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Introduction
 Widespread industrial and academic interest in nanocellulosic materials as a bio-based alternative for food packaging is driven due to renewability, the abundance of cellulose, and proven barrier properties against oxygen, mineral oils, and grease. From an operative perspective, an accurate understanding of the flow and rheological properties of nanocellulosic materials is essential to control and optimize high throughput manufacturing and efficient automation of coating processes. 
In coating applications, where the desired product is a thin film (either free-standing or on a substrate), control of rheological properties are directly relevant to the final product properties. For example in slot coating, the suspension rheology is critical for favourable coating processing conditions and will dictate the drying energy requirements, whereas the resulting spatial and orientation distribution of nanocellulosic particles will influence the final product characteristics. The distribution of nanocellulose fibrils in an aqueous suspension is extremely complex, and lead to distinct rheological characteristics. A fundamental phenomenon that contributes to the difficulty in obtaining an accurate flow model is the presence of a thin wall-bounded particle-depleted-layer of the order of a few microns where the shear is highly non-uniform. Some studies [1] suggest that this 'apparent slip' may arise due to particle migration as a resultant of the random Brownian motion and two competing forces: hydrodynamic interactions between the fibrils and the wall, and fibril-fibril interactions, while other studies argue that fibrils migrate from the high shear-rate, near-wall regions towards lower-shear bulk flow until the shear-rate gradients in are balanced by the concentration-gradients[2]. Although the effect of apparent wall-slip may not be directly relevant and can be neglected in lower concentrations, the contribution of nonlinear wall-slip becomes more critical as the solid-content is increased and must be addressed along with other essential modelling challenges stemming from the presence of yield stress and highly shear-thinning behaviour. Numerous approaches for modelling the effective-deficit in momentum- transfer resulting from the apparent slip layer have been suggested in the past; including molecular dynamics (MD)  methods and Lattice Boltzmann methods (LBM). However, the most effective mode is to employ the traditional flow solving techniques, which discretize and solve the macroscopic Navier–Stokes (NS) equations on a continuum mechanics framework. The particle depleted layer is modelled as an infinitely thin layer and is effectively applied by replacing the no-slip boundary condition in the wall parallel directions by a wall-shear stress-dependent nonlinear Navier-slip condition. This approach is motivated by the knowledge that, provided there is an empirical model of the slip-behaviour from standard experiments, the model can provide the accurate stress and velocities at the wall without calculating the macroscopic particle interactions, which can be prohibitively expensive in an industrial scenario. The current work aims to provide a preliminary study of the mechanisms on how slip can influence the flow of nanocellulosic materials in realistic industrially applicable conditions. Precisely, herein, simulation results of slot-die flow for 3% Micro-Fibrillated-Cellulose (MFC) are presented in the knowledge of previously reported experimental data.

Numerical Methodology 
A 2D computational domain and parameter space are carefully chosen based on previous experimental work by [3] as represented in Figure 1. The slot-die coating head placed at 3 o'clock position with the backing roll and slightly offset downwards from the centre of the backing roll. Such as arrangement facilitates to control the coat weight with the minimum gap (SWG) as the geometry between the coating head lips and the backing roll is convergent. In this mode, some material is metered off, gathered later and channelled to the inlet feed for reuse.
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	Figure 1. Left: Simulation geometry, boundary conditions., Right: The Casson rheology model employed with the existing experimental data.


 Furthermore, this arrangement in the slot-die coating is beneficial compared to the pre-metered method as it allows to control the coat-weight independently of the feed flow-rate. Additionally, high flow-rates aids in overcoming the high yield-stresses faced in nanocellulosic materials. For simplicity, the substrate is considered to be a non-absorbing, no-slip smooth surface on the backing roll surface. A two-dimensional, laminar, steady-state flow field is assumed throughout the study. The governing partial differential equations (PDEs) for an incompressible, isothermal fluid can be expressed as the conservations of mass and momentum:

	


[bookmark: _GoBack]Here, ρ is the density, U is the velocity field, t is the time, p is the pressure, g is the gravitational acceleration, and ν is the kinematic viscosity. The finite volume method based OpenFOAM framework is employed to discretize the system of PDEs resulting from the governing equations. The volume-of-fluid method [4] based interFoam solver is utilized to capture the development of the free-surface of the immiscible two-phase flow between the coating-fluid and air. The rheology of nanocellulose is numerically described using a Casson model, () which  includes yield stress and the  Casson model parameters ( Pa and Pas). These were obtained from slot viscometry measurements reported for 3% concentration of mechanically produced cellulose nanofibrils  [5], by considering the nonlinear slip. From Fig 1, we can see that the effect of nonlinear slip becomes prominent at high shear rates. The slip velocity is modelled as a function of wall shear stress, and the relationship between the two quantities is implemented in OpenFOAM as a nonlinear power law: 

.

The nonlinear slip parameters (  and )  were also chosen from slot-rheometry experiments by systematically varying the slot-gap. All the solid walls in the computational domain were prescribed nonlinear slip boundary conditions except the coating substrate.
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	Figure 2. Representative streamlines and pressure distribution of the no-slip case with SWG=600 µm. The locations of the velocity distribution probes shown in Fig 3 are also highlighted.






Results  
For studying the effect of wall-slip systematically, simulations were performed for four different slot-web gaps with SWG=300 µm, 600 µm, 1000 µm and 1200 µm, with both slip and no-slip boundary conditions. These cases constitute realistic coating gaps and results in the defect-free coatings in the corresponding experimental setup. Furthermore, the slot-die gap is kept at 1000 µm, with a web speed of 10 m/min (0.167 m/s) while the slot-die average inflow rate is fixed at 0.180 m/s. At the slot gap exit, the flow bifurcates into upward and downward flows driven by the pressure from the feed into the slot die. 
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	Figure 3. Comparison of the velocity profiles for no-slip and slip models at various cross-sections as highlighted in Fig 2. a) SWG=300 µm, b) SWG=600 µm, c) SWG=1000 µm and d) SWG=1200 µm.





Figure 2 depicts representative streamlines overlayed on a pressure distribution for SWG=600µm no-slip case. Figure 3 compares the development of velocity profiles along the converging gap for all the cases.  Initially, the flow is driven by the shear from the moving substrate and as the flow develops, the linear shear-flow profile evolves to a truncated parabola, for the smaller slot-web gaps. In addition, velocities higher than the moving substrate are observed in the bulk of the flow. As the SWG is increased, the pressure drops generated are reduced, and the flow changes to predominantly shear-driven throughout the converging gap. As we compare the no-slip (represented by solid lines) and slip (dashed lines) cases, for the pressure-driven cases (viz. SWG=300 µm and SWG=600 µm),  slip is observed to be beneficial as the lower wall-shear stresses along the slip-wall lead to marginally higher velocities at the slot exit. Also, the pressure drops are slightly reduced along the converging region, compared to a no-slip case. For example, pressure drops of around ~8% for SWG=300 and ~6.5% for SWG=600 case were observed, compared to the corresponding no-slip cases. However, as the flow becomes more shear-driven, these benefits are not perceived as the shear-rates formed are too low to generate a considerable slip velocity that could influence the region beyond a few microns from the wall.


Conclusions and outlook
In this study, a nonlinear-slip velocity model was developed and used to examine the slot-coating process for a nanocellulosic material. For the studied parameters, the introduction of slip not only marginally affects the force balance across the slot-die, but also the pressure drops across it. Consequently, the velocity profile is slightly shifted upwards with considerable slip-velocity generated at the wall, for predominantly pressure-driven flows, while the effect of the slip was not perceived when the flow mainly is driven by shear.
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