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Numerical Modeling of Fluid Flow in the Tape Casting
Process

Masoud Jabbari and Jesper Hattel

Department of Mechanical Engineering, Technical University of Denmark, Nils Koppels Allé, 2800 Kgs. Lyngby,
Denmark.

Abstract. The flow behavior of the fluid in the tape casting process is analyzed. A simple geometry is assumed for
running the numerical calculations in ANSYS Fluent and the main parameters are expressed in non-dimensional form.
The effect of different values for substrate velocity and pressure force on the flow pattern as well as resultant tape
thickness is evaluated. The analysis deals with the case of parallel blades and focuses on the ratio between the present
hydrostatic pressure and the magnitude of the viscous force. A new non-dimensional height for the tape thickness is
proposed and the effect of the substrate velocity is evaluated. The results of the modeling show that a relatively uniform
tape thickness can be achieved. Moreover, the results are compared with selected experimental and analytical data from
literature and good agreement is found.

Keywords: Tape casting, non-dimensional parameters, substrate velocity, tape thickness.
PACS: 47.11.Df

INTRODUCTION

Tape casting is a well-established technique used for large-scale fabrication of ceramic substrates and multi-
layered structures [1]. In this method the ceramic slurry which is mixed with binders, plasticizers and dispersants, is
pumped into a ceramic container and is then conveyed through the doctor blade to the drying step. The general
principle of the process is illustrated in Figure 1. The parallel (doctor) blade process was first used in preparing
ceramic tapes in the 1940s and it has a key role in producing thin and flat ceramic tapes [2; 3]. Tapes which are
formed by tape casting are generally thin, ranging from a few microns to a few millimeters. The thickness is of
critical importance in tape casting, since it affects the final properties of the tape. Different parameters such as
powder distribution, slurry composition, flow field, sintering and etc. affect the thickness of final tape [4-6].
Moreover, the geometry of the process itself has different effects on the related final properties of final product [7].

In general, the fluid flow in the doctor blade region and the subsequent outflow can be modelled using Navier-
Stokes equations in two dimensions realizing that the flow is generated by the viscous drag due to the peeling
velocity of the substrate as well as the static hydraulic pressure in the slurry reservoir. There are a few research
papers in which the flow field and the resulting tape thickness were modeled analytically. Chou et al. [4] modeled
the flow in the parallel blade region. Because of the low Reynolds number, they neglect the inertia forces hence
assuming Newtonian-Stokes flow.

In a general sense, fluids that exhibit characteristics not predicted by the Newtonian constitutive equations are
non-Newtonian. The exceptions to the classical Newtonian fluids are not of rare occurrence, and in fact many
common fluids are non-Newtonian. Figure 2 shows the rheological classification of the non-Newtonian fluids. The
Bingham constitutive was used by Guangneng Zhang et al. [8] to model the flow in the tape casting process. The
Bingham formulation represents a linear relation between shear stress and shear rate like for Newtonian fluids, but
also combines with a yield stress threshold for flow. However this model is not realistic enough for most slurries.
Pitchumani and Karbhari [9] evaluated the effects of an imposed pressure gradient due to the height of the slurry in
the casting head, as well as those of the drag due to the moving substrate on the slurry flow, by modeling the slurry
discharge as a generalized planar Couette flow. Many difficulties are encountered when predicting non-Newtonian
flow. This is mainly due to the theoretical predictions usually being based upon idealized rheological fluid properties
with associated constitutive equations that are often difficult to verify under conditions of complex flows. An
example of numerical modeling of the tape casting process was carried out by Loest et al. [10] using the finite
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element method (FEM). Their work was mainly focused on the flow entry in the reservoir to evaluate the vortices.
Also, pressure-driven flow was neglected since they used a narrow range of casting conditions.

The purpose of the present investigation is to numerically model the fluid flow in the tape casting process using
the finite volume method (FVM) in the commercial software ANSYS Fluent. As a very coarse simplification for this
preliminary analysis, liquid water is used as a model fluid under the assumption of an incompressible and Newtonian
slurry. A very simple L-shape geometry was used to carry out the modeling. In real tape casting the exit height of the
blade and the final height of the wet tape are in the range of millimeters. Moreover, the height of the slurry and the
dimensions of the tape caster in general are in the range of centimeters. So, in order to avoid an extremely fine mesh
in the doctor blade region the scales which are used in the model are in the range of centimeters. But, for
generalizing the model, all parameters are used in non-dimensional form. Both pressure gradient and drag forces
were implemented in the model. The numerical model calculates the flow in the container and the doctor blade
region, so the tape thickness which goes out of the doctor blade is consequently determined on the basis of the
continuity equation (mass balance). The model was compared with analytical and experimental results from the
literature and good agreement was found.
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FIGURE 1. Schematic of tape casting process. FIGURE 2. Rheological classification of fluids.
MODEL DESCRIPTION

The slurry movement in the tape casting process can be modeled as both pressure- and shear-driven (Couette)
flows. The 2D cross-section of the tape casting geometry which is used in this paper is shown in Figure 3. The
pressure is imposed to the system by the slurry head, AP = psH,g, in which g, p, and H, are respectively the
gravity acceleration, density and height of the slurry. In the case of a continuous process one can assume that the
slurry is pumped into the reservoir with a similar rate as the flow leaving the doctor blade region resulting in a
constant pressure height.

