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ABSTRACT
Slot die coating with vacuum-assist has been developed as a novel and scalable methodology for coating glass fiber fabrics as a 
pre-step to composite fabrication. In particular, the slot die coating of cellulose nanocrystal suspension, a material which has 
been recognized as an emerging renewable material for fiber sizing, is subject to further exploration due to the limited scalability 
studies. In this paper, a multiscale computational fluid dynamics (CFD) model is developed, representing and combining sepa-
rate 2D models of macroscale coating flow on top of the fabrics as well as microscale porous flow within to establish a better un-
derstanding of the flow dynamics and the effect of processing conditions which control the final coating morphology outcomes. 
The model simulates the effect of vacuum assist on the coating process and successfully predicts stable operating parameters 
matching the ones established in prior experimental trials.

1   |   Introduction

The utility of nanocellulose nanomaterials as a novel and re-
newable coating material has led to their incorporation into 
a wide range of coating technologies, spanning spin coating, 
blade coating, bar coating, spray coating, and slot die coating 
to produce self-standing/pure nanocellulose films or func-
tional layers on permeable substrates [1–6]. Nanocellulose ma-
terials are cellulose-based nanosized particles extracted from 
woody plant biomass and can provide mechanical reinforce-
ment to a wide variety of polymers if properly used (e.g., fine-
scale dispersion, compatibilizing surface chemistry, etc.) [7]. 
One type of nanocellulose material is cellulose nanocrystals 
(CNCs), produced by acid hydrolysis; they have a spindle-like 
particle morphology (5–20 nm diameter, 50–500 nm length), 
high crystallinity, low density (1.6 g/cm3), high mechanical 
properties, and low toxicity.

For the fabrication of polymer composite films, the deposition of 
a separate nanocellulose layer or multilayers on top of flexible 
polymer sheets has been shown to improve the material barrier 
properties as well as their scratch resistance, without the need 
to disperse the particles within the packaging film itself, avoid-
ing the common challenges with nanocellulose agglomeration 
[8–10]. A similar principle has since been explored to incorporate 
CNCs as secondary reinforcement into fiber reinforced polymer 
composites by coating the CNCs onto the primary reinforcing 
fibers, in a separate step from resin matrix infusion [11–13]. For 
the continuous sizing of glass fiber (GF) rovings and fabrics, slot 
die coating on a roll-to-roll, a traditional pre-metered thin-film 
deposition method, has been demonstrated to uniformly coat GF 
fabrics in CNC, using the addition of vacuum assist to control 
the coating fluid distribution and prevent the formation of bar-
rier coatings which would resist resin wetting during composite 
fabrication [14–16].
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The novel combination of slot die coating with highly permeable 
heterogeneous substrates and vacuum assist renders the system 
difficult to represent using traditional explicit models and sim-
plifying assumptions; as such, computational fluid dynamics 
(CFD) modeling approaches are best used to gain a better un-
derstanding of the parameters and penetration dynamics pres-
ent in coating fluids on top of complex fibrous substrates [17]. 
To model the coating mechanism, macroscale models are often 
used combining governing equations, such as the Navier–Stokes 
equations, to model the fluid flow above the substrate while re-
lying on Darcy's law, the Kozeny–Karman, Young–Laplace, or 
Lucas–Washburn equations to represent the fluid imbibition 
into the porous medium [18–22].

In many macroscale models, whether explicit or numerical ap-
proaches are used, the substrate is often represented as an iso-
tropic porous medium with a constant porosity and permeability 
throughout [17]. In order to better approximate the fluid imbibi-
tion into complex fibrous media, the governing equations have 
been modified to represent the effective pore size, permeabil-
ity, and capillary forces as functions of fiber radius and spacing 
[23–25]. To place a larger focus on the coating flow within the 
substrate, microscale models have also been used to build the 
porous domains, allowing for more accurate predictions of how 
substrate microstructure affects fluid distribution and penetra-
tion [17, 26].

While microscale models provide more insight into the effect 
of various microstructural characteristics on porous flow, as 
static models they can neither capture the web movement 
of continuous coating processes nor calculate the final film 
thickness, both of which are better represented by the mac-
roscale coating models [17]. Multiscale computational models 
have thus emerged as an alternative approach to modeling slot 
die coating of porous media, coupling the predictions between 
the macroscale and microscale models to offer predictions 
of both coating bead flow dynamics and fluid penetration 
[17, 27].

As a key step in advancing the novel usage of slot die coating 
as a method for sizing GF fabrics in CNC, CFD models can 
be used to predict operating parameters, facilitating scale-up 
operations. In this study, the slot die coating of CNC onto GF 
fabrics is modeled using both a macroscale only and a multi-
scale approach, with the fluid imbibition into the GF fabric 
represented using governing equations and 2D microscale 
models respectively. The predictions of coating parameters, 
process stability, and final film thickness from both models 
are experimentally validated.

2   |   Materials and Experimental Methods

2.1   |   Coating Materials and System

The study is conducted using the coating solution and E-GF 
fabric as outlined in [14]. The coating solution, labeled 
5EM1CNC, contains 1 wt% CNC functionalized with meth-
yl(triphenyl) phosphonium (�CNC = 1.6 g/cm3), supplied from 
American University (Washington, DC, USA) and 5 wt% 

epoxy-emulsion containing 4 wt% thin epoxy (US Composites) 
and 1 wt% PL123 copolymer (Sigma-Aldritch), and is prepared 
following procedures as outlined in [12]. The reported density 
of the epoxy is �EP = 1.1 g/cm3, and the density of the PL123 is 
�PL123 = 1.01 g/cm3. The slot die coating on a roll-to-roll with 
vacuum assist system used is likewise described in [14], and 
the results from the study are used to validate the operating 
parameter predictions.

2.2   |   Contact Angle and Surface Tension 
Measurement

Contact angle measurements and surface tension measurements 
were conducted using a Rame-Hart goniometer Model 250 with 
DROPimage Advanced software. The sessile drop method was 
used to measure the changing contact angle of a 4 μL droplet 
of 5EM1CNC dispersion on E-GF fabric. High frame rate re-
cordings were made to observe the change in contact angle and 
droplet spread in 0.1 s increments. The sessile drop method was 
also used to measure the static contact angle formed between 
5EM1CNC dispersion and the stainless-steel slot die head. 
Surface tension of the dispersion was measured using the pen-
dant drop method.

2.3   |   Characterization of Coating Fluid

The full viscosity curve of the 5EM1CNC formulation was deter-
mined using a Rheostress 600 rheometer using a pp20 spindle, 
that is, parallel plate with a 20 mm diameter, at ambient condi-
tions. Shear sweep measurements were made at shear rates 1 
and 1000 s−1. The resulting viscosity curves are compared and 
fitted against power-law and Carreau fluid models represented 
in Equations (1) and (2), respectively.

Both models assume the presence of a shear-thinning region, 
typical to CNC dispersions, which are represented by the shear 
thinning index (n) [28]. The apparent viscosity, (�) is a function 
of shear rate (�̇). Zero (�0) and infinite shear (�∞) viscosities are 
reported when the coating fluid exhibits Newtonian plateau re-
gions at the lowest and highest shear rates.

