 2 dependent
variables were particle impact velocity, liquid viscosity, and
density. After applying the Buckingham n theorem, we
obtained

0 0
P1Vp.001 PpVpo 1> @

dp 7y
AEwel :f (_p ) 1 5 ’
O fyvpo M H

The final expression to estimate the restitution coefficient
can be rearranged as

dy\"

AEwe[=a(—p) We Re!St ®)
)] P

where the dimensionless groups are given by

__liquid layer inertia force _ pyvp 0

6
° liquid layer viscous force I ©)
particle inertia force OV odp o
o= =
P liquid layer surface tension force 7
_ particle inertia force _ MpVpo ®)
viscous force in the liquid layer 6mury?
Energy Analysis

In this section, we will develop a closure equation for the
effective wet restitution coefficient by considering an energy
balance during the collision inspired by Gollwitzer et al.”’
There is one fundamental difference between their and our
approach. Gollwitzer et al. considered the net effect of dif-
ferent dissipational processes by taking the sum of the
energy losses, using in each term the same (initial impact or
rebound) velocity. In our view, this is not correct and we
should divide the collision into a number of distinct phases,
each with its own distinct mechanism of energy loss. At the
end of each phase, the particle will have a different (lower)
velocity, which will influence the forthcoming phases of the
collision. The overall result is that in our case, the net effect
of the different dissipational processes, is the product of the
subsequent energy losses. The kinetic energy associated with
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Figure 3. Schematic representation of the five colli-
sional phases observed during the particle
impact on a glass plate covered with water:
l. penetration of the particle into the liquid
layer; Il. particle contact with the plate; Ill.
rebound of the particle; IV. formation and
breakage of the liquid bridge.

the moving particle is partly dissipated into the liquid and in
the form of viscoelastic and/or plastic deformation and sur-
face wave propagation (converted into vibrations, sound, and
heat effects). The total energy balance during the particle
impact becomes

Eb:Ea+AEloss )

where Ey, and E, are the total energy associated with the par-
ticle before and after the collision. Note that the energy loss
(AEoss) during the collision is not dimensionless as AEy. in
Eq. 3. AE), can be estimated by determining the energy
dissipation rate in distinct phases observed during the parti-
cle impact on the plate covered with liquid layer as shown
in Figure 3:

e Phase I: Particle penetration (i.e., dipping) into the lig-
uid. The initial particle kinetic energy (before the pene-
tration) is dissipated into the liquid via. viscous
damping and to accelerate the displaced liquid at the
location of impact.

e Phase II: Particle contact with the plate. After particle
penetration into the liquid layer additional energy is dis-
sipated associated with the particle—plate contact (i.e.,
solid contact). This is expected to be equal to the dry
restitution coefficient.

e Phase III: Particle rebound (i.e., undipping). After parti-
cle—plate contact, the particle suddenly changes the
direction by dissipating energy in viscous damping and
accelerating the surrounding liquid.

e Phase IV: Formation and rupture of the liquid bridge.
Just after the particle rebound, some additional energy
is lost during formation and breakage of the liquid
bridge.

e Phase V: Furthermore, a small amount of liquid gets
attached to the particle (i.e., added mass).

The energy dissipation during the wet impact in the granu-
lar systems can be approximated to quantify the wet restitu-
tion coefficient by determining the energy losses during each
phase. The particle kinetic energy at the beginning of phase
i is given by

L,

E,-=—mp

> 10)

Vpi

where my, and v, ;, respectively, are the particle mass and the
velocity at the beginning of phase i. Note that the initial
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velocity before impact as indicated as O and the final veloc-
ity is associated with phase V. Each phase is associated with
its own restitution coefficient ¢;, which is defined as

0= Vpi _ (Ei—l_AEi> (1

Vp,i—1 Ei—1

Expressions for the energy dissipation AE; and restitution
coefficient e; associated with each of the five phases will
now be introduced.