For an incompressible, Newtonian fluid, and by using a no-slip boundary condition at the walls, the simplified
Navier-Stokes equations are solved yielding the expressions below [2]:

Uy = ZATPLZ(Hd —z)  Pressure-driven flow 0
uy,=U—--—z Shear-driven flow o
y Hy

where u, is the slurry velocity, 1 is the viscosity, U the casting velocity, and AP is the pressure gradient. For
expressing the solution on non-dimensional form which also makes comparing with analytical results from literature
straightforward, the following non-dimensional parameters as suggested by Hyun Jun Kim and et al. [2] are
introduced:

_ apHg

p=2, e== and m= 3)
U Hqg 2nLU

The sole parameter in this solution which determines the shape of the velocity profiles as well as the wet tape
thickness is the ratio of pressure force to viscous force II, As Kim et al. [2] proved. As illustrated in Figure 4, by
increasing this ratio the height of the slurry which leaves the doctor blade region (= the thickness of the wet tape) is
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increased. This phenomenon arises from the mass balance and solving the resulting continuity equation which states
that the “area” of the velocity profiles the in two regions should be the same (4" = A).

FIGURE 3. Geometry of tape casting used in the analysis.
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FIGURE 4. Effect of the I parameter on the tape thickness.

RESULTS AND DISSCUSION

The first output of the numerical simulation is the velocity field in the doctor blade zone. The results for the
defined height of doctor blade (here 5 cm) show that in the constant hydrostatic pressure condition, decreasing the
substrate velocity leads to increase of the viscous forces, and consequently the curvature of the velocity profile
increases (as it seen from Figure 5). This phenomenon affects the velocity profile also. On the other hand, increasing
the pressure head results in increasing of the area of the velocity profile (4), which can be seen in Figure 6, and
consequently the “area” out of the blade (A") is increased. On the contrary, increasing the substrate velocity for a
constant pressure force, the thickness of tape is decreased in the exit and vice versa. It should also be noted that in
the limit of I1 « 1, the primarily shear-driven flow has the same velocity and shear stress profile for Newtonian and
power-law fluids [2].
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FIGURE 5. Velocity profile in the doctor blade region for different substrate velocities.

The thickness of the wet tape was divided by the height of doctor blade to introduce a new non-dimensional tape
thickness (Hy,/Hp = T). The effect of the substrate velocity on the new proposed parameter (I') was investigated
and illustrated in Figure 7. The results show that as the velocity of the substrate becomes high the value of T’
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decreases. This behavior also agrees with the velocity profile evaluation. Specifically it is observed that as the
velocity of the substrate reaches a specific threshold, the non-dimensional tape thickness becomes constant. From a
process-viewpoint it is important to have a constant substrate velocity to get uniform tape thickness. Thus, to choose
a proper velocity in the process, you should avoid being in the first region in Figure 7 (= 0 < U < 1), since the
highest variation in the tape thickness takes place in this area. In addition, the advantage of such a diagram is to have
good basics for choosing the substrate velocity. Besides, using a non-dimensional diagram presents another
advantage in which, any similar geometry in the tape casting process can be evaluated and estimated to choose a
practical substrate velocity.
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FIGURE 6. The non-dimensional velocity profile in the blade on FIGURE 7. Effect of the substrate velocity (U) on the
the basis of different II. non-dimensional tape thickness (T').

CONCLUSION

In the present paper a numerical simulation of the flow for an L-shape tape casting process is carried out with the
FV based software ANSYS Fluent. Based on the ratio between pressure and viscous forces (I1), the non-dimensional
velocity profile was predicted and compared with the analytical solution from Kim et al [2]. The behavior of the
slurry after the blade exit was also discussed as a function of II. It is observed that by increasing the value of II
(decreasing the substrate velocity) the slurry in the blade exit tends to increase the height of the slurry, thus
increasing thickness of the tape. In order have a general parameter in the process to compare with, a new non-
dimensional term was proposed (I'), which is the ratio of the tape thickness to the height of the blade exit. The effect
of substrate velocity on the proposed parameter was evaluated. Results show that by increasing the substrate velocity
(decreasing IT) the parameter I' decreases until a certain point, where it reaches a plateau with a relatively constant
value.
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