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Liquid droplet sorption in dry porousmedia is an important process for a wide range of scientific and engineering
applications. However, visualizing droplet sorption is difficult due to the opacity of the porousmedia used inmost
of the applications. In this study, micro-CT technology is used to characterize the sorption profiles of nanofluid
droplets in PMMA powder beds. Scan results reveal that the region of the powder bed wetted by the nanofluid
has substantially higher pixel index values than the dry powder, thus enabling visualization of the sorption profile.
The wetted regions themselves consistently have semi-spheroid shapes with craters on the top surface. The cra-
ters may be induced by powder repacking rather than droplet inertia ejecting well-settled powder particles. The
sorption of multiple droplets maintains the features of a single droplet granule but increases the lateral spreading
more than the penetration in the vertical direction. The inhomogeneous distribution of the pixel index value sug-
gests accumulation of thenanofluidnear thewetting front due to inhomogeneous porosity in thewetted region of
thepowderbed. It is considered that droplet sorption and capillary forcemay cause thepowderparticles to repack
to generate a low porosity in the center of the wetted region. Nanoparticle distribution in the powder bed after
complete evaporation of the nanofluidwas also visualized. In conclusion, nanoparticle-enhancedmicro-CT imag-
ing has demonstrated the feasibility to visualize three-dimensional sorption profiles of a fluid in dry porous
powder beds and thus provided an efficient means to study the sorption process in an opaque porous medium.
We also envision that micro-CT can be utilized to characterize nanoparticle distribution in porous media in
applications where nanomaterials are introduced for additional functionality of the final products.

© 2016 Published by Elsevier B.V.
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1. Introduction

Liquid droplet sorption in dry porousmedia is an important physical
process in a number of applications, including inkjet printing [1–3], oil
and gas production [4], and pharmaceutical production [5,6]. More re-
cently, it has received growing attention in 3D powder bed printing, a
process that utilizes ink-jet printing technology to create 3D printed
parts from layers of powder [7–9]. In this process, droplet sorption be-
havior plays an important role in determining a number of characteris-
tics of the 3D–printed part [8] such as feature resolution and surface
texture [7–9].

The droplet spreading and sorption behavior in a dry porous medi-
um, represented by sorption time, spread diameter and penetration
depth, is affected by a wide range of process parameters, including the
droplet impact speed, liquid viscosity, powder bed characteristics, wet-
tability of the liquid on the porous medium, and interactions between
the droplets in the case of multiple droplet impingement [7]. A
prominent focus of previous studies has been the dynamics of a
droplet impacting the surface of a porous medium [2,6,10–16]. These
investigations generally record the evolution of the droplet profile
using high speed photography, specifically examining the evolution of
spread diameter, the height, and the contact angle at the contact line
over time. These spreading characteristics are then used to measure
the volume loss over time from the drop above the porous medium to
the wetted region inside the porous media. For a range of Weber num-
bers from 10 to 2000 [17], the droplet experiences spreading, retraction
and sorption. Splashing and formation of craters are observed for high
impact velocities [12,17,18]. Emady et al. [19,20] studied the interaction
between drop deformation and powder particle granulation and identi-
fied three different granule formation mechanisms: tunneling, spread-
ing, and crater formation, as well as the associated process conditions.

The sorption of a droplet in porous media is mainly driven by
the capillary force and resisted by viscous dissipation [1,15,21]. The
capillary force on a wetting front, expressed by the capillary pressure,
is evaluated theoretically as:

pc ¼
2σ cosθ

rp
ð1Þ

where σ is the surface tension, and θ is the contact angle. In Eq. (1), rp=
2ε/[(1−ε)s0ρs] is the effective radius of the pores in the bed, where ε is
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Table 1
Properties and parameters.

