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We propose to study the dynamics of colloidal binder interactions with three-dimensional powder bed for 3DP process. The
main research goals of this proposal are to (a) create a novel multiphysics model that enables the prediction of colloidal droplet
interactions with complex porous structures; (b) advance the understanding of the colloidal droplet spreading, droplet sorption,
and particle deposition in a porous substructure.

The research endeavor has focused on theoretical and experimental study of a ferrofluid droplet impact on and sorption into a
porous powder bed. The research activities are summarized as follows:

(1) We developed a numerical tool based on the meshless SPH method for droplet impact on and sorption into a powder bed
considering free surface flow above the powder bed surface, infiltration of the liquid in the porous matrix, and the interfacial
forces on the free moving surface. The model has been used to study the effect of impact velocity, permeability of the powder
bed, and droplet viscosity on the lateral spreading diameter and penetration depth.

(2) A model for the transport and deposition of nanoparticles in the porous matrix during droplet sorption was developed to
study the distribution of nanoparticles. We developed a particle trajectory model that considers nanoparticle interaction with the
porous matrix for various operational conditions including porosity, surface potential, and local fluid velocity. The trajectories of
the particles and their interactions with a surface are predicted by the forces acting on the particle including Brownian motion,
London-van der Waals attraction, electrostatic double layer force, buoyancy force, lift and viscous forces.

(3) The trajectory model was integrated with the meshless droplet impact model to enable a multi-scale simulation of the
convection, diffusion, and deposition of the ferrofluid in the powder bed. The multi-scale modeling enables one to determine the
particle concentration distribution in the powder bed after droplet sorption.

(4) An experimental study was conducted to investigate the distribution of ferrofluid in the porous structure after the droplet was
absorbed using microCT scans. The powder bed consists of PMMA microparticles with particle diameters in the range of 53 -
63 um and 125-135 pym. MicroCT scans were used to reveal the shapes of the liquid distribution after single-droplet and multi-
droplet sorption in the different powder beds.

Summary of Research Findings:

(1) Through the numerical study of a droplet impact on and sorption into the powder bed, we have identified several
parameters that affect the lateral spreading and penetration of the liquid in the powder bed. These parameters are the
permeability of the powder bed, impact velocity, and the viscosity of the liquid.

Theoretically, a high permeability facilitates the liquid transport in all the directions in the powder. In the study of droplet sorption
in the powder bed, it is found that a greater permeability causes a smaller spreading diameter and a larger penetration depth,
as shown in Figure 1. It also takes less time for the droplet to be absorbed.

Our simulation results also reveal that a high speed droplet impacting the porous medium will experience a larger lateral
spreading (Figure 2).

Fluid viscosity resists the droplet spreading above the surface and sorption in the powder bed. Our simulation shows the fluid
viscosity affects the sorption to a larger extent than the spreading. As a result, higher viscosity fluids encounter more spreading
and less sorption (Figure 3)

(2) The study of the trajectories of nanoparticles near a solid sphere reveals that the rate of particle deposition on the solid
matrix decreases with a larger nanoparticle size, a higher local velocity, a larger porosity, and a larger repulsive surface
potential. The simulation results are shown in Figures 4-5 in Appendix.

(3) The multiscale study of colloidal droplet sorption in the porous powder bed shows that the nanoparticle distribution in not
uniform. Due to nanoparticle deposition on the surface of the powder surfaces, most nanoparticles concentrate near the top
surface of the powder bed as shown in Figure 6.

(4) MicroCT images of the powder beds after single/multiple-droplet sorption clearly reveal the distributions of the ferrofluid in
the porous matrix. As ferrofluid does not wet the PMMS material well, the capillary force at the flow front opposes the infiltration
of the liquid in the powder bed. As a result, the distributions of the ferrofluid in the powder bed are observed to be quasi-steady
state. This feature allows the usage of microCT to study ferrofluid distribution after droplet sorption. In the microCT image of the
powder after the sorption of a droplet, there exists a sharp contrast in grayscale values between the regions filled with the liquid
and the air, which clearly indicates the liquid front. The resultant distributions of ferrofluid can be used for model verification in
the future.

All the droplets were fully absorbed and the fluid distributions in the powder resemble the shape of a truncated sphere. Despite
the different powder particle size (53-63 ym and 125 — 135 ym) of the powder bed, the shapes of the liquid distribution in the
powder after single-droplet sorption are close to each other (Figures 9-10, 12), with a slightly wider droplet profile for the 53-63
pm particle powder bed. The three-droplet sorption in the powder bed of particles with their sizes in the range of 53-63 um
generates a larger volume of similar shape.

Based on our previous study of microCT imaging of nanofluid distribution after injection in tissue, the gray scale value of the
microCT image can be translated to local density. In the three images, the highest grayscale values are observed at the
boundary of the liquid. This might be the result of compaction of the powder particles under the drag and capillary force at the
flow front. Another explanation may be due to the artifact of the microCT imaging algorithm at the boundary. The cause of the
high grayscale value at the boundary will be investigated in the future.

(5) Comparison of numerical simulation with microCT images

The simulation results of liquid distribution in the powder bed (Figure 6) show a wider lateral spreading than the microCT



images (Figures 9-11). The difference can be attributed to the displacement of the surface powder that was observed during the
droplet impact process. The surface powder displacement forms a crater on the surface that limits the lateral spreading of the
droplet. The change in the surface topography, which was not considered in this study, will be considered in future study.

Appendix 1 Figures
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Computational Study of Colloidal Droplet Interactions with Three Dimensional Structures

We propose to study the dynamics of colloidal binder interactions with three-dimensional
powder bed for 3DP process. The main research goals of this proposal are to (a) create a novel
multiphysics model that enables the prediction of colloidal droplet interactions with complex
porous structures; (b) advance the understanding of the colloidal droplet spreading, droplet

sorption, and particle deposition in a porous substructure.

