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ABSTRACT

An experimental setup was designed and built to explore the spreading of a slurry layer during deposition on a moving belt before a
rotating roller. The case of the water-to-stucco ratio of 75 was studied. The roller could be at rest (no rotation) or in co-rotation and
counter-rotation compared to the directional motion of the spreading plastic belt (parchment paper). The widening of the slurry layer
was measured and compared with the predictions of the theory developed previously by the present group, and the predicted

maximum width reasonably agreed with the experimental observations. Particle image velocimetry was used to measure the velocity &
field at the surface of the slurry layer in top and side views. A flow pattern was observed before the slurry bypassed under the roller, 3
in the domain where variations in entrainment led to different surface profiles. Depending on the roller’s rotating direction and g
speed, the slurry was either more effectively drawn under the roller, forming a mild ridge, or less effectively entrained, resulting in a 2
pronounced ridge. N
@
(&)
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0276243
I. INTRODUCTION high-solid suspension with sufficient fluidity; yet, it ultimately
Spreading of soft materials is an important and interesting ur_ldergoes 'h}fdratlon reacjclons that can significantly increase its
. . . . R stiffness within several minutes. The full spectrum of rheological
subject that is relevant in a variety of applications, such as spread- . . T .
. 1 T 34 . .5 phenomena in gypsum-water slurries exhibits non-Newtonian
ing of paper, cosmetics,” topical medication,”" food engineering, . . L. . 9
. - 16 . characteristics, including shear thinning and a notable yield stress.
as well as construction materials.” The substance being spread may . . . . -
: . ) To capture this complex rheological behavior, various constitutive
be a single-phase or a complex multi-phase material (e.g., a
. f solid. liquid. and b E le. in th models were tested, such as the Ostwald—-de Waele (the power-law)
mixture of solid, liquid, an for gaseous p ase). For examp & 1N the model,” the Herschel-Bulkley model,'” the Sisko model,'" and the
framework of Cf)nstructlorll mateflals, the gypsum slurry 1nvolv<?s Casson model,”” depending on the shear rate range and composi-
materials comprised of solid particles, a foaming surfactant, and air tion of the mix.
bubbles, as wel.l as fibers and stgrc}{, in water. ) Spreading of soft materials may proceed on its own due to
Gypsum is globally used in llghthelght construction because wettability or be facilitated by higher pressure domains created in
gypsum products serve numerous functions, such as heat preserva- the flow by applied boundary conditions. In the case of gypsum
tion, ie., thermal insulation, sound absorption, and fireproofing. slurry, higher pressure domains can be created by spreading knives,
They are manufactured by processing gypsum slurry, which is such as hawks and trowels, applicator knives, or drawdown bars.
prepared by mixing gypsum stucco with water, foam, and other  Forming wallboard by a rotating roller over a moving belt carrying
above-mentioned ingredients.” Gypsum slurries are dense cohesive gypsum slurry (Fig. 1) also creates a high-pressure domain
granular suspensions with time-dependent rheology. Upon mixing under the roller similar to the cases of journal bearing or
water with calcined gypsum, the slurry initially behaves as a screw extruders.'”™"” The relevance to industrial applications can
J. Appl. Phys. 137, 224702 (2025); doi: 10.1063/5.0276243 137, 2247021
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FIG. 1. Schematic of the experimental
setup: (a) Isometric view and (b) top
view. (c) Photographs of the gypsum
slurry layer entering and exiting under
the middle roller. (d) Isometric sketch
of the experimental setup with the con-
veyor belt moving with velocity V and
carrying the gypsum slurry layer into a
narrow gap under a roller of radius R
rotating with the angular velocity c.

also be seen in U.S. Patent US3373065A, which describes a wall-
board forming method. There, slurry is spread by a rotating roller
to the desired thickness of the wallboard.

Recently, a theory of spreading under a roller in lubrication
approximation was revisited to incorporate the description of the
sideways spreading (i.e., spreading in the z-direction in Fig. 1).""

To experimentally investigate slurry flows in detail, a major
obstacle is the necessity to deal with the opaque material. Optical
methods, such as Particle Image Velocimetry (PIV), which track
particles in fluids, are the state-of-the-art tools used to observe
complex flows.'””" However, because conventional PIV systems
typically rely on lasers as a light source, they are inadequate to be
applied to non-transparent fluids, such as the gypsum slurry within
a non-transparent enclosure.”’ Digital Image Correlation (DIC), on
the other hand, is commonly used for analyzing deformation in
opaque, solid materials, but is unsuitable for analyzing fluid
flows.””

Several studies have attempted to overcome these challenges
in opaque slurries. The x-ray imaging and Magnetic Resonance
Imaging (MRI) have been employed to visualize internal flows
within opaque materials.””™*” However, x-ray imaging requires
expensive equipment and is limited by spatial resolution, espe-
cially for dense particle-laden flows. Similarly, MRI provides
detailed flow information but suffers from low temporal resolu-
tion and is impractical for dynamic industrial slurry flows.
Ultrasonic Doppler Velocimetry (UDV) is another approach
that has been used to measure velocity profiles in opaque
suspensions, but it also has limited spatial resolution and is sen-
sitive to particle concentration and acoustic properties of the
medium.”>*” These limitations hinder applicability of these
methods for observing detailed flow fields in practical gypsum
slurry systems.