Properties and parameters Values

Ferrofluid density (kg/m3) 1290
Ferrofluid viscosity (mPa·s) 1–5
Ferrofluid surface tension (N/m) 0.051
Nominal nanoparticle size (nm) 10
Nanoparticle density (kg/m3) 5240
PMMA powder particle size (μm) 125–135
PMMA particle density (kg/m3) 1200
Contact angle of water on PMMA 68° [39]
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the porosity, s0 is the particle specific surface area, and ρs is the packing
density of the pores [12]. Sorption is dependent on the droplet spread-
ing above the surface, the surface tension and viscosity of the liquid,
the porosity and permeability of the substrate, and the wettability of
the liquid on the solid structure. A number of studies have used sorption
time and maximum spreading diameter to characterize the sorption
process [5–7,16,22,23]. Hapgood et al. [15] proposed a two-phase
model to consider the presence of macrovoids in irregular packing.
D'Onofrio et al. [24] performed both experimental and numerical stud-
ies to investigate the spreading of liquid inmediumgrain-size sand after
sorption is completed.

Despite extensive studies of droplet impact on dry granular powder
beds, information on the sorption profile and interaction between the
liquid and unconsolidated powder particles is limited. In particular, it
is unclear to what extent liquid infiltration in powder may lead to
repacking of the powder particles and subsequently change the porosity
of the powder bed. A major challenge in the study of droplet sorption is
the difficulty in fully characterizing the wetted region in the powder
bed. In most cases, the powder bed is opaque and, therefore, visualiza-
tion of thefinal sorption profile has been very limited [25]. Droplet sorp-
tion in porousmedia has been visualized in optically transparent porous
media [26] and in thin substrateswhere sorption is negligible in the out-
plane direction [1,27–30]. Reis et al. [31,32] used MRI to obtain the
shape of the wetted volume and studied the evaporation process. How-
ever, theMRI-imaged sorption profile is two-dimensional and informa-
tion on the possible repacking of the powder particles is not available.

In recent years, nano-sized materials have enabled important ad-
vancements in a wide range of scientific and engineering applications
[33,34]. With the rapid development of nanotechnology, the distribu-
tion of nanoparticles in porous media after sorption of nanofluid drop-
lets is of special interest due to their technical relevance, as well as
their potential risk to the ecosystem and human health [35,36]. Howev-
er, understanding of the fate of nanoparticles after sorption and evapo-
ration of the liquid in dry porous media is scarce.

In light of the limited investigation of droplet sorption behavior
using direct visualization techniques, the goal of this study is to use
available micro-computed tomography (micro-CT) technology for the
visualization of the final three-dimensional sorption profile of a
nanofluid droplet to obtain qualitative information on the repacking of
the powder particles. It would also be advantageous to get information
on the nanoparticle distribution in a dry powder bed after absorption
and evaporation of nanofluid droplets. Our hypothesis is that the liquid
in the porous media reaches quasi-steady state after the completion of
droplet sorption, and therefore, the saturated volume of the porousme-
dium can be characterized by micro-CT imaging. In this study, droplets
of a dilute ferrofluidwere dispensed onto homogeneous PMMApowder
beds with known powder size distribution. After sorption was com-
plete, these powder beds were then scanned using a micro-CT scanner.
Finally, the scandatawere post-processed, and image intensity distribu-
tions of the scanned images were analyzed to obtain information on the
shape and size of thewetted region, the change in powder porosity, and
the nanoparticle distribution.

2. Materials and methods

The particles used in the experimentwere PMMAmicrosphereswith
a reported density of 1.2 g/cm3 and a diameter range of 125–135 μm
(Cospheric, LLC, Santa Barbara, CA). The powder beds were prepared
by pouring PMMAmicrospheres into cylindrical cavities drilled into sty-
rofoam blocks. The cylindrical cavities in the styrofoam were 0.5 in. in
diameter and in depth. The blocks were 2 × 0.75 × 0.75 in. in dimen-
sions, small enough to fit on the platform of the micro-CT scanner
used. The powder beds were then tapped lightly and repeatedly to pro-
mote repacking and also to ensure a uniform and level surface. This
method was used in successive experiments to produce repeatable
packing of the powder. The powder used was newly acquired at the
time of the experiments and the experiments themselves were con-
ducted within one day of each other. This assured us that no changes
in the surface chemistry of the particles, due to exposure to the atmo-
sphere, had occurred by the time the experiments were completed.