2.4   |   Characterization of GF Fabric

The porosity of the E-glass fabric was evaluated using a Scanco 
μCT50 MicroCT scanner with a 50 mm field of view (FOV), that 
is, millimeter-scale FOV, and < 0.5 μm resolution and a Phenom 
XL G2 SEM with accelerating voltage of 10 kV. For the MicroCT, 
due to the loose weaving of the E-glass fabrics, a piece was em-
bedded into low viscosity epoxy resin to keep the rovings from 
fraying. The cured sample was then cut into a ~1.2 × 1.2 cm sam-
ple which was scanned using 1600 slices under high resolution. 
Analysis of the scan was done using Dragonfly 3D software to 
separate the fibers from void space. For SEM imaging, six (6) 

(1)�app = k�̇n−1

(2)�app = �∞ +
(
�0 − �∞

)[
(1+��̇)2

] n−1
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transverse cross sections of the embedded GF fabric were cut 
and polished, and the contrasted SEM images were analyzed 
using ImageJ to provide an average porosity/void space value 
and average fiber radius.

2.5   |   Measurement of Film Thickness

As measuring wet film thickness (twet) deposited onto GF 
fabric is challenging due to its compressibility and uneven 
surfaces, the conversion between dry film thickness (tdry) 
and (twet) is approximated using a mass balance based on the 
known composition and densities of the coating fluid, (�wet) 
and dried coating (�dry). Assuming complete drying of the de-
posited coating, all of 94 wt% of DI water is evaporated off and 
only the 0.06 wt% of the coating remains giving the relation in 
Equation (3):

where �wet and �dry are calculated using the densities and mass 
fractions of the individual components, as listed in Section 2.1. 
Dry film thickness deposited on top of GF fabric is measured 
using SEM images of 5EM1CNC coated E-GF fabric samples dis-
cussed in [14].

3   |   Modeling Approach

3.1   |   Phase-Field Model Equations

To develop CFD models, the Laminar Two-Phase Flow, Phase 
Field interface in COMSOL Multiphysics 6.1 is used. Though 
the Level Set interface has also been used to simulate similar 
coating processes, the Phase Field model was chosen as it re-
quires less computational power [29]. The Phase Field interface 
relies on the Cahn–Hillard model, which describes the free en-
ergy as a function of the dimensionless phase field parameter 
(�) and its gradient (∇�), and temperature (T), although T is
neglected for isothermal fluids, as shown by Equation (4):

where � is defined for two fluid components such that the vol-
ume fraction of each is (1 + ϕ)/2 and (1 − ϕ)/2, and � represents 
the mixing energy [30, 31]. The evolution of � is described by 
a partial differential Equation (5), where � represents dynamic 
viscosity, u is flow velocity (SI units: m/s), and M is the mobility 
parameter, determined within COMSOL Multiphysics by the in-
terphase thickness.

In Equation (6), the term g(�) is defined as a double potential, 
where � is defined as the capillary width that scales with the 
thickness of the interface.

The chemical potential of the system (G) is calculated using 
Equation (7), and the surface tension (�), of the system relates � 
and �, using the relation in Equation (8).

The modified Navier–Stokes equation for incompressible fluid, 
combined with Equations  (6) and (8) yields Equation  (9) as 
shown below, where (�) is density and (p) is pressure.

3.2   |   Macroscale Slot Die Coating Model

To model the macroscale slot die coating process, the method 
used by Ding et  al. is adapted for this study [19]. A 2D repre-
sentation of the slot die head and moving substrate is presented 
in Figure 1 following the slot die coating system from [14]. The 
coating gap (H) is set to 0.3 mm [16]. The slot gap (W) is 0.16 mm, 
and stainless steel upstream and downstream lip lengths (X) 
are both 1.76 mm. The upstream (�u) and downstream (�d) slot 
die lip angles are 35° and 45° respectively. Parameters for inlet 

(3)�wet ∗Area∗ twet ∗0.06 = �dry ∗Area∗ tdry

(4)F(�, ∇�) = � ∫ fdV = � ∫
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FIGURE 1    |    Representative domain for the macroscale slot die coating model showing finer control point spacing for initial penetration area and 
coarser spacing downstream. [Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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coating flow rate (Q) and web velocity (v) are partially reported 
in [14].

All walls of the slot die head are defined with no slip boundaries. 
The reference pressure is set to 0 (zero) at the outlet and open 
boundaries, with the outlet condition with no backflow enforced 
at the rightmost boundary, representing the substrate exiting out 
of frame. To model the progressive fluid penetration velocity into 
GF fabric, control points indexed by i = 1 to imax are placed onto 
the bottom boundary with the leaking wall condition applied be-
tween the points concurrently with the moving wall condition. 
A predefined physics-controlled free triangular meshing is used.

Two different approaches are used to model the fluid penetration 
into the GF fabric. For the first approach, the fluid penetration ve-
locity at the leaking walls is determined using Darcy's law, and 
the final wet thickness on top of the substrate, following GF fabric 
saturation, is calculated using integration/evaluation lines spaced 
3 mm apart downstream from the slot die. Manual mesh refine-
ment is likewise performed on the control point placement. The 
second approach uses a combined multiscale model, coupling the 
macroscale coating model with a separate microscale model which 
simulates progressive fluid penetration through the GF fabric 
structure. This method resembles the multiscale approach used by 
Didari et al., but instead of mapping the pressure pulse predicted 
by the macroscale model onto the microscale one, in this study, 
the fluid penetration velocity predicted by the microscale model is 
mapped onto the leaking wall boundary of the macroscale model, 
discussed in greater detail in Section 3.4 [27].

3.3   |   Modeling Fluid Penetration Using 
Darcy's Law

A simple approximation of fluid infiltration into GF fabric is per-
formed using 1D Darcy's law, shown in Equation (10), similar 
to models described in [24, 29]. The 1D representation of fluid 
penetration, which only assumes out-of-plane or transverse flow 
into the substrate may not be accurate to the unidirectional GF 
fabric which typically experiences longitudinal wicking within 
the gaps between the parallel GFs. However, for the purposes of 
this study, the parallel flow between GFs will be neglected due 
to the longitudinal movement of the web and substrate, which 
is assumed to negate the longitudinal capillary wicking. The 
vertical penetration velocity (vi), defined at each individual con-
trol point, is calculated from local pressure exerted by coating 
bead (pi), capillary pressure in the fabric (pc), and in the cases 
with vacuum pressure applied (pv). The penetration depth (hi), 
is calculated as a function of time (Δt), iteratively, as shown in 
Equation (11). The distance between the control points (Δs), is a 
function of time interval, Δt and the web velocity (v) as defined 
by Equation (12). Since Darcy's law dictates that the penetration 
velocity gradually slows as saturation is approached, Δs is kept 
short in the initial penetration zone and increased downstream 
from the coating gap, where the velocity gradient is smaller [29].

Continuing with the 1D assumptions, transverse permeabil-
ity (K⊥) of the GF fabric is considered, calculated using a the 
Happel model for flow relative to arrays of cylinders, given in 
Equation (13), as a function of substrate porosity (�), and GF ra-
dius (R) [32].