In the present study, to address these limitations, surface
observations using PIV were combined with analytical modeling. A
thorough experimental study of the gypsum slurry spreading in the
setup sketched in Fig. 1 is undertaken. By observing seeding parti-
cles on the slurry surface, the flow velocity was measured where
optical access is possible. In the present experiments, fine and soft
coffee particles were used instead of coarse tracers employed else-
where,”**’
of compound materials in the setting resembling spreading knife
(e.g.» a hawk and a trowel, an application knife, or a drawdown
bar), albeit using model transparent materials (Carbopol gels). On
the other hand, gypsum slurries are opaque, which is a significant
complication compared to the system of Ref. 28 and are also
spread using a rotating roller, which implies totally different flow
kinematics. Accordingly, in the present work, only the surface
flow data were acquired and then interpreted and validated using
comparison with the analytical predictions. This approach allows
an indirect evaluation of the internal flow characteristics of the
opaque gypsum slurries. This hybrid approach also provides a
practical and efficient method for studying slurry flows, overcom-
ing the spatial and temporal resolution limitations of conven-
tional techniques.

Il. MATERIALS AND METHOD
A. Materials

The gypsum slurries used in the experiment were prepared by
mixing three materials: gypsum stucco (CaSo4, Sheetrock® all-
purpose joint compound), a heat-resistant accelerator (a salt that
promotes crystallization, HRA), and a retarder (an acid, which
slows down crystallization). All the materials were provided by the
United States Gypsum Corporation (USG, USA). A plastic wrap

It should be emphasized that Ref. 28 studied spreading ¢
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(unbleached compostable parchment paper, Reynolds Kitchens,
USA) was used as a belt conveying gypsum slurry. Note that the
surface roughness of the paper used in the present study is
~8.6um.”’ Ground-up coffee particles (100% Colombian Coffee,
Kirkland, Inc., USA) were added to gypsum slurry to serve as
seeding particles in flow visualization for particle image velocimetry
(PIV) measurements.

B. Preparation of gypsum slurries

For slurry with a water-stucco ratio (WSR) of 75, two mixtures
were prepared separately. First, 45 g of gypsum stucco was mixed
with 0.225 g of the HRA. In a separate container, 0.15 g of retarder
was dissolved in 33.75 g of de-ionized water. It should be empha-
sized that the retarder was used to extend the working time by
inhibiting slurry solidification because without adding the retarder,
the slurries began to solidify on the scale of seconds after mixing.
The amount of the retarder was carefully determined in the prelim-
inary tests to ensure workability during spreading without causing
an excessive delay in slurry setting. The two as-prepared mixtures
were blended by a mixer (Magic bullet mini, Homeland
Housewares, USA) for 10s. Because slurries of the type described
above solidify in ~1 min, the experiment was conducted right after
the slurry was prepared.

C. Experimental setup

The experimental setup used to observe the flow and spreading
of gypsum slurry incorporated three rollers, as shown in Fig. 1(a).
Two rollers at the ends carried the paper belt at a constant speed of
0.26 m/s working as a roll-to-roll machine. The intermediate
(forming) roller was located in the middle and co-rotated at an
angular speed of 94, 240, or 504 rpm, no-rotated, or counter-rotated
at an angular speed of —94, —240, or —504 rpm. Note also that the
material of the roller can, in principle, affect the spreading process,
e.g, via roughness and porosity. Therefore, in the present study,
Delrin (a material commonly used in practice) was selected as the
roller material in order to ensure relevance of the results for indus-
trial settings.”’ Note also that the counterclockwise rotation of the
roller corresponds to co-rotation [cf. D in Fig. 1(2)] and the clock-
wise rotation corresponds to counter-rotation [cf. @ in Fig. 1(a)].
The roller surface attains the linear velocities of 0.25, 0.64, and
1.35m/s when rotating at the angular velocities of 94, 240, and
504 rpm, respectively. This roller was made of Delrin (polyoxymethy-
lene, Dupont, USA) with a size of 5.01 cm (diameter) x 12 cm (length).
The rear conveying roller and the middle-positioned roller were
powered independently by two motors (DC 12V, Greartisan,
China). Note that the rotation speed of the rollers was kept cons-
tant throughout the experiment. Changes in the width of the
slurry layer caused by the middle roller were recorded by a
camera (iPad Pro 3rd Gen., Apple, USA) positioned above. It
measured the width of the gypsum slurry before, on, and behind
the roller [see Figs. 1(b) and 1(c)].

The slurry-releasing method is illustrated in Fig. 2. Gypsum
slurry was poured into a slurry holder, which was made by a 3D
printer. The slurry holder was open at the bottom in such a way
that the slurry inside the holder could be in contact with the con-
veying belt and transported by it when the latter started moving.

ARTICLE
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FIG. 2. Schematic of the gypsum-slurry releasing method. A photo of a slurry
holder is inserted.

The slurry holder had an outlet of 5.1 cm (the width equal to
2W_,) and was 0.7 cm in height. In each experiment, slurry was
supplied for approximately 3s. The flow behavior during this
period was divided into three sequential stages: (i) the development
stage, where slurry built up in front of the roller; (ii) the
quasi-steady stage; and (iii) the depletion stage, where the flow
weakened and eventually stopped. The PIV analysis focused on the
quasi-steady stage and was carried out over a time frame much
shorter than the total duration of that stage. The slurry pulled by
the belt from the holder maintained this width and height (due to
its high viscosity) almost until it encountered the roller.