The porosity of the powder bed was characterized bymeasuring the
mass of the powder that fills a known volume of space in a container.
Powder was poured into four test tubes to a volume of 2 mL and tapped
to settle the particles and level the surface, just as the powder bedswere
in the saturation experiments. The masses of the powder beds were
then measured. Using the density of PMMA microspheres reported by
the manufacturer, the porosity of dry powder εd is calculated as:

εd ¼ 1−
mp

ρpVm
ð2Þ

where ρp is the density of the PMMA spheres, and Vm and mp are the
measured volume and mass of the powder, respectively. The porosity
of the tapped PMMA powder beds is 0.39± 0.002 over the four powder
beds tested experimentally.

In addition to dry powder, the porosity of the powder saturatedwith
water was also characterized. Measured volumes of water (Vl) were
poured in four individual powder-filled test tubes until the powder
bedswere oversaturated. The test tubeswere then shakenwith a vortex
mixer (MiniRoto Vortexer Shaker, Fisher Scientific, Springfield, NJ) to
promote full sorption of the liquid in the powder bed. Finally, the satu-
rated powder was allowed to settle and measurements were taken of
the total volume of the powder/liquid mixture (Vt) and saturated pow-
der bed volume (Vp). The latter was determined by the liquid/powder
interface. The net volume of the solid particles can be calculated by:
Vs= Vt− Vl, and the saturated powder bed porosity εs is determined by

εs ¼ 1−Vs=Vp: ð3Þ

The saturated porosity of the powder bed was measured to be
0.30 ± 0.01 for the four tests. The properties of the PMMA powder are
summarized in Table 1. It should be noted that water was used to mea-
sure the saturated porosity rather than nanofluid because the liquid/
powder interface is invisible due to the dark color of the ferrofluid. As
the ferrofluid is water-based, we consider water as an appropriate sub-
stitute.We also assume that the presence of nanoparticles has a negligi-
ble effect on the packing of the PMMAparticles in the liquid owing to its
small size and low volumetric concentration.

The nanofluid used in this study is a commercially available
ferrofluid (Ferrotec® EMG 700 Series, 5.8 vol% nanoparticles) with its
properties given in Table 1. It is a dilute water-based ferrofluid with a
nominal particle diameter of 10 nm. Such a small particle size allows
us to assume that the nanoparticles catch upwith the local fluid velocity
instantaneously [37], and therefore, can be used as an indication of the
location of the wetting front in the dry powder bed. We also consider
that change of the fluid properties by the added particles is negligible
due to the low volume fraction of the particles. Most importantly, this
particular type of nanofluid has been used in our previous studies of im-
aging nanoparticle distribution in mouse tumors using micro-CT [38]
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Fig. 1. Experimental set-up.
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and has performed satisfactorily. Owing to these reasons, it was decided
to be the most appropriate candidate for the study.

Droplets were formed using an 18 gauge Hamilton beveled-tip nee-
dle (Fischer Scientific, Springfield, NJ) connected to a 10 cm3 syringe.
The syringewas connected to a syringe pump (Genie Plus, Kent Scientif-
ic, Inc. Torrington, CT), as shown in Fig. 1. The needle was fixed and po-
sitioned so that the needle tip is above the powder bed surface at
approximately 5 mm to limit the effects of impact on sorption [20]. As-
suming that the droplets dispensed have a spherical shape, the droplet
diameter D0 and volume V0 are determined to be 2.8 mm and 10.3 μL,
respectively, from measurement of the total volume of 30 droplets dis-
pensed at the same flow rate of the syringe pump.

Based on the droplet size andheight atwhich it is released, the drop-
let impacts with a vertical velocity ui ≈

ffiffiffiffiffiffiffiffi
2gh

p
¼ 0:21m=s , where g is

the gravitational acceleration, and h is the distance between the needle
tip and the bed surface. The main dimensionless parameters used to
characterize the impact are the Weber number (We), Bond number
(Bo), and Ohnesorge number (Oh). The Weber number, We=ρD0ui

2/σ,
where ρ is the nanofluid density and D0 is the droplet diameter, is esti-
mated to be 7. The Bond number for this study, Bo=ρgD0

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

ffiffiffiffiffiffiffiffiffiffiffiffi
ρσD0

p
, varies in the range of 0.002

to 0.01. The contact angle of water and PMMA is roughly 68o [39]. The
wetting properties of the ferrofluid on PMMA are unclear.