Phase I: Ennis et a estimated a minimum particle
rebound velocity by considering various forces and neglect-
ing the capillary effects. Based on their work, the energy
dissipation during viscous damping can be obtained as

121

9 rids
8

3 5
AE i1 = > miyd2vp oln (—1 ) - (12)
€

8 o

where &, is the particle roughness, which generally is in the
range of a few microns. In this study, the contribution of the
last term is neglected due to its very low value. The expres-
sion to estimate the energy required to accelerate the liquid
after the impact is given by Ref. 20 as

AE _1 &P ) ’ 1_a d_P_l s’
wel Z2 PV g ) \2 7 3a,) |0\
(13)

The restitution coefficient during Phase I can be obtained

using
el:\/<EO_AEvigI_AEaCC,I) (14)
0

Phase II: The coefficient of restitution during Phase II
(particle—plate contact) is approximated to be equal to that
under dry conditions

en=-21 =y, (15)
p.l

Phase III: Similar to Phase I, the viscous and particle pen-
etration energy dissipation during Phase III is given by

3 0 Opr
AEvis,lU: g nuldﬁ Vp,II <ln 6—1 —In —p> (16)

pr €pr
L s aN (1 4 4 N\

AEacclll_i,o] ﬁdp d_p 5_3_dp Vp.II (3_1_1

)

Note that, in the viscous damping, the additional energy
dissipated during the formation of the liquid bridge can be
taken into account as reported by Ref. 20, where J,, is the
breakage distance of the liquid bridge. The restitution coeffi-
cient during Phase III can be obtained as

em= \/ (EH _AEvis,EIIIII —AEacc,m> (18)

Phase IV: The energy lost during rupture of the liquid
bridge in Phase IV was reported by Ref. 20 and reads
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AEbJV ~ Y1\ 2Vbdp (19)

where the liquid bridge volume generally equals to
Vb = dg/ 16. The restitution coefficient during Phase IV can

be obtained as
Emq—AEFE;
= ( I b,lv) 20)
Em

Phase V: The particle kinetic energy after the breakage of
the liquid bridge can be calculated by estimating the volume
of the liquid attached to the particle, which is approximated
by determining the mass of the spherical cap as

a1 Y\
cap — d3 -5 A ag 21
Moap™ Tt p<dp) (2 3dp h ( )
1
AEam,V = 5 mcapV;[V (22)
Erv—AEumyv
= —Y ~—amy 2
ev ( Erv ) (23)

Finally, the overall effective wet restitution coefficient is
given by the ratio of the particle velocity after Phase V and
the initial impact velocity 0, that is, the product of the
energy dissipated during the various phases as

V
Vp,V

eva=—==]]e (24)
Ypo o iZg

Results and Discussions

This section contains the following elements: (1) experi-
mental determination of the dry and wet restitution coeffi-
cient, (2) collection of the experimental datasets, (3)
evaluation of the coefficients of the unified correlation and
comparison with experimental data and data from a elastohy-
drodynamic model, and (4) evaluation of the energy analysis
model and comparison with experiments, elastohydrody-
namic model and unified correlation.

Determination of the restitution coefficient

Dry Restitution Coefficient. Collision experiments were
carried out as described in section. Variation in the dry resti-
tution coefficient with particle impact velocities were deter-
mined by adjusting the nozzle height in a vertical direction
and capturing high-speed images. The implementation of the
developed script and the experimental procedure were
double-checked by comparing the results with literature data.
The variation in the particle location with time is shown in
Figure 4 and the corresponding restitution coefficient in Fig-
ure 5. The restitution coefficient decreases with impact
velocity, which is in accordance with an earlier experimental
study by Ref. 22. This is mainly due to the energy transfer
from translational motion to rotational direction, which is
attributed to the microscopic particle roughness.

Wet Restitution Coefficient. A similar experimental pro-
cedure was applied to determine the wet restitution coeffi-
cient for different physical properties by changing the
composition of a water/glycerol solution (as shown in Table
2) and liquid layer thickness ¢, = 500—-1000 um.

Figure 6 illustrates variation in the particle velocity (after
release from the nozzle) with time, along with high-speed
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Figure 4. High-speed images of the impact of a glass
particle (d, =2.5 mm and p, = 2526 kg/m°) on

a dry flat glass plate.