In addition, the seeding coffee particles visible at the free

surface of the slurry layers were tracked by a Phantom high-speed |

camera (VEO-E 340L, Vision Research, USA) in the top and side
views, and three repetitions were conducted in each case. The
density of the coffee particles was measured to be 0.41 g/cm’.

The particle-size distribution analysis was performed on 215
coffee particles used as PIV tracers. The size-equivalent radius
ranged from 17 to 828 um, with a mean particle size of ~90 um
(Fig. S1 in the supplementary material). The distribution exhibited
a positive (right-hand side) skew, which is commonly observed in
particulate systems due to fragmentation and aggregation
processes.””

Gravity driven sedimentation of coffee particles in gypsum
slurry is absolutely excluded because the density of ground coffee
of p, ~ 0.4 g/cm(3 is much less than that of gypsum slurry, which
is p ~ 1.6 g/cm®.’

To evaluate the potential influence of particle inertia, the par-
ticle response time to flow velocity variation (t) was evaluated
based on the Stokesian drag as

2p,a*
T= Po
u

, (1)

where a is the particle radius and p is the slurry shear viscosity.
The lowest slurry viscosity at the highest shear rate is
~3 g/(cms).” Accordingly, assuming the largest particle of ~1000 um
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(cf. Fig. SI in the supplementary material) and the lowest slurry vis-
cosity, one obtains from Eq. (1) the longest particle response time in
the present experiments as t ~ 10~* s. This is of the same order as
the observation timescale of the interval between PIV snapshots,
which is also ~10~* s. Therefore, in the present experiments, all par-
ticles from the particle-size spectrum were fully entrained and fol-
lowed the slurry flow during measurements.

Additionally, it was observed that while parts of the coffee
particles dissolved in water, the process took longer than 1 min (see
Fig. S2 in the supplementary material), which is a considerably
longer time span than the experiment duration (~10s). All the
above estimates confirm that the effect of particle sedimentation,
inertia, and dissolution on PIV measurements was negligible in the
present case, which fully supports the validity of using coffee parti-
cles as tracers in the present experiments. Note that coffee particles
were also successfully used as PIV tracers in another type of soft
matter, specifically, in aqueous solutions of carbopol (carbopol
gels) in Ref. 28.

The snapshots were analyzed with the help of two PIV soft-
ware: PIVware (provided by TU Delft) for the side view and PIVlab
(MATLAB source, Germany) for the top view. The use of certain
software was particularly validated by ensuring that the key design
parameters were met for a proper PIV analysis. Accordingly, the
image density (the number of particle images per interrogation
region) was maintained above 10. In addition, the interrogation
region (the subareas into which an image is divided to determine a
vector displacement between the corresponding images) size was
adjusted to limit an in-plane displacement to less than one-fourth
of the interrogation region, while an out-of-plane displacement was
not a concern as the coffee particles remained on the surface.
Furthermore, in PIVware, correlation averaging, which is
well-suited for quasi-steady state flows such as in the present exper-
iments, was employed to minimize noise and improve accuracy
over instantaneous correlation methods.” On the other hand,
PIVIab did not employ correlation averaging but was chosen for its
ease of use. The results obtained using PIV with the background
(Fig. S3 in the supplementary material) were utilized for the analy-
sis after removing the background.

Streamlines were produced using the built-in streamlines
function in MATLAB. In order to reduce noise and find stream-
lines only in the areas of interest, a threshold was set so that
any velocities under 20 mm/s would be set to 0. This threshold
eliminated producing streamlines in areas where there was no
slurry and facilitated finding the characteristic streamlines of
the flow.

I1l. RESULTS AND DISCUSSION
A. Model prediction for the case without foam

The model developed in Ref. 18 for the case of gypsum slurry
involves the following six dimensionless groups:

R
=B Re =, =27,
uv o) \%

— W_
W_a = Ta

_a  _ ¥y
a=g YCZ§C> Re

ARTICLE pubs.aip.org/aip/jap

For a detailed information regarding the model, see the
Appendix in the supplementary material. In particular, x=—a
(with a being positive) corresponds to the value of the x coordinate
in Fig. 1(d) where the gypsum layer makes the first contact with
the roller, i.e., essentially is associated with the initial thickness of
the layer released from the device shown in Fig. 2. In addition, R
is the radius of the roller [cf. Fig. 1(d)], the angular rate of the
roller is denoted as ®, and the roller axis is located at y =y, and
oriented in the spanwise z-direction, i.e., is parallel to the substrate
belt (cf. Fig. 1). The surrounding atmospheric pressure is p,, and
the slurry viscosity is | (assuming the slurry to be a Newtonian
material in the first approximation). The belt is moving with veloc-
ity V. At x = —a, the half-width of the slurry layer determined by
the release device of Fig. 2 is equal to W_,.