Two cases were tested: single droplet and triple droplet sorption in
powder beds. In the latter case, three droplets were dispensed to impact
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Fig. 2. Side views of pixel index distribution on two vertical center planes
the same location in succession. Three trials of each case were conduct-
ed. For thefirst two trials, the powder bedswith adsorbed dropletswere
scanned twenty minutes after the sorption was complete. For the final
trial of each case, scanning was performed after 24 h. To ensure consis-
tency, all the experiments were conducted in air-conditioned laborato-
ries with ambient temperature of 21–23 °C and humidity of 60–69%.

Scans were conducted using a high-resolution micro-CT imaging
system (Skyscan1172 Micro Photonics, Inc., Allentown, PA). Each scan
took about 40 min. During the process, the de-ionized water served as
a baseline for calibrating the scanning parameters. Amedium resolution
scan of 17 μm (pixel size) was selected and all samples were scanned
using the same parameters of 100 KV and 100 μA without a filter. The
images acquired through the micro-CT scan were reconstructed using
NRecon® software, which is part of the micro-CT imaging system, and
image stacks were generated with ImageJ image processing software
(developed at the National Institutes of Health). In the scanned images
and reconstructed images, the brightness is represented by pixel index
numbers between 0 and 255. A typical micro-CT scan of a powder bed
may result in a total of 1200 individual images, with each image having
a resolution of 1000× 524. These imageswere used to generate a single
file that gives the pixel index values in the form of a 3-D matrix using
the software SAS 9.4 (SAS Institute Inc., Cary, NC). The resulting pixel
index value distributions were plotted with MATLAB R2014a
(Mathworks, Natick, MA). The data post-processing was aided by the
use of the iso2mesh MATLAB toolbox [40], a set of functions used for
processing and analysis of grayscale data and images from MRI and CT
scanners.

3. Results

3.1. Nanofluid sorption profile in a powder bed after single droplet sorption

A nanofluid sorption profile after single droplet sorption was ob-
served from the scanned images of all the samples. Fig. 2 provides the
side views of the pixel index value distribution on two vertical center
planes of the powder bed for the first trial of the single droplet sorption
case.

These perpendicular planes were randomly selected. The dry PMMA
powder is shown with a pixel index value below 50, while the region
wetted by the nanofluid displays a higher value. This is because the
iron-based nanoparticles have a significantly higher density (5240 kg/
m3) than the PMMA powder. The boundary of the sorption region is
marked by elevated pixel index values, with the highest close to 200.
The sorption profiles on both planes exhibit a nearly semi-spheroid
shape with a similar maximum spread width. A crater can be observed
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perpendicular to each other. These two planes are chosen randomly.
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on the top of the sorption profile. Shown in Fig. 3 are the pixel index
value distributions on the horizontal planes that are 2.5, 1.5 and
0.5 mm beneath the powder bed surface (marked in Fig. 2a) for trial 1
with a single droplet.

Consistent with the observation on the vertical planes, the areawet-
ted by nanofluid has a nearly circular shape that stems from isotropic
droplet spreading on the powder bed. The plane located 1.5 mm be-
neath the surface has the maximum spread diameter. Using a cutoff
pixel index value of 50, the three-dimensional shape of the sorption
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Fig. 3. Pixel index distributions on horizontal planes that are (a) 2.5 mm (b) 1.5 mm and
(c) 0.5 mm beneath the top surface, respectively, as marked in Fig. 2a for trial 1 of single
droplet sorption.
profile for the first single droplet trial is given in Fig. 4(a). The sorption
profiles for trial 2 and 3 show similar patterns for the pixel index value
distribution.
3.2. Nanofluid distribution in a powder bed after triple droplet sorption

The patterns of pixel index value distributions for the triple droplet
are also obtained from the scanned images. Shown in Fig. 5(a) and (b)
are the distributions of pixel index values on two vertical center planes
perpendicular to each other for trial one of the triple droplet sorption
case.