images captured at 4000 frames per second during the colli-
sion of the glass particle (d, = 2.5 mm and p, = 2526 kg/m?)
on a flat wet plate covered with water of 1 mm thickness
(0.4 times particle diameter). First, the particle accelerates
downward on collision with the wet plate. After the colli-
sion, the particle changes its direction and accelerates
upward. As the particle approaches the liquid layer (at t =16
ms), it pushes the air (present in between the particle and
liquid layer) in the lateral direction. This leads to the forma-
tion of a circular wave pattern on the liquid surface with a
liquid splash. The dynamics of the liquid splash highly
depend on the liquid layer thickness, particle impact veloc-
ity, and viscosity. As the particle penetrates the liquid layer,
it pushes the surrounding liquid away and rebounds (at
t=17.8 ms) with formation of a liquid bridge between the
particle and the liquid surface (at t=21.3 ms). The liquid
bridge continuously deforms and elongates till it finally rup-
tures, which is often associated with the formation of satel-
lite droplets. In addition, some part of the formed liquid
bridge gets attached to the particle (i.e., added mass shown
at r=37.5 ms). As time progresses, the liquid bridge
becomes asymmetric after particle detachment, which may
be because the added liquid mass tends to unbalance the par-
ticle motion. So, during these series of events a considerable
amount of energy has been dissipated, attributing to a lower
overall restitution coefficient compared to the dry impact.

The variation in the wet restitution coefficient for other
liquid properties and liquid layer thicknesses were deter-
mined and the obtained results were used for the develop-
ment and validation of the correlation. Figure 7 illustrates
the variation in the wet restitution coefficient with liquid
layer thickness and viscosity. For water at a liquid layer
thickness o0, = 1000 um, the wet restitution coefficient
increases with impact velocity and then remains constant.
Similar trends were observed for a higher liquid layer thick-
ness but with lower restitution coefficients, as shown in Fig-
ure 7a. As the liquid layer thickness increases, eyt
decreases, due to the pronounced viscous energy dissipation
in the liquid layer. Additionally, an effect of the liquid vis-
cosity and surface tension on the wet restitution coefficient
was determined by changing the glycerol concentration (Fig-
ure 7b). For a constant liquid layer thickness with increased
liquid viscosity, ey, decreases.

The dynamics involved during formation and breakage of
the liquid bridge and satellite droplets depend on the physi-
cal properties of the liquid (viscosity), liquid layer thickness,
and particle velocity. During particle rebound from the liquid
layer (at high particle velocities or low liquid layer thick-
ness) a certain amount of the liquid attaches to the particle
with the formation and breakage of a liquid bridge and satel-
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lite droplets. Figures 8 and 9 show the snapshots for the lig-
uid bridge just before rupture and the formed satellite
droplets for liquid layer thicknesses of ¢, =500-1000 um.
For a liquid layer (6; = 1000 um) with a low viscosity, a
thick neck liquid bridge with a wider base was observed as
compared to more viscous liquid (as shown in Figure 8a,c).
Additionally, for low viscosity liquids, the liquid bridge
length is considerably shorter and ruptures quicker. For a
viscous liquid more of liquid is attached to the particle,
which may be due to the high viscous force. This added
mass significantly lowers the restitution coefficient.

For low viscous liquid and low layer thickness (at a same
impact velocity), a very thin liquid bridge (narrow base) was
observed with a high number of tiny satellite droplets (Fig-
ure 9a,b).

Multiple Wet Collisions. In gas-solid contactors with lig-
uid injection often multiple successive particle—particle-lig-
uid interactions take place. Figure 10 shows the change in
the particle velocity with time, along with snapshots captured
of a wet collision of the glass particle on a wet flat plate
covered with glycerol solution (25% water + 75% glycerol
[w/w]) of 6, = 1000 um.

After particle is released from the nozzle, the particle
velocity slightly increases and then remains constant to the
terminal settling velocity. Once the particle hits the wall, its
velocity inverts and leaves the liquid layer. Similar behavior
was observed for the second collision, however, in this case,
the particle does not rebound because it sticks to the liquid
layer. This kind of investigation can be useful to study time
required for the particle sticking in agglomeration applica-
tion. Here, it is noted that, the wet restitution coefficient sig-
nificantly decreases with the number of impacts (i.e., with
the reduction in impact velocity). Also, the particle rebound
trajectory is not parabolic (as compared with dry impact
reported by Ref. 20), not only due to the constant gravita-
tional force but also due to the drag force and the added lig-
uid mass (Figure 10, for £ =78.5 ms).