The theory of Ref. 18 predicts the spanwise half-width of the
gypsum slurry layer W(x) as it is spread by the roller (cf. Fig. 1) in the
—a < x < 0 range. The following values of the dimensional parame-
ters correspond to the present experiment: a=1.448 cm (the initial
thickness of the slurry layer was 0.651 cm), V =26.2 cm/s, R =2.55 cm,
ye=275cm, p,=1atm=a10°g/(cms?), p=100g/(cms)
according to Ref. 9, and W_, = 2.55 cm. The corresponding
values of the dimensionless groups from Eq. (2) were the
following:

a=0568 y.=1078 Re=973, W_,=1,
7579 0.1301
15916 0.0620
40810 0.0242 8
Re, = 00 , Q= 0 §
—40810 —0.0242 S
—15916 —0.0620 2
—7579 —0.1301 N
OB
504 rpm <
240 rpm
94 rpm
wheno = 0 rpm , respectively.
—94 rpm
—240 rpm
—504 rpm

The theory of Ref. 18 predicts the distribution of the half-
width and excess pressure Ap=p —p, of a slurry layer from its
release location to the maximum spreading location at x=0 (ie.,
on the roller) as shown in Fig. 3.

The predicted half-width value corresponding to the roller [cf.
the right-hand side image in Fig. 1(d)] is Wy = W(0)/R ~ 2.6
according to the result of Fig. 3(a), where W, is rendered dimen-
sionless by R. The experimental values measured are 2.36, 1.84,
2.70, 2.37, 3.40, 2.26, and 3.91 for the roller rotation speeds of
—504, —240, —94, 0, 94, 240, and 540 rpm, respectively. Figure 3(b)
presents the excess pressure distribution Ap(x) for different values
of . For the co-rotation and no-rotation cases, the values of Ap
begin to increase from the position of x = —0.57, which is the loca-
tion where the slurry layer encounters the roller. From that point,
Ap(x) increases due to the same reason as in journal bearings, i.e.,
because a viscous material is entrained into a narrowing channel.
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FIG. 3. Theoretical predictions. (a) Half-width W(x) predicted using Egs. (53)—(56) from Ref. 18; curves from right to left (from red to brown) correspond to the input
from Eq. (3) from top to bottom. (b) The dimensionless excess pressure Ap = p — 1 (rendered dimensionless by the atmospheric pressure po) in the slurry layer
predicted using Egs. (47)-(49) of Ref. 18 with the parameter values of Eq. (3). Panel (a) is predicted using Eqgs. (A3.11)—(A3.17), and panel (b) is predicted using

Egs. (A3.5)-(A3.7) from the Appendix in the supplementary material.

As the entrainment by the belt is more facilitated by the entrain-
ment by the roller (as o increases), the pressure increase becomes
more pronounced. Conversely, the values of Ap begin to decrease
from the initial position when the roller counter-rotates. As the
entrainment by the belt is adversely affected by the roller (as ®
decreases), the pressure decrease becomes more pronounced.

Figure 4 presents the velocity component u in the x-direction
predicted under the roller using the theory of Ref. 18. The velocity at
y=0 in all cases was the same as the substrate velocity (26.2 cm/s),
and the velocity on the roller surface was determined by the roller’s
rotation speed. When the rotation speed o of the roller was larger in
magnitude than —94 rpm, a large reverse flow occurred ahead of the
roller (x < —0.9 cm) [see the blue areas in Figs. 4(a)-4(e)] in concert
with the corresponding pressure distributions presented in Fig. 3(b).
In the co-rotation cases [Figs. 4(a)-4(c)], the flow below the roller
was in the same direction as the substrate and the roller motion,
strengthening at higher values of o [cf. Figs. 4(a)-4(d)]. In the case
of the middle and high magnitude counter-rotation in Figs. 4(f)
and 4(g), the counter-flow ahead of the roller diminished and shrank
toward the roller, in concert with the corresponding pressure distri-
butions presented in Fig. 3(b), whereas under the roller, almost the
entire material was entrained backward by the roller as the rate of
counter-rotation enhanced.

Figure 5 presents the fields of the predicted y-velocity v in the
roller co-rotation, no-rotation, and counter-rotation cases corre-
sponding to those in Fig. 4. The negative values of v near the sub-
strate in the co-rotation cases in Figs. 5(a)-5(c) stem from the
tendency to develop a reverse flow discussed in relation to Fig. 4.
In the non-rotation case in Fig. 5(d), there is no vertical flow under
the roller. In the counter-rotation cases in Figs. 5(e)-5(g), the posi-
tive values of v stem from the entrainment by the roller.

B. Experimental results
1. Measured half-widths of slurry layers

Figure 6 presents the measured width ratios of the slurry layers at
different roller rotation speeds corresponding to co-rotation (positive

rpm), no-rotation (0 rpm), and counter-rotation (negative rpm). The
lowest rotation speed was also the highest-in-magnitude counter-
rotation speed (cf. —504 rpm). The experimentally observed width
ratio varied between 1.5 and 4.0, while the theoretical value being ~2.6
[see Fig. 3(a)]. Although slight deviations are observed at the roller
rotational speeds of —240, 0, and 240 rpm, these cases still reveal the
width proportionality to the roller speed. This overall trend can be
attributed to an enhanced squeezing effect as the rotational speed
increases. Specifically, higher rotational speeds cause stronger squeez-
ing forces, leading to an increased pressure in the slurry [cf. the theo-
retical predictions in Fig. 3(b)]. This promotes lateral spreading toward

the edges where no physical constraints impede the flow. Additionally, :
an increased rotational speed enhances shear-thinning tendencies in

the rheological behavior of the slurry, which facilitates flowability.”* As
a result, the width ratio increases with the roller rotational speed. The
width recovery after the slurry passes through the roller, as indicated
by the W,/W_, value (the red line in Fig. 6), was consistently smaller
than the value of Wo/W_, (the black line in Fig. 6), which means that
the slurry layer contracts after leaving the roller because the substrate
(the parchment paper) is non-wettable (see Fig. 7).