Corresponding pixel index distributions on horizontal planes 2.8, 1.8
and 0.8 mm beneath the surface are presented in Fig. 6.

Consistentwith the single droplet sorption, the boundary of thewet-
ted region is marked by elevated pixel index values. The three-dimen-
sional shape of the sorption profile is presented in Fig. 4(b) using a
cutoff pixel index value of 50. Like the single-droplet case displayed in
Fig. 3, the triple-droplet case also exhibits a nearly circular spreading
pattern on the horizontal planes, and a semi-circular shape when
viewed from the side. A crater is observed on the top surface where
the droplet impacts. The scanned images for trials 2 and 3 have similar
distribution patterns.
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Fig. 4. Isosurface with triangular mesh of wetted region using a cutoff value of 50 for (a)
single droplet case, trial 1, and (b) triple droplet case, trial 1.
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Fig. 5. Side views of pixel index distributions on two vertical center planes perpendicular
to each other. These two planes are chosen randomly.
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Fig. 6. Pixel index distributions on horizontal planes that are (a) 2.8 mm (a), (b) 1.8 mm
and (c) 0.8 mm beneath the top surface, respectively for trial 1 of triple droplet sorption.
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3.3. Nanofluid distribution in a powder bed scanned 24 h after sorption

In the third trials of both cases, the powder beds were scanned 24 h
after droplet sorption. Under the humidity and temperature of laborato-
ry conditions, a single droplet deposited on a surface evaporates
completely after 4 h. It is thus, reasonable to assume complete evapora-
tion of nanofluid in the powder bed after being exposed to an open en-
vironment for 24 h. Displayed in Figs. 7 and 8 are the discrete index
values along two perpendicular lines on the horizontal plane of the
maximum diameter (Figs. 3b and 5b) for the single and triple sorption,
respectively. Presented in the same plot are the averaged pixel index
distributions in the radial direction along these two lines. All pixel
index value distributions, regardless of the number of droplets absorbed
and the lag time before scanning, exhibit the same pattern in the radial
direction. Within a large region near the center, the average pixel index
value is between 90 and 100. Then they reach a peak value at the bound-
ary. For the triple droplet case, the highest pixel value near the edge is
between 200 and 250, while the peak value for the single droplet case
is between 160 and 180. The evaporation of the nanofluid in the powder
does not appear to cause obvious changes in the pattern of pixel index
distributions; however, the widths of the sorption regions after evapo-
ration are smaller. A schematic diagram of the sorption profile on the
vertical center plane is shown in Fig. 9 to illustrate the typical features
of the wetted region and important geometric parameters.

Based on the acquired data, important geometric dimensions, such
as the volume of the wetted region, maximum diameter and penetra-
tion depth, aspect ratio, and crater diameter and depth, are also
determined and given in Table 2. Assuming the wetted region with a
volume of Vw to be saturated with nanofluid, the average porosities of
the wetted region can then be calculated as Vd/Vw, where Vd is the vol-
ume of the dispensed nanofluid. Based on a single droplet volume of
10.3 μL and the cutoff pixel index value of 50, the porosities in the wet-
ted region are 0.28–0.30 for the samples scanned 20 min after droplet
sorption, as listed in Table 2. The estimated porosities are close to the
measured powder porosity when saturated with water.

As expected, the triple droplet case shows a larger saturation vol-
ume, which is evidenced by a greater maximum diameter and sorption
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Fig. 9. Important parameters of wetted region.
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depth. Triple droplet sorption also yields a large crater diameter and
depth. While the single droplet case has a spreading-to-sorption ratio
of 4:3, the same ratio for the triple droplet case is 3:2. This suggests
that upon the subsequent sorption of the second and third droplets,
spreading is facilitated by pre-wetting. The sorption time for a single
droplet was shorter than the time between droplet dispensations,
meaning multiple droplets interacted above the porous medium sur-
face. Comparison of the crater diameters also supports the idea of
above-surface droplet spreading. While the average single droplet cra-
ter diameter is 2.6 mm, the average triple droplet crater diameter is
4.3 mm, with a variation of 12%. This increase suggests that lateral
spreading inside the porous medium is assisted by the interactions of
the droplets above the porous medium, in addition to the pre-wetting
of the powder bed by the first droplet. The nanofluid sorption regions
of the samples scanned after evaporation show smaller volumes, spread
diameters, sorption depths, and lower aspect ratios.
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4. Discussion