Collection of datasets

A wide range of experimental data used for evaluation of
the wet restitution coefficient from open literature is sum-
marized in Table 3. Note that the experimental data is

0.8 1

0.0 . T . . . . : '
0 1 2 3 4 5
v [m/s]
Figure 5. Variation in the dry restitution coefficient for

the impact of a glass particle on a dry flat
plate for different impact velocities.
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Table 2. Physical Properties of the Systems Studied in This Work

50% Water +

25% Water + 75%

Physical properties® Water 50% glycerol glycerol Unit
Liquid viscosity 1x1073 6.35x1073 9.59x1073 kg/ms
Liquid density 998 1125 1198 kg/m®
Liquid surface tension 72%x1073 70.8%x1073 69.1x1073 N/m

“The physical properties of water and glycerol solution were measured using a viscosimeter, a specific gravity bottle and a surface tension meter.

collected from studies comprising a similar experimental
procedure, that is, impinging a spherical particle on a sta-
tionary plate covered with a thin liquid layer. Gollwitzer
et al.”® investigated the effect of impact velocity, liquid vis-
cosity, and layer thickness on wet restitution coefficient
along with viscous energy dissipation rate for glass particles
(dy=2.8-10 mm and p, = 2850 kg/m3) by changing the
physical properties of the liquid (water, M5, and M50 oil)
and impact velocities. Further, our experiments also involve
a similar study for glass particles (d,=2.5 mm and
pp = 2526 kg/m®) by changing the physical properties of the
liquid and impact velocities.

0.25 ms 5 ms 12.5 ms 16 ms

0.00 001 /002 | 003 0.04
s "

17.8 ms

21.3 ms 24.5 ms 37.5ms

Figure 6. Variation in the particle velocity along with
the snapshots captured using a high speed
camera at 4000 fps during the collision of a
glass particle (d, =2.5 mm and p, = 2526 kg/
m°) on a flat wet plate covered with water of
9,=1000 um.
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A unified correlation

For a unified correlation with coefficients, a linear regres-
sion was carried in a SPSS software and the obtained coeffi-
cients for each dimensionless groups are substituted in Eq. 5
as

dp

—0.08
AEwe,=0.959< 5) Wed P Rey M0P 501 (25)

1

The accuracy of the developed correlation was analyzed
by plotting a parity plot for a wide range of experimental

L % = s ' &
0.9+ * g
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E
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Figure 7. Variation in the wet restitution coefficient for
a glass particle (d,=25 mm and
Pp = 2526 kg/m®) on a wet flat plate for differ-
ent impact velocities and (a) different liquid
layer thicknesses (3, = 1000 um) and (b) differ-
ent viscosities (y=0001-00095 Pa s) at
4, =1000 um.

DOI 10.1002/aic 775



(a) (b) (c)

Figure 8. Images showing the liquid bridge just prior to
rupture during a wet collision of a glass parti-
cle (d,=2.5 mm and p,=2526 kg/m°) on a
wet flat plate covered by a liquid (a) water of
6,=1000 um, (b) water of 3,=500 um, and (c)
glycerol (25% water +75% glycerol [w/w]) of
6,=1000 pm.

data as shown in Figure 11, comparing the experimental and
correlation results. The estimation seems to work better for
the high restitution coefficients (high impact velocities, low
viscosities). This may be due to the unavailability of the pre-
cise experimental data at lower values of the restitution coef-
ficient. This can be further improved using new data.

The efficacy of the developed correlation can be evaluated
by comparing the correlation results with independent
experiments, and the elastohydrodynamic model by Davis
et al.” for smooth surfaces. The magnitude of the particle
rebound defined in terms of the wet restitution coefficient
and reduced by a factor e,y as

St.

Cwet=Cdry (1 - E) St. < St (26)

Equation 26 is valid for Sz, < St. No particle rebound was
observed at St < St due to a significant loss in the particle
kinetic energy in the liquid (viscous dissipation). The limit-

ing value of a critical Stokes number (St.), below which the
particle will not rebound is given by

(a) (b) (c)

Figure 9. Images showing the formed satellite droplets
after rupture of the liquid bridge during wet
collision of a glass particle (d, =2.5 mm and
Pp = 2526 kg/m® on a wet flat plate covered
by a liquid (a) water of §, = 1000 um, (b) water
of 4,=500 um, and (c) glycerol (25% water
+75% glycerol [w/w]) of §;=1000 um.
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Figure 10. Variation in the particle velocity along with
snapshots capture of a wet collision of a
glass particle (dpo=25 mm and
pPp = 2526 kg/m®) on a wet flat plate covered
with glycerol solution (25% water + 75%
glycerol [w/w]) of 4, = 1000 um.