Figure 7 illustrates the wettability of the substrate paper by
water and slurry (cf. Sec. II A). 0.2 ml of water or slurry was put on
a plastic (parchment paper) and observed for 20 min. The water
drop is formed an angle close to 90°, which stayed practically
unchanged, revealing that water did not wet the plastic, and the
plastic surface can be characterized as hydrophobic [Fig. 7(a)]. The
initially higher apparent contact angle of the gypsum slurry (94°)
compared to that of water (92°), as in Fig. 7(b), may suggest
enhanced hydrophobicity. However, this is a transient phenome-
non. Later on, gypsum hydration and water evaporation cause a
reduction in the droplet volume, resulting in a decreased apparent
contact angle.

2. Side view of the flow field of slurry near the roller

Particle image velocimetry (PIV) was employed to observe
and characterize the flow fields in the slurry layers entrained under
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FIG. 4. Theoretically predicted x-velocity component u in the side view of gypsum slurry entrained under a roller. The parameter values of Eq. (3) were used. Rotation
speed: (a) 504, (b) 240, (c) 94, (d) 0, (e) —94, (f) —240, and (g) —504 rpm. The color bar corresponds to the values of u in cm/s. Predicted using Egs. (A1.10) and

(A3.5)-(A3.7) in the supplementary material.

the roller, as shown in Figs. 8-10. To the best of our knowledge,
PIV applications aiming for measurements of velocity fields in
opaque media are scarce.”””>’® The present approach employing
PIV based on particles deposited at the free surface of gypsum
slurry is a new example of this kind. In all cases, the upper part of
the slurry layer moved at a low speed of less than 0.002 m/s before

J. Appl. Phys. 137, 224702 (2025); doi: 10.1063/5.0276243
© Author(s) 2025

meeting with the roller, whereas the lower part close to the belt
moved at a relatively high speed of 0.200-0.254 m/s as the main
cause of movement is the conveyor belt (see Fig. S4 in the
supplementary material).

In the co-rotation case illustrated in Fig. 8 (Multimedia available
online), the entire slurry layer was entrained under the roller and
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speed: (a) 504, (b) 240, (c) 94, (d) 0, () —94, (f) —240, and (g) —504 rpm. The color bar corresponds to the values of v in cm/s. Predicted using Egs. (A1.11) and
(A3.5)~(A3.7) in the supplementary material.
flowed through the gap between the substrate and the roller. The whereas the lower part of the slurry layer was entrained by the moving
upper part of the slurry layer moved slower than the lower part of the belt (which had a velocity of 0.262 m/s). In Fig. 8 (Multimedia avail-
layer. The reason is the following: the upper part was mostly entrained able online), the slurry thicknesses at the leftmost position, measured
by the co-rotating roller. This part of the flow was already affected by in the direction perpendicular to the belt, were 3.8, 3.0, and 3.5 mm for
the adverse pressure gradient building up in the narrowing gap, roller speeds of 94, 240, and 540 rpm, respectively.
J. Appl. Phys. 137, 224702 (2025); doi: 10.1063/5.0276243 137, 224702-7
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FIG. 6. Overall width ratios of gypsum slurry layers as functions of the rotational
speed of the roller.

Near the roller, its rotational speed significantly affected the
slurry flow. As in the case of a low-speed rotation [see Fig. 8(a)],
the slurry flow formed a hill-like zone behind the roller as a result
of significant previous squeezing under the roller. The slurry veloc-
ity in this zone was relatively low (<0.004 m/s). The zone exhibited
varying characteristics depending on the roller rotation. The
maximum thicknesses of this zone were 6.5 and 7.1 mm for 94 and
240 rpm, respectively. For 540 rpm, it was difficult to identify the
hill-like zone.

Velocity components u in the x-directions, corresponding to
the flow fields of Fig. 8 (Multimedia available online), are presented
in Fig. S5 of the supplementary material. It reveals no discernible
reverse flow in almost all the cases of a co-rotating roller. Although
over-entrainment resulted in the reverse flow, as in Figs. 4(a)-4(c),
its extent was localized, and it appeared in the other (spanwise)
direction, as shown in Fig. 6, with an increase in the width ratio
larger than the theoretical value of ~2.6.

At a low rotation speed of the roller [as in Fig. S5(a) of the
supplementary material], the forward flow velocity near the con-
veyor belt increases when the flow approaches the roller. As the

FIG. 7. Changes in the apparent contact angle in 20 min of (a) water and
(b) gypsum slurry.

ARTICLE pubs.aip.org/aip/jap

roller speed is increased to 504 rpm [as in Fig. S5(c) of the
supplementary material], the velocity component u is observed to
significantly increase, which corresponds to the forward flow
results depicted in Fig. 4. Given that the corresponding pressure is
higher than that in the lower speed co-rotation case (see Fig. 3), the
higher speed of the co-rotating roller facilitates the conveyance of
the slurry at a faster rate in the direction of both the conveyor
belt and in the width direction, resulting in a higher width ratio as
in Fig. 6.