Droplet sorption profiles in dry PMMA powder beds are imaged
using micro-CT with enhancing agents of iron-based nanoparticles
with their density substantially higher than that of water and the
PMMA particles. The pixel index values can be considered as an indica-
tor of nanoparticle distribution as they reflect the local density of the
scanned medium [38]. A very important issue for nanofluid infiltration
in the porous media is the possible deposition of the particles on the
solid structure along their path due to strong surface forces such as
the van der Waals force and electrostatic force. However, nanoparticle
deposition is not obvious in this study because the highest pixel index
value is observed on the wetting boundary rather than the region near
the top surface. The absence of nanoparticle deposition can be explained
by the surfactant coating on the particles that yields a negative charge to
prevent particle agglomeration. As PMMA particles also possess a nega-
tive charge in the aqueous solution, the repulsive force tends to block
the particle attachment to the solid structure.

With negligible nanoparticle deposition on the solid structure, the
nanofluid concentration in the pores of the powder bed can be consid-
ered constant. Thus, the only explanation for the varying pixel index
values observed in a wetted region is the non-uniform porosity after
droplet sorption. Thereby, the pixel index values can be considered as
0 1 2 3 4 5
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Table 2
Geometric parameters and properties of wetted regions.

Droplet, trial
Wetted volume,
Vw (μL)

Estimated granule
porosity, ε

Maximum diameter, D
(mm)

Sorption depth, H
(mm)

Aspect ratio
(D/H)

Crater diameter
(mm)

Crater depth
(mm)

Single, trial 1 34.0 0.30 4.5 3.3 1.36 2.6 0.71
Single, trial 2 36.2 0.29 4.6 3.5 1.31 2.6 0.71
Single, trial 3 25.2 N/A 4.0 3.2 1.25 2.1 0.83
Triple, trial 1 109.3 0.28 6.7 4.5 1.49 4.5 0.71
Triple, trial 2 105.1 0.29 6.8 4.5 1.51 4.0 0.83
Triple, trial 3 71.3 N/A 6.0 4.1 1.46 4.0 0.83

(a)                                       (b) 

(c) 

Fig. 10. Impact (a), spreading (b), and sorption process (c). Fc, Fb, and Fd are the capillary
force, buoyancy force, gravitational force, and drag force, respectively.

238 T. Munuhe et al. / Powder Technology 305 (2017) 232–240
an indicator of local porosity of the powder bed. The distributions of the
pixel index value on both vertical and horizontal planes show a more
compact core of a semi-spheroid surrounded by a more porous layer
of powder filled with nanofluid.

Another explanation for the high pixel index value on the outer sur-
face of the wetted region is the accumulation of nanoparticles on the
surface of the droplet due to capillary force. The nanoparticles used in
this study are hydrophilic. If significant amounts of nanoparticles as-
semble on the surface of the droplet, then the top surface of the crater
should bemarkedwith pixel index values equivalent to those at the pe-
ripheral surface of the wetted region. However, in all scans of single
droplet sorption, the peripheral surface shows much higher pixel
index values than the top layer. Thereby, we consider that nanoparticle
accumulation on the droplet surface is not the leading cause of the ob-
served pattern of pixel index value distribution. Future study should
be conducted to examine the effect of nanoparticle accumulation on
the droplet surface.

The formation of craters on powder surfaces has been discussed ex-
tensively for the case of high impact velocity droplets on loose powder
beds consisting of larger-sized powder particles [12,19]. Loose powder
particles can be displaced by the high inertia of the liquid to form a cra-
ter. For an impact with a lowWeber number, only a very shallow crater
is observed by Marston et al. [12]. In our study, the Weber number is
small, and no obvious powder displacementwas observed during drop-
let impact and spreading. We speculate that the crater formation and
heterogeneous porosity might be explained by the loose packing of
the top layer PMMAparticles and repacking of the PMMAparticles driv-
en by capillary forces.