The capillary pressure (pc) within porous substrates is often ex-
pressed as a function of contact angle (�) between the fluid and 
solid, fluid surface tension (�), and cylindrical pore diameter 
(D), as derived using the Laplace–Young equation [33, 34]. For 
unidirectional GF fabrics, the model is modified to account for 
non-circular pores [24, 25]. Accounting for the GF fabric geom-
etry, pc, as shown in Equations (14) and (15), is therefore calcu-
lated using an expression for equivalent diameter (De), derived 
using the GF radius, GF fabric porosity (�), and a geometric fac-
tor F = 2 for transverse unidirectional flow [24, 25].

The Darcy's Law model additionally assumes a constant viscos-
ity (�), which is not consistent with the non-Newtonian behavior 
of the 5EM1CNC formulation. For power-law fluids, the Blake-
Kozeny equation has been used to model the fluid penetration, 
however, this representation would also be inconsistent with the 
5EM1CNC behavior which only exhibits power-law properties 
within the shear rate limits of approximately 20–200 s−1; assum-
ing power-law behavior at higher shear rates could therefore inac-
curately predict viscosity values approaching singularity [29, 35]. 
The shear rate of fluid flowing within fibrous substrates can be 
estimated using standard packed-bed and cylindrical capillary 
models as functions of fiber volume fractions, porosity, as well as 
fiber spacing and diameter [36–39]. Given the inverse relationship 
between the shear rate versus the pore size and fiber diameter de-
rived by these models, the effective shear rate calculated exceeds 
the range of the power-law region, falling within the Newtonian 
plateau with an infinite shear viscosity (�∞). Thus, �∞ is used in 
place of � within the Darcy's Law equation.

3.4   |   Modeling Fluid Penetration Using 
Microscale Models

To simulate the fluid penetration within the GF fabric, an 
SEM image of a transverse cross section or slice of the E-GF 
fabric was used to directly trace a 2D domain geometry using 
MATLAB and re-plotted in COMSOL using an Image-to-
Curve add-in to produce a representative domain volume 
(RVE) with a porosity matching that of the GF fabric as a 
whole. The domain maintains the full GF fabric thickness of 
0.34 mm and a representative width of 66 μm. The reference 
image and traced domain are shown in Figure 2.

(10)vi =
K⊥

𝜂ε

dP

dz
=
K⊥
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To model the fluid penetration up until saturation, a 2D mi-
croscale model is built, as shown in Figure 3a, comprising not 
only the plotted GF array but also the coating gap (H) above it 
to represent the coating fluid exiting the slot die head and enter-
ing into the GF fabric. This domain is comprised of two layers; 
the top layer represents the stainless-steel slot die lips with a no 
slip boundary, and the bottom includes the coating gap and GF 
fabric, contained within periodic flow boundaries on the sides.

The fluid penetration velocity profile yielded by the model in 
Figure  3a is mapped onto the leaking wall boundary of the 

macroscale model with a moving web, which predicts wet film 
thickness following GF fabric saturation. However, for slot die 
coating with vacuum assist, the vacuum pressure continues to 
drive fluid flow even following saturation, thus the no-vacuum 
wet film thickness is used as a starting condition for the mi-
croscale model with vacuum, shown in Figure 3b, which models 
the continued fluid removal which is mapped downstream from 
the coating bead within the macroscale model.

To model the effect of vacuum pressure on fluid flow follow-
ing GF fabric saturation downstream from the coating bead, a 

FIGURE 2    |    GF fabric (a) SEM image of polished cross section, (b) traced using MATLAB, and (c) replotted as an approximated domain into 
COMSOL. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3    |    Domain geometry and boundary conditions of the 2D GF fabric microscale models simulating (a) initial fluid penetration and satura-
tion of the GF fabric, (b) vacuum-driven fluid flow following saturation, (c) close ups of showing boundaries of GFs, and (d) free triangular meshing 
within the domain. [Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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similar domain without the coating fluid inlet and gap is built, 
as shown in Figure  3b, with the vacuum pressure applied at 
the outlet driving the fluid flow out of the domain. As shown 
in Figure 3c, slip boundary conditions are introduced onto GF 
fiber surfaces due to the presence of interfacial slip within fi-
brous flow which impacts the mass flow rate [40, 41]. A detailed 
view of free triangular meshing within the microscale model is 
additionally shown in Figure 3d.

The inlet velocity is defined using the flow rate (Q) of slot die 
coating process divided by the area of the slot die opening, the 
reference pressure is set to 0, and the outlet pressure equals to 
reference pressure or pv, if applied. The fluid penetration ve-
locity is calculated by tracking the moving two-phase fluid-air 
interface within the GF fabric domain, and the resulting pene-
tration depth (h) versus time (t) plot is used to calculate the leak-
ing wall/penetration (vi) velocities for the slot die coating model 
described by Equations (11) and (12). Gravity is neglected within 
the simulation due to its negligible influence compared to the 
coating, capillary, and vacuum pressures.

3.5   |   Convergence Study

A predefined physics-controlled free triangular meshing is used 
for both macroscale and microscale modeling. For the macro-
scale model, to compare wet film thickness predictions across 

three mesh size limits; these are named “Normal” size range 
of 0.175 ≤ ∆𝑑 ≤ 61.3 μm, “Fine” size range of 0.07 ≤ ∆𝑑 ≤ 49 μm, 
and “Finer” size range of 0.0263 ≤ ∆𝑑 ≤ 22.8 μm. The calculated 
wet film thickness determined at the three separate integration 
lines downstream in the macroscale coating model are plotted 
and found to converge to a single solution. The average wet film 
thickness across different mesh sizes for all macroscale models, 
that is, Darcy's Law, Multiscale without vacuum, and Multiscale 
with vacuum are summarized in Figure 4. Error bars represent-
ing one standard deviation are added to show the variation in 
wet film thickness calculated at each integration line. For the 
Multiscale model, as the coating thickness decreases, finer 
meshes are required to accurately predict the fluid interfaces cor-
rectly. For the microscale model, the “Normal” mesh size range 
between 0.162 ≤ ∆d ≤ 36.2 μm, and subsequent mesh refinement 
is performed using “Fine” setting of 0.162 ≤ ∆d ≤ 28.6 μm, and 
“Finer” 0.0675 ≤ ∆d ≤ 2 μm. For all meshes, the predicted time 
for the fluid to fully saturate the GF fabric domain varies by less 
than 1% for both no-vacuum and with vacuum conditions.

4   |   Results

4.1   |   Model Inputs

The surface tension of the coating dispersion was found to be 
32.8 mN/m and the static contact angle between 5EM1CNC and 
the stainless-steel slot die, �steel, was measured as 56°. While 
previous contact angle measurements between 5EM1CNC and 
single E-GFs evaluated using the liquid bridge method were re-
ported to be approximately 35°, the rapid absorption of the fluid 
into a GF fabric results in a changing contact angle, approaching 
0° within 0.3 s from the first point of contact [42]. For the pur-
pose of the macroscale model, the contact angle formed between 
the fluid and GF fabric is thus approximated as a perfect wetting 
condition where �GF fabric is set to 0°. However, to model the mi-
croscale flow within the fabric itself, the contact angle between 
the fluid and single fibers, �GF = 35°, is used [42].