In the exceptional case of 240rpm [Fig. S5(b) in the
supplementary material], the forward flow before the roller
increases significantly; yet, the flow under the roller is suppressed.
Theoretically, this middle speed co-rotating roller should have
resulted in a moderate pressure level [Fig. 3(b)] and a
moderate-range velocity (Fig. 4), but instead, it exhibits an excep-
tional flow with the lowest width ratio (Fig. 6).

In the co-rotation case with a low roller speed [Figs. S6(a)-S6(c)
in the supplementary material], which corresponds to the results
in Figs. 8(a)-8(c), negative velocity components v were observed
in the domain where the x-direction velocity is significant (see
Fig. S5 in the supplementary material), which may be attributed
to the effect of the roller. The range and magnitude of these veloc-
ities were found to be small (—v<0.1 m/s) in comparison with
the rotation speed of the roller. As the rotation speed of the roller
increased from 94 to 504 rpm [Figs. S6(a) and S6(c) in the
supplementary material], the downward velocity domain exhib-
ited a notable enlargement. In the exceptional case of 240 rpm
[Fig. S6(b) in the supplementary material], the downward flow
was comparatively weaker than in the other cases, with its
maximum magnitude occurring before the roller and subse-
quently diminishing in its vicinity.

In the case of the non-rotating roller (see Fig. 9, Multimedia

available online), the slurry layer was completely entrained under |

the roller as in the co-rotation cases with moderate rotation speeds
of the roller [Fig. 8(b)].

In Fig. 9 (Multimedia available online), the slurry flow formed
a hill-like stagnation zone behind the roller, similar to the
co-rotation case, here with the maximum thickness of 7.1 mm.

The field of the velocity component u (Fig. S7 in the
supplementary material) was similar to the co-rotation cases with a
moderate rotation speed [Fig. S5(b) in the supplementary
material]. In the absence of rotational movement, the flow domain
was observed to be broader than that observed in the moderate
co-rotation case [see Fig. S5(b) in the supplementary material].
This phenomenon may be attributed to the formation of low
adverse pressure under the roller, as illustrated in Fig. 3(b), which,
in turn, gives rise to a larger width ratio (Fig. 6). However, it is
noteworthy that the flow domain in the non-rotating roller case
was significantly different from that observed in the co-rotation
cases with rotation speeds of 94 and 504 rpm [Figs. S5(a) and S5(c)
in the supplementary material], which resulted in a distinct trend
in the width ratio (Fig. 6).

In the case without roller rotation (see Fig. S8 in the
supplementary material), negative velocity components v were
observed in the domain where the x-direction velocity was significant
(Fig. S7 in the supplementary material), as was the case in the
co-rotation cases (cf. Figs. S5 and S6 in the supplementary material).
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In the absence of rotational motion, the flow domain was observed
to be broader than that observed in the moderate co-rotation case
[Fig. S6(b) in the supplementary material]. This is opposite to the
theoretical expectations (Fig. 5). It may imply that a stronger down-
ward flow is related to a higher width ratio than that in the
240 rpm case in Fig. 6.

In the case of the counter-rotation roller illustrated in Fig. 10
(Multimedia available online), the slow-motion zone behind the
roller was significantly decreased due to the roller turning in the
opposite direction to that of the belt. This resulted in a stronger
rejection of the slurry on the entry side of the roller. Instead, only a
portion of the slurry layer was entrained under the roller, while the
rest was removed along the roller.

Figure 10 and Fig. S4 in the supplementary material reveal
that the upper part of the slurry layers moves slower than the lower

Gypsum slurry
%

Conveying belt sy

FIG. 9. Vector flow field (the side view) of gypsum slurry entrained under a
no-rotating roller. The color bar characterizes the velocity magnitude. Multimedia
available online.

» Increasing roller rotation speed

ARTICLE pubs.aip.org/aip/jap

FIG. 8. Vector flow field (the side
view) of gypsum slurry entering under
a co-rotating roller. Rotation speed: (a)
94, (b) 240, and (c) 504 rpm. The color
bar characterizes the velocity magni-
tude. Multimedia available online.

part before being entrained under the roller. Additionally, at
®=-94rpm, the leftmost section of the slurry layer possessed a
thickness of 3.7 mm, while for the rotation speeds of —240 and
—504 rpm, the thicknesses were 3.3 mm and 2.4 mm, respectively.
A decrease in the roller speed resulted in a decrease in the slurry
supply width.

The rotation speed of the roller had a significant impact
on the slurry motion. When the roller rotated at a low speed [cf.
Fig. 10(a)], the slurry was carried along with the counter-rotating
roller, resulting in a maximum height of 11.2mm. At
®=—240 rpm, a slurry layer was formed on the roller and carried
by it, as it rotated. The height increased to 19.2mm. At
®=-504rpm, a layer was formed on the roller but not carried
away by it because the rotational speed was too fast. The height was
larger than for the low speed but less than for the moderate speed:
14.3 mm.

Figure S9 in the supplementary material illustrates the field of
the velocity component u in the counter-rotation case, where the
adverse-pressure-caused reverse flow was difficult to detect.
Although some signs of the reverse flow can be seen near the roller,
they were caused by the entrainment of slurry by the roller [as seen
in the red patches of Figs. S9(a) and S9(b) in the supplementary
material]. The extension and magnitude of the reverse flow are
minimal in Fig. S9 of the supplementary material, making it chal-
lenging to determine any correlation with the roller speed.