First, the powder particles near the top surfacemight be compressed
to form a shallow crater during the nanofluid sorption due to a possible
looser packing of the powder particles in the top layers than average, as
illustrated in Fig. 10 (a) and (b). Another important driving force to
form the crater is the capillary force at the liquid-air interface. As the
ferrofluid partially wets PMMA, the meniscus exerts an inward pulling
force on the powder particles that tends to compress the particles, as il-
lustrated in Fig. 10(c). Near the top surface, the compression is facilitat-
ed by drag and gravity, leading to a more compact powder and lower
local porosity. However, near the wetting front inside the powder bed,
the inward capillary force is counteracted by the outward advancement
of the liquid, and the repacking of the powder particles is less profound
as illustrated in Fig. 10(c). The medium with larger pore size near the
wetting front allows more nanofluid to accumulate than the center re-
gion and gives rise to sharply elevated pixel index values near the wet-
ting boundary as shown in the imaged sorption profiles. The abrupt
increase of the porosity near the wetting front also explains the final
steady state of the sorption in the powder. When a liquid advances
into the powder by flowing down successively through pores, only
pores with increasing diameters can cause the fluid velocity to slow or
cease to advance due to the reduced meniscus curvature of the liquid.
To summarize, the repacking of the powder particles is supported by
the following observations in the experiment: elevated pixel index
values near the wetting front inside the powder bed, the porosity of
the wetted region close to the saturated porosity, and the steady state
final sorption profiles in the PMMA powder that is partially wetted by
this particular ferrofluid.
The sorption profiles of the triple droplet case not only show a larger
liquid sorption region, but also a greater aspect ratio of the spreading di-
ameter to sorption depth, and a different porosity distribution. The larg-
er aspect ratio can be attributed to the wider spreading of the second
and third droplet after the powder bed absorbs the precedent droplet.
Also, a compact packing of the particles occurs some distance below
the top surface. We consider this as the result of complicated interac-
tions between the liquid and powder particles during the sorption of
the subsequent droplets. Future study is needed to understand themul-
tiple-droplet sorption process.

Nanoparticle distribution in the powder bed after complete evapora-
tion of the droplet is of interest due to its technical relevance to 3D
inkjet printing technology using nanofluid binder [33]. We observed a
similar pattern of nanoparticle distributions after evaporation as those
in the wet powder, but with smaller volumes. This can be explained
by two important mechanisms involved in the evaporation of liquid in
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dry porous media. The first stage of liquid evaporation in porous media
is characterized by interface recession due to constant evaporation of
the liquid at the wetting front. At a certain point, percolation of air
into the saturated region occurs, leading air fingers into the sorption re-
gion until evaporation is complete. The observed smaller spreading di-
ameter of nanoparticles suggests that nanoparticles recede with the
wetting front during the early stage of evaporation until the evaporation
is dominated by percolation. In addition to the recession of the wetting
front, the nanoparticle distribution is not modified by the evaporation
process. The receding distance of the wetting front is submillimeter.

The homogeneity of dry powder is an important issue in the study of
droplet sorption in a powder bed. Per themanufacturer's specifications,
the PMMA particle sizes follow a Gaussian distribution, with 90% of the
particles having a diameter in the range of 125 μm and 135 μm. With
regards to the homogeneity of a powder bed, research has been con-
ducted examining the porosity distribution in powder beds [41–44]
and has found that significant variation in the porosity is found within
three to five sphere diameters from the boundary [42–44] but that
there is much less variation beyond this distance. For a powder domain
relatively large compared to the powder particles themselves, a single
porosity measurement is still commonly used [8,9,45,46]. In this exper-
iment, the powder beds were cylinders with diameters of 1.3 cm. The
droplets absorbed at the center of the powder bed had diameters of
about 2.8 mm. The maximum spreading diameters of the granules in
the study were 4.6 mm for single droplet and 6.8 mm for triple droplet,
which are almost two orders ofmagnitude greater than the powder par-
ticles. In addition, the largest droplets spreadingdiameter of 6.8mmstill
gives more than 1 mm on all sides, or 7–8 particle diameters between
the wetting front and the wall. Based on these conditions, we consider
it reasonable to use one value to characterize the powder bed porosity
before droplet sorption.