For CFD modeling, the full viscosity curve of the 5EM1CNC 
coating dispersion, between shear rates 1 and 1000 s−1, is fitted 
against the Carreau model as it exhibits regions of Newtonian 
plateau at very low and high shear rates, resembling values of 
zero-shear and infinite-shear rate viscosities [43]. The viscosity 
curve and fitted model parameters are shown in Figure 5.

Using the MicroCT, the void space unoccupied by the GFs was de-
termined, giving a porosity (�) of 35.2%. Using six separate SEM im-
ages, the porosity was found to be 38.1% ± 2.9%. The measurements 
given by the two separate methods were close, with the MicroCT 
measurement falling within one standard deviation of the porosity 
determined using SEM. Since MicroCT provides a more compre-
hensive measurement of a larger GF fabric volume, for the Darcy's 
law model a value of � = 0.35 is used. Using measurements from 
SEM images, an average GF radius, R = 8.1 ± 0.87 μm, is reported.

4.2   |   Microscale Model of Flow Through GF Fabric

To model coating flow through the 2D E-GF fabric geometry, 
both outlet conditions of no vacuum and with vacuum (pv) 

FIGURE 4    |    Progressive error reduction with mesh refinement for mac-
roscale model using Darcy's Law, and Multiscale Models with and without 
vacuum applied. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5    |    Viscosity determined experimentally and Carreau 
model-fitting parameters for 5EM1CNC coating fluid. [Color figure can 
be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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applied are tested. Using the measured total vacuum pressure 
at the vacuum plate inlet of −8.8 kPa, the value is divided by the 
total surface area of the vacuum plate holes underneath the GF 
fabric, yielding an average value of −21 Pa applied through each 
hole. While the value of pv = 21 Pa is used to model the overall 
outlet conditions, the pressure mapping of the vacuum plate 
could provide a more accurate insight on the vacuum exerted on 
different areas of the GF fabric under real conditions. To calcu-
late the velocity from initial penetration to saturation, the fluid 
penetration depth (h) is tracked as a function of time using the 
two-phase interface, as shown in Figure  6a,b, for no vacuum 
and vacuum conditions, respectively. In both cases, the fluid 
saturates the GF fabric rapidly until it reaches hf  = 0.34 mm and 
then slows down. However, the vacuum pressure applied at the 
outlet aids the fluid outflow from the domain with higher fluid 
velocity following saturation, as seen in Figure 6b and the h(t) 
plot in Figure 7a.

The model convergence is checked using mesh refinement to 
verify that the predicted time to reach saturation converges to 
the same solution. For all meshes, the predicted time it takes for 
the fluid to fully penetrate the GF fabric domain varies by less 
than 0.7% for the no-vacuum conditions and less than 0.8% for 
the model with pv. The penetration velocity (vi) is calculated as a 
function of the penetration depth and time using the expression (
hi+1 − hi

)
∕ Δ t, and the resultant velocities are applied to the 

macroscale leaking wall model to define fluid penetration using 

Equation (10). The steady state pressures of the no-vacuum and 
vacuum model are plotted in Figure 7b,c, respectively, showing 
that the non-zero pressure of pv at the outlet continues to drive 
coating flow through the GF fabric even following saturation; 
this continued removal of fluid through the domain plays an im-
portant role in reducing wet film thickness which is reflected in 
experimental trials using vacuum-assist [14].

To model the fluid flow though the GF fabric, as it transitions 
from being driven by capillary and coating bead pressures to 
being driven solely by the applied vacuum pressure (pv) at the 
outlet, a second model simulating flow out of a saturated do-
main where inlet Q = 0 mL/min is used. The same method of 
tracing the two-phase interphase is used to calculate velocity, 
vi, which represents the rate decrease in wet thickness, using 
the gradual drop in fluid level above the GF fabric over time, 
as shown in Figure 8a,b. The application of vacuum reduces 
wet film thickness by 12 μm within 8 s, though the rate di-
minishes with time. The calculated vi is used in the multiscale 
approach by mapping onto the leaking wall of the macroscale 
model using Equation (11) downstream from the coating bead 
to model the continued fluid removal facilitated by pv. The 
drop in fluid level along with vi is plotted in Figure 8c, show-
ing the continued yet slow impact of vacuum on reducing wet 
film thickness on top of the fabric. The steady state pressure is 
plotted in Figure 8d, showing the applied pv at the outlet and 
reference pressure of 0 Pa at the top of the domain.

FIGURE 6    |    Fluid penetration through GF fabric with (a) no vacuum applied, (b) vacuum applied. [Color figure can be viewed at wileyonlineli-
brary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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FIGURE 7    |    (a) Penetration depth h(t) plotted for both no-vacuum and vacuum model, and steady state pressure throughout the domain for (b) 
no-vacuum and (c) vacuum model. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8    |    Fluid removal from GF fabric domain driven by vacuum pressure (pv) applied at the outlet shown for (a) the full domain, and (b) close 
ups above the GF fabric. (c) Change in measured wet film thickness and velocity of wet film thickness decreases above GF fabric over time, and (d) 
steady state pressure throughout the domain with pv applied at the outlet. [Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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4.3   |   Bead Stability Prediction

Both the macroscale only and multiscale model are used to 
predict operating parameters Q and v, and the results are ex-
perimentally validated; no vacuum is applied. Two test cases 
are simulated, Combination A: Q = 3 mL/min, v = 5 mm/s, and 
Combination B: Q = 5 mL/min and v = 5 mm/s, and the coating 
stability results are summarized in Table 1. For Combination A, 
the macroscale model predicts a stable coating bead with con-
cave upstream and downstream menisci pinned at the corners 
of the slot die, producing a continuous wet film with no defects 
or breakage, as shown in Figure 9a,b. Using Combination B, the 
macroscale model shows the downstream and upstream menisci 
rising above the edges of the die lips, as shown in Figure 9c. This 

observation is associated with a Q becoming too high for a given 
v, at which the defect of dripping begins to appear, describing 
the phenomenon where the fluid accumulates behind the up-
stream die-lip and begins to drip down onto the substrate [44].

The multiscale model returned different predictions. Using 
Combination A, the model predicts an unstable coating bead 
which breaks, as shown in Figure 10a since the chosen Q is too 
low for both the established web velocity and the rapid fluid pen-
etration. In contrast, raising the coating flow rate to Q = 5 mL/
min to match Combination B, a stable coating bead was pro-
duced, reaching steady state without breakage, as shown in 
Figure  10b. The predicted coating bead shape is also notable, 
showing the upstream meniscus moving right into the slot gap, 
a phenomenon that typically occurs when the minimum wet 
thickness boundary is approached, signifying that Q could not 
be further reduced for a given v without the appearance of rib-
bing or break-line defects [29, 44].

Experiments carried out using Combination A and 
Combination B parameters reflected the findings of the mul-
tiscale model. As shown in Figure  11b, Combination A pa-
rameters yielded an unstable coating bead with breakage, 
producing an incomplete coating with dry spots, that is, break-
line defect, with bright reflective uncoated GF fabric visible; a 
reference image of uncoated GF fabric is shown in Figure 11a. 
The results imply that the chosen Q and v combination falls 
outside of the operating limits, specifically below the lower 
bounds of a coating window. Experimentally increasing the 
flow rate to Q = 5 mL/min was found to be necessary to pro-
duce a consistent coating and coverage of the E-GF fabric, as 
shown in Figure 11c, with the opaque white coating providing 
complete coverage over the GF fabric. These findings also re-
flect the stable coating parameters tested in [14] for coating 
E-GF fabric.