Summary of Research Activities:

The research endeavor has focused on theoretical and experimental study of a ferrofluid droplet
impact on and sorption into a porous powder bed. The research activities are summarized as

follows:

(1)  We developed a numerical tool based on the meshless SPH method for droplet impact on
and sorption into a powder bed considering free surface flow above the powder bed surface,
infiltration of the liquid in the porous matrix, and the interfacial forces on the free moving
surface. The model has been used to study the effect of impact velocity, permeability of the
powder bed, and droplet viscosity on the lateral spreading diameter and penetration depth.

2 A model for the transport and deposition of nanoparticles in the porous matrix during
droplet sorption was developed to study the distribution of nanoparticles. We developed a
particle trajectory model that considers nanoparticle interaction with the porous matrix for
various operational conditions including porosity, surface potential, and local fluid velocity. The
trajectories of the particles and their interactions with a surface are predicted by the forces acting
on the particle including Brownian motion, London-van der Waals attraction, electrostatic

double layer force, buoyancy force, lift and viscous forces.

3) The trajectory model was integrated with the meshless droplet impact model to enable a
multi-scale simulation of the convection, diffusion, and deposition of the ferrofluid in the powder
bed. The multi-scale modeling enables one to determine the particle concentration distribution in

the powder bed after droplet sorption.

4) An experimental study was conducted to investigate the distribution of ferrofluid in the

porous structure after the droplet was absorbed using microCT scans. The powder bed consists of



PMMA microparticles with particle diameters in the range of 53 - 63 um and 125-135 pm.
MicroCT scans were used to reveal the shapes of the liquid distribution after single-droplet and

multi-droplet sorption in the different powder beds.

Summary of Research Findings:

1) Through the numerical study of a droplet impact on and sorption into the powder bed, we
have identified several parameters that affect the lateral spreading and penetration of the liquid in
the powder bed. These parameters are the permeability of the powder bed, impact velocity, and

the viscosity of the liquid.

Theoretically, a high permeability facilitates the liquid transport in all the directions in the
powder. In the study of droplet sorption in the powder bed, it is found that a greater permeability
causes a smaller spreading diameter and a larger penetration depth, as shown in Figure 1. It also

takes less time for the droplet to be absorbed.

Our simulation results also reveal that a high speed droplet impacting the porous medium will
experience a larger lateral spreading (Figure 2).

Fluid viscosity resists the droplet spreading above the surface and sorption in the powder bed.
Our simulation shows the fluid viscosity affects the sorption to a larger extent than the spreading.

As a result, higher viscosity fluids encounter more spreading and less sorption (Figure 3)

(2)  The study of the trajectories of nanoparticles near a solid sphere reveals that the rate of
particle deposition on the solid matrix decreases with a larger nanoparticle size, a higher local
velocity, a larger porosity, and a larger repulsive surface potential. The simulation results are
shown in Figures 4-5 in Appendix.

3) The multiscale study of colloidal droplet sorption in the porous powder bed shows that
the nanoparticle distribution in not uniform. Due to nanoparticle deposition on the surface of the
powder surfaces, most nanoparticles concentrate near the top surface of the powder bed as shown
in Figure 6.

4) MicroCT images of the powder beds after single/multiple-droplet sorption clearly reveal

the distributions of the ferrofluid in the porous matrix. As ferrofluid does not wet the PMMS



material well, the capillary force at the flow front opposes the infiltration of the liquid in the
powder bed. As a result, the distributions of the ferrofluid in the powder bed are observed to be
quasi-steady state. This feature allows the usage of microCT to study ferrofluid distribution after
droplet sorption. In the microCT image of the powder after the sorption of a droplet, there exists
a sharp contrast in grayscale values between the regions filled with the liquid and the air, which
clearly indicates the liquid front. The resultant distributions of ferrofluid can be used for model
verification in the future.

All the droplets were fully absorbed and the fluid distributions in the powder resemble
the shape of a truncated sphere. Despite the different powder particle size (53-63 um and 125 —
135 pum) of the powder bed, the shapes of the liquid distribution in the powder after single-
droplet sorption are close to each other (Figures 9-10, 12), with a slightly wider droplet profile
for the 53-63 um particle powder bed. The three-droplet sorption in the powder bed of particles
with their sizes in the range of 53-63 pum generates a larger volume of similar shape.

Based on our previous study of microCT imaging of nanofluid distribution after injection
in tissue, the gray scale value of the microCT image can be translated to local density. In the
three images, the highest grayscale values are observed at the boundary of the liquid. This might
be the result of compaction of the powder particles under the drag and capillary force at the flow
front. Another explanation may be due to the artifact of the microCT imaging algorithm at the
boundary. The cause of the high grayscale value at the boundary will be investigated in the
future.

(5) Comparison of numerical simulation with microCT images
The simulation results of liquid distribution in the powder bed (Figure 6) show a wider
lateral spreading than the microCT images (Figures 9-11). The difference can be attributed to the
displacement of the surface powder that was observed during the droplet impact process. The
surface powder displacement forms a crater on the surface that limits the lateral spreading of the
droplet. The change in the surface topography, which was not considered in this study, will be

considered in future study.
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Figure 1 Droplet spreading diameter vs. time at different permeabilities (e = 0.35, Ujmp = 16cm/s)
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x 10 Colloidal Concentration at complete sorption, SPH Model
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Figure 8 A sideview of MicroCT scan of powder bed after three droplets are absorbed.
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