However, as suggested by previous study, the top layers of the pow-
der, i.e., within 3–5 sphere diameters (which is less than 1mm in thick-
ness)may have a looser packing than the average even after the powder
bed was tapped repeatedly to achieve a compact packing. The looser
packing of the top layer may contribute to the formation and unsym-
metrical shapes of the craters on the top surface. In addition, there is
the possibility of macrovoids appearing in the powder bed which
could affect the local porosity and, therefore, sorption behavior [15,
47]. It is assumed that these macrovoids are not numerous because
the particular PMMA particles were observed to have good flowability,
and the powder beds were tapped, and not simply loosely packed. Last-
ly, the resulting sorption profiles inside the powder as shown in Figs. 2–
6, are fairly consistent in size and shape. The pixel index value distribu-
tions on the horizontal planes at different distances from the top surface
exhibit nearly homogeneous spreading. Therefore, we consider that the
inhomogeneity of the powder bed and the presence of macrovoids have
an insignificant effect on the sorption inside the powder bed.

One limitation of the study of repacking in the powder bed using
micro-CT imaging is the uncertainty of the level of saturation in thewet-
ted region. Although the calculated average porosity of the nanofluid-
absorbed regions is equivalent to saturated PMMA powder in water,
the uncertainty associated with the evaluation of the average porosity
does not rule out the possibility of partial saturation in the wetted re-
gion. More research effort is needed in the future to investigate the ef-
fect of partial saturation during droplet absorption. Additionally, the
colloidal dispersion used should be fully characterized to investigate
its effects on the droplet spreading and sorption if the particles are
added solely to enhance imaging with micro-CT. The addition of dis-
persed nanoparticles to aNewtonian liquid affects the density, the effec-
tive viscosity, the surface tension of the overall mixture, and its wetting
properties. As the volumetric concentration of the particles is about 5.8
vol%, the dilute suspension can still be approximated as a Newtonian
fluid. However, the nanofluid has a higher mass density (1290 kg/m3)
than water and it is expected that nanofluid would experience a higher
gravitational force which would increase sorption. Yet the ferrofluid
also has a higher viscosity and lower surface tension than water, as
shown in Table 1. The wetting property of the ferrofluid on PMMA is
not available and its effect on capillary pressure remains unclear. In
the future, the viscosity and surface tension of the ferrofluid, as well as
its contact angle with PMMA, should be investigated experimentally
to more accurately associate the observed results to the ferrofluid
properties.

5. Conclusion

Ferrofluid droplet sorption profiles inside an opaque PMMA powder
bedwere successfully imaged usingmicro-CT technology. The presence
of the nanoparticles enhances the visualization of the sorption profiles
by increasing the density difference between the saturated and dry po-
rous media. The sorption profile itself consists of a nearly semispherical
wetting front and a crater at the top surface. Thewetted region after the
absorption of three droplets shows wider spreading due to pre-wetting
of the powder particles.

The distributions of the pixel index value suggest a larger porosity
near the wetting front and a lower one at the center. The non-homoge-
neous porosity in the wetted region is attributed to repacking of the
powder particles due to the interactions of surface chemistry, inertia,
drag, and capillary force. The results also suggest that nanoparticles
aremore concentrated near the boundary of the granule than the center
before and after evaporation for both single and multiple droplet
absorption.

With careful control of the materials used in the study and their
properties, future studies on granule morphology may use micro-CT
technology to better linkprocess parameters to the shape of the granule.
Such investigations will elucidate the best parameters for control of the
granulation process of different powders. To the authors' best knowl-
edge, this is the first study of visualizing 3D structures of a granule
after droplet sorption. However, quantitative analysis of nanoparticle
concentration and the porosity of the repacked powder bed has not
been conducted in this study due to the limited range of the pixel
index value. Research effort will be continued in the future to examine
the effect of added nanoparticles on droplet sorption and quantitatively
characterize themicrostructure of the saturated region.We envision the
current study as the first step towards nanoparticle-enhancedmicro-CT
imaging and characterization of liquid absorption in dry powder beds
and the interactions between liquid and powder particles.
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