TABLE 1    |    Coating outcomes for macroscale model, multiscale 
model, and experimental evaluation.

Method

Coating 
flow rate (Q) 

(mL/min)

Web 
velocity (v) 

(mm/s)
Coating 
outcome

Macroscale + 
Darcy's Law

3 5 Stable

Macroscale + 
Darcy's Law

5 5 Dripping 
defect

Multiscale 3 5 Unstable

Multiscale 5 5 Stable

Experimental 3 5 Unstable 
+ Break

line defect

Experimental 5 5 Stable

FIGURE 9    |    Macroscale model predictions showing (a) a timelapse of coating bead formation and shape from t = 0 to 4 s, (b) an extended view of 
the slot die coating domain at steady state for parameters of Combination A, and (c) of Combination B. [Color figure can be viewed at wileyonlineli-
brary.com]

https://onlinelibrary.wiley.com/
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4.4   |   Film Thickness Prediction

Since Combination B was found to produce steady operating con-
ditions experimentally, the film thickness produced at these pa-
rameters are compared to macroscale and multiscale predictions. 
The multiscale model was additionally evaluated for the ability 
to predict film thickness for cases with applied vacuum pressure. 

Since the models can only predict wet film thickness (twet), the 
conversion to dry film thickness (tdry) is carried out using the 
mass fractions and densities of the constituents as described in 
Section 2.5. Refinement of control point spacing (Δ s) did not sig-
nificantly impact the wet film thickness predictions, differing by 
less than 4.5% suggesting solution convergence. The film thick-
ness of both models, along with experimental measurements 
taken from [14], is summarized in Table  2. The error of each 
model prediction compared to experimental data is also included.

Echoing the findings from prior inaccurate coating bead stabil-
ity predictions, the macroscale model falls short in predicting 
film thickness by a large error of 180% when compared to aver-
age experimental measurements. Using the multiscale model to 
simulate the coating process and fluid penetration yields values 
closer to the experimental measurements although the model 
continues to significantly overpredict the film thickness in both 
no-vacuum and vacuum cases, exceeding the measured mean 
film thickness by similar absolute errors of 0.91 and 0.80 μm. 
Given the high standard deviation of the measured coating film 
thickness due to the uneven surface heights and the difficulty 
of measuring in situ wet film thickness on the coated GF fabric, 

FIGURE 10    |    (a) Coating bead at Combination A, showing instability and breakage at a time stamp of t = 0.90 s, and (b) coating bead at Combination 
B showing stable coating bead shape at steady state. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 11    |    GF fabric (a) uncoated and coated using (b) Combination A: Q = 3 mL/min and v = 5 mm/s, and (c) Combination B: Q = 5 mL/min and 
v = 5 mm/s. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2    |    Comparison of film thickness model predictions and 
experimental values.

Method Vacuum
twet 

(μm) tdry (μm)
Error 
(μm)

Experimental No N/A 1.49 ± 1.19 N/A

Experimental Yes N/A 0.84 ± 0.61 N/A

Macroscale No 82 4.20 2.71

Multiscale No 47 2.40 0.91

Multiscale Yes 32 1.64 0.80

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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establishing a reliable conversion between wet and dry thick-
ness remains a gap in achieving better model validation.

However, the multiscale approach does clearly outperform 
the macroscale-only model. Examining the pressure plots in 
Figure  12, the plot for the macroscale and multiscale models 
differ significantly, although both show the initial penetration 
region with high pressure generated primarily by the fluid being 
pulled into the GF fabric by the dominant pc. Where the macro-
scale model uses the Young–Laplace equation to calculate a con-
stant pc until saturation as shown in Figure 12a, the multiscale 
model shows variation in pressure caused by irregular GF pack-
ing causing local fluctuations and resultant fluid velocity, as 
shown in Figure 12b. The influence of vacuum can be observed 
from the plot as well, showing that the model with pv sustained 
higher outlet pressure applied at the leaking wall boundary, 
driving the continued removal of coating fluid following satura-
tion, resulting in changes in the wet film thickness.

The inadequacy of using 1D Darcy's law to describe fluid pene-
tration into GF fabric can be explained by the numerous simplify-
ing assumptions. The original implementation of this approach 
for slot die coating carbon paper, as described in [19] stated the 
assumption that the wetting length of the coating bead is much 
longer than the penetration depth. While this assumption may 
hold true for porous media with low permeability exerting low 
capillary pressure, the rapid wetting of GF fabric, stemming 
from large pc may render this condition untrue. Within the GF 
fabric model, the penetration depth is found to be within one 
order of magnitude of the wetting length of 0.1 mm, which di-
verges from previous applications where the penetration was 
only on the order of single microns [19]. These findings support 
the conclusions from Goda et al.'s study which modeled a simi-
lar process of slot die coating of hydrophilic porous media on a 
curved surface and has noted that the 1D depth-dependent pen-
etration approach was not representative of systems for which 
pc ≫ pi [22]. However, this model still assumed an isotropic po-
rosity and constant pore diameter, which are criteria not met by 
complex porous media or fibrous materials like a GF fabric.

Further inaccuracy may stem from the simplified representa-
tion of a GF fabric as an array of parallel cylinders with reg-
ular spacing in between. The Happel model, which was used 
to approximate GF fabric permeability is a popular approach 

for modeling fluid flow across aligned cylinders; however, it 
relies on the independent unit cell model concept in which the 
GFs are individually spaced without touching, and the GF fab-
ric has a constant porosity value [32, 45, 46]. As was shown in 
SEM images in Figure 2, the fabric is made of irregular arrays 
of GFs with occasional tight packing and large pockets. While 
the Happel model, may apply to selected regions with high po-
rosity, it offers a poor approximation for areas with higher vol-
ume fractions of fibers (Vf), that is, Vf = 0.6 or higher, failing 
to account for changing tortuosity and geometric randomness 
[47]. Within lower porosity regions, lubrication theory is often 
more suitable for modeling fluid flow [46]. To more accurately 
represent fluid flow through GF fiber fabrics with irregular GF 
distribution, improvements could be achieved by using unified 
models that combine both the cell model and lubrication theory 
with governing equations, similar to ones described in [46, 48]. 
The calculated capillary pressure (pc) which drives the fluid 
penetration into the GF fabric experiences similar pitfalls to the 
permeability calculations, as it also relies on a constant effec-
tive pore diameter De, calculated from a constant radius (R) and 
constant porosity (�). This approach results in a uniform pc, as 
plotted in Figure 12a, a prediction that is incongruent with the 
real GF fabric geometry.

The microscale model using an RVE of the GF fabric allows 
for greater accuracy in representing GF fabric geometry in-
cluding the uneven porosity and GF distribution throughout 
the entire GF thickness. However, the size of the RVE is also 
a major factor, with smaller structures inadequately capturing 
the alternating weave of GF fabrics. In this study, the small 
RVE could be a source of error as it was produced based on a 
GF roving within the fabric without capturing the presence of 
polyester yarn (i.e., weft) that horizontally weaves the other-
wise unidirectional fabric. Even so, the multiscale approach 
allows for improved representation of fluid penetration dy-
namics, accurately predicting stable coating parameters and 
film thickness closer to experimental measurements over a 
purely macroscale model.