Similarly to the moderate co-rotation case [Fig. S5(b) in the
supplementary material], in the counter-rotation case, at a low
roller rotation speed [Fig. S9(a) in the supplementary material], the
forward (in the x-direction) flow becomes weaker in the vicinity of
the roller. The effect of the roller speed was evident at the counter-
rotation speed of 240 rpm, which enabled a faster slurry transport
in the x-direction [Fig. S9(b) in the supplementary material], cor-
roborating the outcome depicted in Figs. 3(b) and 4. However, as
the roller speed increased further (504 rpm), the x-direction flow
exhibited slight suppression [Fig. S9(c) in the supplementary
material].

In the case of counter-rotation [cf. Figs. S10(a) and S10(b) in
the supplementary material], strong red patches (|v| < 0.1 m/s)
were observed in the vicinity of the roller, possibly due to the
slurry entrainment by the roller. However, only a limited number
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of domains exhibited a pronounced upward flow. As the roller rota-
tion speed was varied from —94 to —240rpm [Figs. S10(a) and
S10(b) in the supplementary material], the vertical flow enhanced,
as indicated by the range of the color bar. At a high roller rotation
speed [Fig. S10(c) in the supplementary material], the vertical
motion of the slurry practically disappeared. However, it should be
emphasized that in the fastest counter-rotation case, a rough slurry
layer was observed on the roller surface; it even spilled outward.
The theoretical results regarding the flow field depicted in
Figs. 4 and 5 are, essentially, accurate not in the entire gap below
the roller, but rather at the narrowest part of it, due to the simplifi-
cations embedded in the theory of Ref. 18. Accordingly, the theory
was rather accurate in predicting the widening of the slurry layer
on the roller, as discussed above. On the other hand, the predicted
flow field around the narrowest cross section under the roller
should be considered only as a qualitative guidance complimenting
the experimental patchy data provided by the PIV, where the
x range of [-14cm, Ocm] was explored rather than x ~ 0.
The theory predicts a significant reverse flow near the entrance to
the roller at ®>—94 rpm (Fig. 4), whereas almost no reverse flow was
observed via the PIV results (Figs. S5 and S7 in the supplementary
material). Similarly, in the cases with ® < —94 rpm, the PIV results
[Figs. S9(b) and S9(c) in the supplementary material] revealed that,

Gypsum slurry

e e
Conveying belt s
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» Decreasing roller rotation speed

-504 rpm

= FIG. 10. Vector flow field (the side

10.19 view) of gypsum slurry entrained under

a counter-rotating roller. The rotation

|0.15 speed: (a) —94, (b) —240, and (c)

‘0 12 —504 rpm. The color bar characterizes

b the velocity magnitude. Multimedia
0.09 available online.

in distinction from the theoretical prediction (Fig. 5), no strong
forward flow was observed. In the y-direction, the downward flow
was observed in the co- and non-rotating cases (Figs. S6 and S8 in
the supplementary material), but this tendency was not propor-
tional to the speed of the roller, as expected theoretically. Similarly,
the upward flow was partially observed in the counter-rotating case
(Fig. S10 in the supplementary material), but it was also not pro-
portional to the roller speed, as expected theoretically. In addition
to the inevitable theoretical simplifications, discussed above, there
may be one more reason for the discrepancies. The observations by
PIV were limited to the slurry surface, whereas the above-
mentioned theoretical results in Figs. 4 and 5 correspond to the
median cross section of the slurry layer.

3. Streamlines of the slurry flow near the roller

Figure 11 illustrates the streamlines of the slurry flow in the
cases of co-rotation (240 rpm), no-rotation (0 rpm), and counter-
rotation (—240rpm). In all cases, a stagnation zone is observed
at the top layer of the slurry before the roller, as illustrated in
Figs. 8(b)-10(b), where no streamlines are found. From the stagna-
tion zone, some spurious streamlines could be generated, necessi-
tating consideration of the three-dimensional nature of the flow.

FIG. 11. Streamlines from the sideview
for the (a) co-rotation (240 rpm), (b)
no-rotation, and  counter-rotation
(—240 rpm) cases.
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The streamline with the co-rotating roller [Fig. 11(a)] exhibits the
shortest recognizable streamlines of the three cases, indicating that
the flow is more complex in three dimensions. In the absence of
rotation [Fig. 11(b)], the streamlines converge under the roller,
which is consistent with the theoretical predictions. In the case of
counter-rotation [Fig. 11(c)], once the slurry is entrained under the
roller, a significant degree of rejection is observed, resulting in the
top layer of the slurry being carried by the roller in a counterclock-
wise direction. Beneath this layer, the slurry is rejected and subse-
quently moves downward toward the substrate.