1
St.=0.4In (g) —0.20 27)

where € is the dimensionless elasticity parameter calculated

as
40v, o
= (7%5,%1, (28)
%0

The effective Young’s modulus (Y.¢) depends on the Pois-
son’s ratio (v) and Young’s modulus (Y) for Particle (1) and
Plate (2) as

—2 _2
Ve (lanl) N (lnYZZ) 29)
Generally, the particle has to penetrate to a certain depth
in the liquid layer before the viscous forces become signifi-
cant. Reference 9 estimated this distance as zp=2/30,. The
comparison of the correlation results with experimental
results (our own experiments and from Ref. 20), and elasto-
hydrodynamic model are shown in Figure 12. From this, it
can be observed that the proposed correlation can produce
more accurate agreement with experiment than the elastohy-
drodynamic model.

Table 3. Range of Dominant Parameters Used for Evaluation
of the Wet Restitution Coefficient from Open Literature

Parameters Range Dimension
Particle diameter 2.5<d, <10 mm
Particle density 2526 < p, < 2580 kg/m®

26 < St < 4288
87 < Re, < 15,250 -
1.1 < We, < 1,126 -

20 < §) < 1000 pm
1X1073 < gy < 48%1073 Pas
19X107° < 9, < 78X1073  kg/s®

881 < p; < 998 kg/m®

Stokes number

Particle Reynolds number
Weber number

Liquid layer thickness
Liquid viscosity

Liquid surface tension
Liquid density
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Figure 11. Comparison of the wet restitution coefficient
obtained using correlation (Eq. 25) and
experimental data with average relative
error equal to 0.26; the solid line indicate *
20% deviation.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

In the elastohydrodynamic model, the wet energy loss is
mainly characterized by viscous forces (neglecting, e.g., the
capillary forces). With this assumption, the energy loss can
be characterized by the Stokes number (ratio of particle iner-
tia and liquid viscosity). As such, this model is applicable to
study the wet particle collision at low liquid Reynolds num-
bers Re; < 1 and a low instantaneous distance between the
nose of the undeformed particle and substrate. It essentially
indicates that this model can be applied either at high vis-
cous forces or low particle inertia forces. So at a high liquid
Reynolds number, the total energy dissipated in the liquid
layer due to viscous damping may not be pronounced. In
addition, no particle rebound was observed at St < St. due to
a significant loss in the particle kinetic energy in the liquid

1.0
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0.6 .
—
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DE 0.4 1 4
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0.2 i pi il
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1 2 3 4
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St [--]

Figure 12. Comparison of the correlation results with:
experiments by Ref. 20, our experiments,
and an elastohydrodynamic model pro-
posed by Ref. 9.

(Red, blue, green, and light green: experimental data
from Ref. 20; pink and black: our experiments.) [Color

figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Figure 13. Comparison of the modified elastohydrody-
namic model (with e, =0.75-0.966 and
St .. =45-2278) results with our experi-
ments performed by impacting glass
(dp, =2.5 mm) particle on a glass plate cov-
ered with water (5, = 1000 um).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

(viscous dissipation). An evaluation of the model predicts that
the critical Stokes number increases with the elasticity param-
eter and for a constant Stokes numbers, the wet restitution
coefficient decreases with increase in Sz.. However, the wet
restitution coefficient depends stronger on the Stokes number
than on the elasticity parameter (or critical Stokes numbers).
The limiting value of St., below which the particle will not
rebound was evaluated either empirically through experiments
or theoretically by smooth surfaces (for both particle and
plate) and considering physical properties of both the liquid
and the particles. But in reality, the colliding particles often
possess microscopic roughness. Furthermore, for a given lig-
uid at a constant liquid layer thickness, the particle rebound is
not necessarily reduced by factor ey, but instead by a lower
value e, (a saturated value of wet restitution coefficient at a
high Stokes numbers). For all datasets (shown in Figure 12)
at lower Stokes numbers, ey, increases rapidly and remains
constant at high Stokes numbers. The modified expression for
the wet restitution coefficient becomes

Ste. oo
wet =€oo | 1= —2— | St c,00
Cwet=€ < St )S > St (30)

Reference 20 reported that the e, initially increases and
after reaching a maximum value start decreasing with parti-
cle diameter and Ref. 23 reported that e., decrease with lig-
uid layer thickness. Therefore, the model proposed by Ref. 9
can be modified for higher liquid Reynolds number by esti-
mating saturated critical Stokes number (S7. ,) and saturated
wet restitution coefficient. Figure 13 illustrates the compari-
son of the experimental with modified elastohydrodynamic
model, indicate e., =0.75-0.976 with saturated critical
Stokes number, St ., =47-2278. However, this approach is
not very practical since the values of e., and St. ., are not
unique.