5   |   Conclusions and Future Works

In this study, a multiscale CFD modeling approach was taken to 
simulate the slot die coating of CNC dispersions onto GF fabric 

FIGURE 12    |    Coating pressure plots for Combination B for (a) macroscale model, (b) multiscale model. [Color figure can be viewed at wileyon-
linelibrary.com]
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for systems with and without vacuum assist. The multiscale 
modeling approach yielded coating bead stability predictions 
congruent with experimental coating trials and also outper-
formed typical macroscale-only models, being able to directly 
capture the primarily capillary pressure-driven fluid penetra-
tion within the anisotropic substrate geometry relying on sim-
plified equations for porous flow.

While the current models can be used to predict coating 
bead stability, producing accurate film thickness predic-
tions remains a major challenge. Expanded models of both 
the microscale model, capturing a larger cross section of the 
GF fabric, and a larger macroscale model with an expanded 
downstream region could both be implemented to increase the 
accuracy of the overall fluid penetration and removal. Better 
predictions and conversions between wet film thickness and 
dry film thickness could also be targeted by exploring more 
accurate in situ wet film thickness measurement using finer 
wet film thickness gauges.

To provide improvement to the current domain, 3D dynamic 
CFD models which simultaneously capture the substrate 
movement along with the fluid penetration into a GF fabric 
are under development, providing a more detailed represen-
tation of GF fabric structure. This approach would simplify 
the model inputs by removing the need for the geometric 
mapping between two separate models, thus overcoming the 
difficulty of decoupling and re-coupling of coating regions. 
Furthermore, a 3D model would offer a clearer prediction of 
fluid volume distribution across the GF fabric surface and also 
allow for the establishment of coat weight to film thickness 
conversions.

Overall, this work provides a pathway forward for the use of 
multiscale CFD modeling for predicting operating parameters 
and coating outcomes for vacuum-assisted slot die coating, a 
novel scalable method for sizing GF fabrics in CNCs.

Author Contributions

Robert J. Moon: writing – review and editing, supervision, resources, 
methodology. Kyriaki Kalaitzidou: funding acquisition, writing – re-
view and editing, methodology, supervision, resources. Apoorva R. 
Mundhe: investigation. Kim Anh Pham: investigation, conceptual-
ization, writing – original draft, writing – review and editing, software, 
validation, formal analysis, data curation, methodology. Tequila A. L. 
Harris: conceptualization, writing – review and editing, methodology, 
supervision, resources, funding acquisition.

Acknowledgments

The authors would like to acknowledge the Renewable Bioproducts 
Institute at Georgia Institute of Technology for providing funding for 
this project.

Funding

This work was supported by the Renewable Bioproducts Institute.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

1. C. M. Clarkson, S. M. E. A. Azrak, E. S. Forti, G. T. Schueneman, R. J. 
Moon, and J. P. Youngblood, “Recent Developments in Cellulose Nano-
material Composites,” Advanced Materials 33, no. 28 (2021): 2000718,
https://​doi.​org/​10.​1002/​adma.​20200​0718.

2. E. Gicquel, C. Martin, J. G. Yanez, and J. Bras, “Cellulose Nanocrys-
tals as New Bio-Based Coating Layer for Improving Fiber-Based Me-
chanical and Barrier Properties,” Journal of Materials Science 52, no. 6
(2017): 3048–3061, https://​doi.​org/​10.​1007/​s1085​3-​016-​0589-​x.

3. L. Spagnuolo, R. D'Orsi, and A. Operamolla, “Nanocellulose for
Paper and Textile Coating: The Importance of Surface Chemistry,”
ChemPlusChem 87, no. 8 (2022): e202200204, https://​doi.​org/​10.​1002/​
cplu.​20220​0204.

4. S. M. Mazhari Mousavi, E. Afra, M. Tajvidi, D. W. Bousfield, and M.
Dehghani-Firouzabadi, “Application of Cellulose Nanofibril (CNF) as
Coating on Paperboard at Moderate Solids Content and High Coating
Speed Using Blade Coater,” Progress in Organic Coatings 122 (2018):
207–218, https://​doi.​org/​10.​1016/j.​porgc​oat.​2018.​05.​024.

5. C. C. Satam, C. W. Irvin, A. W. Lang, et  al., “Spray-Coated Multi-
layer Cellulose Nanocrystal—Chitin Nanofiber Films for Barrier Ap-
plications,” ACS Sustainable Chemistry & Engineering 6, no. 8 (2018):
10637–10644, https://​doi.​org/​10.​1021/​acssu​schem​eng.​8b01536.

6. R. A. Chowdhury, C. Clarkson, and J. Youngblood, “Continuous Roll-
To-Roll Fabrication of Transparent Cellulose Nanocrystal (CNC) Coat-
ings With Controlled Anisotropy,” Cellulose 25, no. 3 (2018): 1769–1781, 
https://​doi.​org/​10.​1007/​s1057​0-​018-​1688-​4.

7. R. J. Moon, A. Martini, J. Nairn, J. Simonsen, and J. Youngblood,
“Cellulose Nanomaterials Review: Structure, Properties and Nanocom-
posites,” Chemical Society Reviews 40, no. 7 (2011): 3941–3994, https://
doi.​org/​10.​1039/​C0CS0​0108B​.

8. J. d'Eon, W. Zhang, L. Chen, R. M. Berry, and B. Zhao, “Coating Cel-
lulose Nanocrystals on Polypropylene and Its Film Adhesion and Me-
chanical Properties,” Cellulose 24, no. 4 (2017): 1877–1888, https://​doi.​
org/​10.​1007/​s1057​0-​017-​1222-​0.

9. R. Koppolu, J. Lahti, T. Abitbol, A. Swerin, J. Kuusipalo, and M. Toi-
vakka, “Continuous Processing of Nanocellulose and Polylactic Acid
Into Multilayer Barrier Coatings,” ACS Applied Materials & Interfaces 
11 (2019): 11920–11927.

10. K. Jung, Y. Ji, T.-J. Jeong, P. N. Ciesielski, J. C. Meredith, and T. A.
L. Harris, “Roll-To-Roll, Dual-Layer Slot Die Coating of Chitin and Cel-
lulose Oxygen Barrier Films for Renewable Packaging,” ACS Applied
Materials & Interfaces 14, no. 39 (2022): 44922–44932, https://​doi.​org/​
10.​1021/​acsami.​2c09925.

11. A. Asadi, M. Miller, R. J. Moon, and K. Kalaitzidou, “Improving the 
Interfacial and Mechanical Properties of Short Glass Fiber/Epoxy Com-
posites by Coating the Glass Fibers With Cellulose Nanocrystals,” Ex-
press Polymer Letters 10, no. 7 (2016): 587–597, https://​doi.​org/​10.​3144/​
expre​sspol​ymlett.​2016.​54.

12. J. Goswami, E. Haque, D. M. Fox, et  al., “The Effect of Cellulose
Nanocrystal Coatings on the Glass Fiber–Epoxy Interphase,” Materials 
12, no. 12 (2019): 1951, https://​www.​mdpi.​com/​1996-​1944/​12/​12/​1951.