4. Lateral flow of gypsum slurry pulled under the roller
recorded in the top view

Figure 12 (Multimedia available online) presents the distri-
bution of the lateral velocity component w of gypsum slurry
entrained under the roller. These observations were done from
above, as sketched in Fig. 12(a). Note that the longer vectors
visible on the left- and right-hand sides of the panels correspond
to the measured velocity of the bottom substrate, i.e., predomi-
nantly to the velocity component u. The lateral velocity compo-
nent w is characterized by color. Overall, the positive and
negative values of w attest to a significant lateral flow of the
impingement type, which is more or less symmetrically deflected
to the left or right resulting from the pressure generated by the
roller. Moreover, the comparison of Figs. S5-S10 in the
supplementary material reveals that the magnitudes of the veloc-
ity components u, v, and w are of the same order, which means

ARTICLE pubs.aip.org/aip/jap

that the lateral flow arising when a layer of gypsum slurry is
entrained under the roller is significant and, thus, is responsible
for significant widening of the layer, ie., for the dependence
W =W(x) of the type of the ones characterized by Figs. 3 and 6.
The average spreading velocity component w decreased was
0.12m/s.

Figure 12(b) characterizes the lateral spreading in the
no-rotation cases. It attests that the highest value of the lateral
velocity component w achieved was ~0.15m/s. The overall flow
structure was similar to the co-rotation case with a moderate roller
speed [Fig. 12(d)], which means that a roller with an adequate rota-
tion speed facilitated the slurry transport without widening the
slurry layer.

Figures 12(f)-12(h) present the PIV results for the counter-
rotation case. The maximum velocity component w achieved
(~0.10 m/s) is approximately the same as the average value of w in
the co-rotation case [Fig. 12(c)]. These values are inconsistent with
the results in Fig. 6, where the layer width increase was much
higher for the co-rotation case than for the counter-rotation case.
Note that the results for the lateral velocity component w discussed
here cannot fully characterize the lateral spreading up to the half-
width W, of Fig. 6, because here, only the layer part visible outside
the roller is considered [cf. Fig. 12(a)]. Overall, the slurry spreading
velocity component w in the counter-rotating cases was similar
regardless of the roller rotation speed: at a low rotation speed of
94 rpm, w<0.13m/s, at a moderate rotation speed of —240 rpm,
w<0.09m/s, and at a high rotation speed of —504rpm,
w < 0.09 m/s. However, considering the maximum value of u in

Velocity component in the z-direction, w [m/s]
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FIG. 12. (a) Schematic of the observa-
tion area. Flow field and the lateral
velocity component w of gypsum slurry
entrained under the roller recorded in
the top view. Rotation speed: (b) 0 rpm,
(c) 94rpm, (d) 240rpm, (e) 504 rpm,
(f) —94rpm, (g) —240rpm, and (h)
—504 rpm. Arrows correspond to the
velocity vectors. The color bar repre-
sents the velocity component in the
z-direction, w. Multimedia available
online.
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each case in Fig. S5 of the supplementary material, the moderate
rotation-speed case revealed the best longitudinal transport in the
x-direction, with a thinner slurry thickness.

IV. CONCLUSION

The primary objective of the present study is to quantitatively
analyze spreading of gypsum slurry depending on the roller’s rota-
tional speed. Owing to the inherent challenges associated with the
observation of the internal flow in opaque gypsum slurry, surface
flow observations were conducted utilizing coffee particles in con-
junction with particle image velocimetry (PIV). Given the fact that
this method is only capable of capturing surface flow and does not
directly reflect the entire three-dimensional bulk flow, a hybrid
approach combined with analytical modeling was adopted. Such a
hybrid approach elucidates the internal flow structure, as well as its
predictions are in good agreement with the measured spreading
width. Experiments with a spreading slurry gypsum layer (at the
water-to-stucco ratio, WSR 75, without foam) on a moving plastic
belt made of parchment paper were conducted using fine coffee
particles as tracers to enable the surface flow measurements. The
roller in the middle was either at rest (non-rotating), or co-rotating
and counter-rotating compared to the direction motion of the
plastic belt. It was shown that the belt was non-wettable by water
and slurry without foam.

In general, an increase in the width of the deposited slurry
layer was observed as the rotation of the roller was in the flow
direction (co-rotation) and as its forward rotation speed increased.
The ratio of the slurry-layer width to the original layer width was
measured as 2.36, 1.84, 2.70, 2.37, 3.40, 2.26, and 3.91 for the roller
rotation speed of —504, —240, —94, 0, 94, 240, and 540 rpm, respec-
tively. The theoretical predictions reveal that the ratio would exhibit
an upward trend in conjunction with an increase in the roller
speed, ultimately attaining a value of ~2.6. However, the theoretical
predictions are limited by the assumption of the Newtonian rheo-
logical behavior of slurry and does not account for the potential
presence of foam in the slurry. Consequently, generalization of the
theory in future will facilitate research toward an optimal roller
speed for on-demand efficient spreading under such given condi-
tions as the conveyor belt speed and the geometric sizes restricting
the flow.

The findings of this study offer valuable insights for the indus-
tries where a precise on-demand control of soft material spreading
is crucial. Specifically, the developed measurement method can be
applied to optimize coating processes in such fields as battery man-
ufacturing, printed electronics, biomedical devices, and construc-
tion materials involving gypsum-based slurries. By providing
quantitative data on spreading dynamics, the present results poten-
tially lead to better process control, reducing material waste and
improving product quality.

SUPPLEMENTARY MATERIAL

See the supplementary material for (i) details of the coffee
particles used for particle image velocimetry (PIV), (ii) the original
unprocessed images prior to PIV filtering, (iii) detailed PIV results,
and (iv) a comprehensive explanation of the theoretical model
applied in this study.
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