Energy analysis

The efficacy of the developed energy approach can be
analyzed by comparing the results with experiments as

DOI 10.1002/aic 771


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

10 T T ¥ T o T ¥ T

< energy

0.8+ 1.

]
‘I

= 0.6 .

y analysis
»

e
'S
1
n
1

=10%

wet, energ’

€

S
[S+]
1
1

= Gollwitzer et al (2012)
4 Own experiments (2014)

o
o

. - ; . .
0.2 0.4 0.6 0.8 1.0

o
o

ewel. experiment [“]

(b)

Figure 14. Comparison of the energy analysis results
with experiments (a) along with parity plot
(b), with average relative error equal to
0.152; solid and dotted lines indicate =20
and +10% deviation. [Color figure can be
viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

shown in Figure 14. It is found that the energy analysis
shows a similar agreement as compared to the empirical cor-
relation, despite the fact that no explicit fitting parameters
were used in the analysis. It is noted that, the proposed
energy approach can be used for particles possessing a small
microscopic roughness, which was not considered in the
elastohydrodynamic model and the correlation proposed ear-
lier in this work. Initially, the comparison of the results were
carried by assuming a particle roughness of 5 um. As the
particle roughness decrease, ey, also decreases. So the accu-
rate evaluation of the wet restitution coefficient for the par-
ticles with microscopic imperfections can also be accounted
for in the energy analysis.

Conclusions

Dynamics of the gas-solid contactors with liquid injec-
tion highly depend on the viscous energy dissipation rate
during effective particle interactions and are expressed in
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terms of a wet restitution coefficient (ey.). In this study,
two approaches were used to develop an expression for
ewer: through dimensional analysis and through an energy
analysis. The correlation resulting from the dimensional
analysis was developed using the Buckingham 7 theorem
and regression analysis, by identifying the dominant physi-
cal properties of the solid and liquid, for 252 data points.
The dominant physical properties of solid and liquid, parti-
cle impact velocity, and liquid layer thickness were
grouped into well-known dimensionless numbers viz. Reyn-
olds, Weber, and Stokes. Additionally, a more rigorous
approach, for example, an energy analysis was taken by
calculating the particle kinetic energy during five distinct
phases observed during the impact, that is, dipping, solid
contact, undipping, formation, and breakage of the liquid
bridge and added mass. The efficacy of the developed
approaches were analyzed by comparing the results with
elastohydrodynamic model® and experiments, performed by
impacting a spherical particle on a stationary glass plate
covered with a thin liquid layer of water and glycerol solu-
tion. It was found that the dimensional and energy analysis
can comparatively well describe the experimental data as
compared with the elastohydrodynamic model. Thus, the
proposed approaches can be used as an input expressions in
particle-based modelling approaches involving liquid injec-
tion such as CFD-DEM, in which the particle collision
behavior strongly depends on the accuracy of the wet resti-
tution coefficient. Additionally, a modified elastohydrody-
namic model was used to determine the ey, by calculating
the saturated wet restitution coefficient and critical Stokes
number.
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Notation
Roman symbols

Ca = capillary number

D = depth of the plate, cm

d, = particle diameter, m

E, = total energy after impact, J

Ey, = total energy before impact, J
ewer = Wet restitution coefficient
eqry = dry restitution coefficient

e, = saturated restitution coefficient
H = height of the plate, cm
my, = particle mass, kg
Meap = mass of spherical cap, kg
Re; = liquid Reynolds number
St = Stokes number
St. = critical Stokes number
St. ~ = saturated critical Stokes number
t = time, ms
vp = volume of liquid bridge, m?
Vp,o = particle impact velocity, m/s
Vp.a = particle velocity after impact, m/s
Vpp = particle velocity before impact, m/s

width of the plate, cm
We, = Weber number
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Y. = effective Young’s modulus, N/m

Y = Young’s modulus, N/m

Greek symbols

0; = impact angle, °

pp = density of the particle, kg/m?

p1 = density of the liquid, kg/m’

o, = liquid layer thickness, m
Opr = liquid bridge breaking distance, m
1y = viscosity of the liquid, yum

71 = surface tension of the liquid, N/m

AE,,, = dimensionless energy loss
AE o5 = energy loss, J

n = dimensionless group
¢ = elasticity parameter

v = Poisson’s ratio

Abbreviations and subscripts

CFD = computational fluid dynamics
DEM = discrete element model
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