13. H. Fallahi, O. Kaynan, and A. Asadi, “Insights Into the Effect of
Fiber–Matrix Interphase Physiochemical- Mechanical Properties on
Delamination Resistance and Fracture Toughness of Hybrid Compos-
ites,” Composites Part A: Applied Science and Manufacturing 166 (2023): 
107390, https://​doi.​org/​10.​1016/j.​compo​sitesa.​2022.​107390.

https://doi.org/10.1002/adma.202000718
https://doi.org/10.1007/s10853-016-0589-x
https://doi.org/10.1002/cplu.202200204
https://doi.org/10.1002/cplu.202200204
https://doi.org/10.1016/j.porgcoat.2018.05.024
https://doi.org/10.1021/acssuschemeng.8b01536
https://doi.org/10.1007/s10570-018-1688-4
https://doi.org/10.1039/C0CS00108B
https://doi.org/10.1039/C0CS00108B
https://doi.org/10.1007/s10570-017-1222-0
https://doi.org/10.1007/s10570-017-1222-0
https://doi.org/10.1021/acsami.2c09925
https://doi.org/10.1021/acsami.2c09925
https://doi.org/10.3144/expresspolymlett.2016.54
https://doi.org/10.3144/expresspolymlett.2016.54
https://www.mdpi.com/1996-1944/12/12/1951
https://doi.org/10.1016/j.compositesa.2022.107390


13 of 13Journal of Applied Polymer Science, 2026

14. K. A. Pham, T. A. L. Harris, R. J. Moon, and K. Kalaitzidou, “The
Effect of Nanocellulose Coating on S2-Glass and E-Glass Fabric
Composites,” Journal of Reinforced Plastics and Composites 0 (2025):
07316844251366624, https://​doi.​org/​10.​1177/​07316​84425​1366624.

15. K. A. Pham, T. A. L. Harris, R. J. Moon, and K. Kalaitzidou, “Func-
tionalized Cellulose Nanocrystal Sizing to Enhance Mechanical Proper-
ties of Glass Fiber–Reinforced Epoxy Laminates,” Polymer Composites 
47 (2025): 556–567, https://​doi.​org/​10.​1002/​pc.​70166​.

16. E. Haque, S. Shariatnia, T.-J. Jeong, et al., “Scalable Coating Meth-
ods for Enhancing Glass Fiber–Epoxy Interactions With Cellulose
Nanocrystals,” Cellulose 28, no. 8 (2021): 4685–4700, https://​doi.​org/​10.​
1007/​s1057​0-​021-​03829​-​3.

17. X. Ding and T. A. L. Harris, “Review on Penetration and Transport
Phenomena in Porous Media During Slot Die Coating,” Journal of Poly-
mer Science Part B: Polymer Physics 55, no. 22 (2017): 1669–1680, https://​
doi.​org/​10.​1002/​polb.​24307​.

18. K. S. A. Chen and L. E. Scriven, “Liquid Penetration Into a Deform-
able Porous Substrate,” Tappi Journal 73 (1990): 151–161.

19. X. Ding, T. F. Fuller, and T. A. L. Harris, “Predicting Fluid Pene-
tration During Slot Die Coating Onto Porous Substrates,” Chemical 
Engineering Science 99 (2013): 67–75, https://​doi.​org/​10.​1016/j.​ces.​2013.​
05.​039.

20. R. Masoodi and K. M. Pillai, “Darcy's Law-Based Model for Wicking 
in Paper-Like Swelling Porous Media,” AICHE Journal 56, no. 9 (2010):
2257–2267, https://​doi.​org/​10.​1002/​aic.​12163​.

21. M. Khlewee, M. Al-Gharrawi, and D. Bousfield, “Modeling the Pen-
etration of Polymer Into Paper During Extrusion Coating,” Journal of
Coatings Technology and Research 19, no. 1 (2022): 25–34, https://​doi.​
org/​10.​1007/​s1199​8-​021-​00487​-​9.

22. T. Goda, Y. Sasaki, M. Mizuno, K. Morizawa, H. Katakura, and S.
Tomiya, “Numerical Analysis for Predicting the Operability Window of 
Slot-Die Coating Onto Porous Media,” Journal of Coatings Technology
and Research 14, no. 5 (2017): 1053–1060, https://​doi.​org/​10.​1007/​s1199​
8-​017-​9985-​7.

23. J. Cimadoro, L. Ribba, S. Goyanes, and E. Cerda, “Wetting a Super-
omniphobic Porous System,” Soft Matter 15, no. 42 (2019): 8621–8626,
https://​doi.​org/​10.​1039/​C9SM0​1091B​.

24. C. Lekakou and M. G. Bader, “Mathematical Modelling of Macro- 
and Micro-Infiltration in Resin Transfer Moulding (RTM),” Compos-
ites Part A: Applied Science and Manufacturing 29, no. 1 (1998): 29–37,
https://​doi.​org/​10.​1016/​S1359​-​835X(97)​00030​-​4.

25. K. J. Ahn, J. C. Seferis, and J. C. Berg, “Simultaneous Measurements 
of Permeability and Capillary Pressure of Thermosetting Matrices in
Woven Fabric Reinforcements,” Polymer Composites 12, no. 3 (1991):
146–152, https://​doi.​org/​10.​1002/​pc.​75012​0303.

26. S. Didari, T. A. L. Harris, W. Huang, S. M. Tessier, and Y. Wang,
“Transport Phenomena in Carbon Paper Gas Diffusion Layers,” ECS 
Transactions 41, no. 1 (2011): 499–512, https://​doi.​org/​10.​1149/1.​
3635584.

27. S. Didari, “Virtual Modeling of a Manufacturing Process to Con-
struct Complex Composite Materials of Tailored Properties,” PhD, Me-
chanical Engineering, Georgia Institute of Technology, 2014.

28. J. Liao, K. A. Pham, and V. Breedveld, “Rheological Characteri-
zation and Modeling of Cellulose Nanocrystal and TEMPO-Oxidized
Cellulose Nanofibril Suspensions,” Cellulose 27, no. 7 (2020): 3741–3757, 
https://​doi.​org/​10.​1007/​s1057​0-​020-​03048​-​2.

29. X. Ding, “Applied Study and Modeling of Penetration Depth for Slot
Die Coating Onto Porous Substrates,” Doctor of Philosophy, Mechanical 
Engineering, Georgia Institute of Technology, 2014.

30. “CFD Module User's Guide,” COMSOL Multiphysics. COMSOL AB, 
Stockholm, Sweden.

31. I. Bogdanov, S. Jardel, A. Turki, and A. Kamp, “Pore Scale Phase
Field Model of Two Phase Flow in Porous Medium,” in Annual COM-
SOL Conference, Paris, France, 2010.

32. J. Happel, “Viscous Flow Relative to Arrays of Cylinders,” AICHE 
Journal 5, no. 2 (1959): 174–177, https://​doi.​org/​10.​1002/​aic.​69005​0211.

33. J. Cai, E. Perfect, C.-L. Cheng, and X. Hu, “Generalized Modeling
of Spontaneous Imbibition Based on Hagen–Poiseuille Flow in Tortu-
ous Capillaries With Variably Shaped Apertures,” Langmuir 30, no. 18
(2014): 5142–5151, https://​doi.​org/​10.​1021/​la500​7204.

34. A. C. M. Franken, J. A. M. Nolten, M. H. V. Mulder, D. Bargeman,
and C. A. Smolders, “Wetting Criteria for the Applicability of Membrane 
Distillation,” Journal of Membrane Science 33, no. 3 (1987): 315–328,
https://​doi.​org/​10.​1016/​S0376​-​7388(00)​80288​-​4.

35. R. H. Christopher and S. Middleman, “Power-Law Flow Through a
Packed Tube,” Industrial & Engineering Chemistry Fundamentals 4, no. 
4 (1965): 422–426, https://​doi.​org/​10.​1021/​i1600​16a011.

36. B. R. Gebart, “Permeability of Unidirectional Reinforcements for
RTM,” Journal of Composite Materials 26, no. 8 (1992): 1100–1133,
https://​doi.​org/​10.​1177/​00219​98392​02600802.

37. S. Shahsavari and G. H. McKinley, “Mobility and Pore-Scale Fluid
Dynamics of Rate-Dependent Yield-Stress Fluids Flowing Through Fi-
brous Porous Media,” Journal of Non-Newtonian Fluid Mechanics 235
(2016): 76–82, https://​doi.​org/​10.​1016/j.​jnnfm.​2016.​07.​006.

38. S. Shahsavari and G. H. McKinley, “Mobility of Power-Law and Car-
reau Fluids Through Fibrous Media,” Physical Review E 92, no. 6 (2015): 
063012, https://​doi.​org/​10.​1103/​PhysR​evE.​92.​063012.

39. L. Skartsis, B. Khomami, and J. L. Kardos, “Polymeric Flow Through 
Fibrous Media,” Journal of Rheology 36, no. 4 (1992): 589–620, https://​
doi.​org/​10.​1122/1.​550365.

40. G. S. Beavers and D. D. Joseph, “Boundary Conditions at a Naturally 
Permeable Wall,” Journal of Fluid Mechanics 30, no. 1 (1967): 197–207,
https://​doi.​org/​10.​1017/​S0022​11206​7001375.

41. J. Lu, H. K. Jang, S. B. Lee, and W. R. Hwang, “Characterization
on the Anisotropic Slip for Flows Over Unidirectional Fibrous Porous
Media for Advanced Composites Manufacturing,” Composites Part A:
Applied Science and Manufacturing 100 (2017): 9–19, https://​doi.​org/​10.​
1016/j.​compo​sitesa.​2017.​04.​021.

42. E. Haque, “Nanocellulose-Based Glass Fiber Sizing for Lightweight
Fiberglass Composites,” Ph.D. School of Materials Science and Engi-
neering, Georgia Institute of Technology, Atlanta, Georgia, USA, 2021.

43. R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena 
(Wiley, 2009).

44. X. Ding, J. Liu, and T. A. L. Harris, “A Review of the Operating
Limits in Slot Die Coating Processes,” AICHE Journal 62, no. 7 (2016):
2508–2524, https://​doi.​org/​10.​1002/​aic.​15268​.

45. G. W. Jackson and D. F. James, “The Permeability of Fibrous Porous 
Media,” Canadian Journal of Chemical Engineering 64, no. 3 (1986):
364–374, https://​doi.​org/​10.​1002/​cjce.​54506​40302​.

46. M. V. Bruschke and S. G. Advani, “Flow of Generalized Newtonian
Fluids Across a Periodic Array of Cylinders,” Journal of Rheology 37, no. 
3 (1993): 479–498, https://​doi.​org/​10.​1122/1.​550455.

47. A. Geoffre, M. Ghestin, N. Moulin, J. Bruchon, and S. Drapier,
“Bounding Transverse Permeability of Fibrous Media: A Statistical
Study From Random Representative Volume Elements With Consider-
ation of Fluid Slip,” International Journal of Multiphase Flow 143 (2021): 
103751, https://​doi.​org/​10.​1016/j.​ijmul​tipha​seflow.​2021.​103751.

48. S. F. Shuler and S. G. Advani, “Transverse Squeeze Flow of Concentrated 
Aligned Fibers in Viscous Fluids,” Journal of Non-Newtonian Fluid Mechan-
ics 65, no. 1 (1996): 47–74, https://​doi.​org/​10.​1016/​0377-​0257(96)​01440​-​1.

https://doi.org/10.1177/07316844251366624
https://doi.org/10.1002/pc.70166
https://doi.org/10.1007/s10570-021-03829-3
https://doi.org/10.1007/s10570-021-03829-3
https://doi.org/10.1002/polb.24307
https://doi.org/10.1002/polb.24307
https://doi.org/10.1016/j.ces.2013.05.039
https://doi.org/10.1016/j.ces.2013.05.039
https://doi.org/10.1002/aic.12163
https://doi.org/10.1007/s11998-021-00487-9
https://doi.org/10.1007/s11998-021-00487-9
https://doi.org/10.1007/s11998-017-9985-7
https://doi.org/10.1007/s11998-017-9985-7
https://doi.org/10.1039/C9SM01091B
https://doi.org/10.1016/S1359-835X(97)00030-4
https://doi.org/10.1002/pc.750120303
https://doi.org/10.1149/1.3635584
https://doi.org/10.1149/1.3635584
https://doi.org/10.1007/s10570-020-03048-2
https://doi.org/10.1002/aic.690050211
https://doi.org/10.1021/la5007204
https://doi.org/10.1016/S0376-7388(00)80288-4
https://doi.org/10.1021/i160016a011
https://doi.org/10.1177/002199839202600802
https://doi.org/10.1016/j.jnnfm.2016.07.006
https://doi.org/10.1103/PhysRevE.92.063012
https://doi.org/10.1122/1.550365
https://doi.org/10.1122/1.550365
https://doi.org/10.1017/S0022112067001375
https://doi.org/10.1016/j.compositesa.2017.04.021
https://doi.org/10.1016/j.compositesa.2017.04.021
https://doi.org/10.1002/aic.15268
https://doi.org/10.1002/cjce.5450640302
https://doi.org/10.1122/1.550455
https://doi.org/10.1016/j.ijmultiphaseflow.2021.103751
https://doi.org/10.1016/0377-0257(96)01440-1

	Multiscale Modeling Approach of Slot Die Coating of Unidirectional Glass Fiber Fabric
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Experimental Methods
	2.1   |   Coating Materials and System
	2.2   |   Contact Angle and Surface Tension Measurement
	2.3   |   Characterization of Coating Fluid
	2.4   |   Characterization of GF Fabric
	2.5   |   Measurement of Film Thickness

	3   |   Modeling Approach
	3.1   |   Phase-Field Model Equations
	3.2   |   Macroscale Slot Die Coating Model
	3.3   |   Modeling Fluid Penetration Using Darcy's Law
	3.4   |   Modeling Fluid Penetration Using Microscale Models
	3.5   |   Convergence Study

	4   |   Results
	4.1   |   Model Inputs
	4.2   |   Microscale Model of Flow Through GF Fabric
	4.3   |   Bead Stability Prediction
	4.4   |   Film Thickness Prediction

	5   |   Conclusions and Future Works
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References




