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ABSTRACT

In this article we report on work concerned with
the three-dimensional numerical simulation of dough
mixing that arises in the food processing industry.
Two dough mixers at various rotation speeds are
studied, one with one stirrer and the other with two
stirrers. Various types of fluid models are
incorporated in this work. Numerical simulations are
based on three dimensions in the cylindrical
coordinates system. The results reflect excellent
agreements against the equivalent experimental
results. The motivation for this work is to develop and
advance technology to model the mixing of dough.
The ultimate target is to predict and adjust the design
of dough mixers, so that optimal dough processing
may be achieved notably with reference to work input
on the dough.
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INTRODUCTION

The flows considered are transient and three-
dimensional in a complex domain setting. The fluid
material is driven by one or two stirrers, fixed to a lid
that is placed upon a cylindrical vessel. The stirrers
may be positioned in concentric or eccentric
arrangement with respect to the axis of the vessel.
Problems are considered with or without free surfaces,
that correspond to fully-filled and partially-filled
cases. Fully filled instances correspond to steady
flows, others are transient. Here, we report only on the
former. The rotation path of the stirrers is about the
centre of the vessel. In the partially-filled instances,
the phenomena of wetting-and-pealing boundary
contact arises at the contact lines between the material
and the vessel.

The simulation procedure addresses the
numerical solution of the fully three-dimensional
Generalised Navier-Stokes equations for
incompressible flows. This involves a so-called
Taylor-Galerkin finite element formulation, which
applies a temporal discretisation in a Taylor series
prior to a Galerkin spatial discretisation. A semi-
implicit treatment for diffusion is employed to
address linear stability constraints. The flow i s
modeled as incompressible via a pressure-correction
scheme.

Various types of fluid models are incorporated in
this work ranging from purely viscous to viscoelastic
forms. This includes prescription of either Newtonian
or inelastic models, with shear rate dependent
viscosity, and viscoelastic constitutive models of the
Oldroyd-B and Phan-Thien/Tanner type, with memory
and variable extensional properties. For viscoelastic

flows, additional numerical techniques are necessary
to compute the complex flow scenarios involved. This
draws upon our recent advances with Taylor-
Galerkin/pressure-correction methods that invokes a
streamline-upwind Petrov-Galerkin (SUPG) procedure
alongside an embedded recovery method for velocity
gradients (cf. [3]).

BASIC EQUATIONS

There is a requirement to accommodate an
inelastic fluid presentation and as such the viscosity
µ

 is represented via a Carreau-Yasuda model
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where oµ is the reference viscosity at low shear rates

and ×µ  is an asymptotic value of viscosity at large

shear rates, 2I5.0=γ&  with the second invariant I2

of the rate of strain tensor, m is a material index and λ
is a material constant.

For generality, the following non-
dimensionalisation is adopted
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where L, V and cµ
 are characteristic length, velocity

and viscosity respectively. We take L to be the
diameter of the stirrer, V to be the speed of the vessel,
µc to be 1 Pa.s. This leads to a Reynolds number

definition,
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where ρ is the fluid density. Hereforth, we discard the
* notation for ease of presentation.

The algorithm used in this work follows
references 1-3. Briefly, a Taylor-Galerkin algorithm i s
employed to solve the governing equations relating
to the conservation of mass and momentum. A time
stepping scheme is derived through Taylor series
expansions up to second order in time step and a two-
step predictor-corrector scheme is assumed. This, in
conjunction with a second-order pressure correction
method to accommodate the incompressibility
constraint, produces a fractional-staged equation
system to solve of three distinct phases over each time
step. A semi-implicit treatment of a Crank-Nicolson
type is adopted for diffusion terms. A Galerkin finite
element spatial discretisation renders a fully discrete
system with the choice of piecewise continuous



quadratics for  velocity, and linears for pressure. The
system is specified as
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where Un, Un+1, Pn and Pn+1 are nodal vectors of velocity

and pressure at time tn and tn+1 respectively; U* is an
intermediate nodal velocity vector introduced in step
1b; M, Su, N(U), K and L are mass matrix, momentum
diffusion matrix, convection matrix, pressure stiffness
matrix and divergence/pressure gradient matrix
respectively. The details of the above matrices can be
found in the literature cf. 1-3.

PROBLEM SPECIFICATION

Two types of cylindrical vessel are considered,
one with one stirrer and the other with two stirrers. The
fluid is driven by the outer vessel wall and fixed at the
top of the vessel by a lid as shown in Figures 1-2.

       lid

Figure 1. A vessel with one stirrer

       lid

Figure 2. A vessel with two stirrers

Tetrahedral elements are employed in the current
work. To create a three dimensional finite element
mesh, first each brick element is formed, which is then
divided into six tetrahedra. The height of the vessel i s
divided into five uniform layers. For the vessel with
one stirrer, the horizontal plane is divided into 120
quadrilaterals. This leads to 3,600 tetrahedral
elements, 5,720 velocity nodes and 840 pressure
nodes, resulting in total in 18,000 degrees of freedom.
For the vessel with two stirrers, the horizontal plane i s
divided into 280 quadrilaterals. Correspondingly,
this leads to 8,400 tetrahedral elements, 13,145
velocity nodes and 1,902 pressure nodes, and a total
of 41,337 degrees of freedom.

Two types of fluid models are incorporated in
this work, a Newtonian model and an inelastic model
with shear rate dependent viscosity as described in
Eq(1), where oµ = 1.05 Pa.s, ×µ  = 0.001 Pa.s, λ =

0.083 s and m = 0.62.

RESULTS

Numerical simulations for the above two mixer
devices have been conducted for both Newtonian and
inelastic materials at various speeds. The results
reflect excellent agreements against the equivalent
experimental results (cf. [4]). Figures 3-4 illustrate the
stream function patterns derived for an inelastic
material.  The plots are taken in a plane at two fifths
height of the vessel. The value of the stream function
is assumed as zero at the outer vessel wall. Ten
contour levels are taken for the stream function
between values of zero and one, thereafter adopting an
interval spacing of 0.05 for the vessel with one stirrer
and 0.0233 for the vessel with two stirrers. For the one
stirrer case, a central vortex appears horizontally
opposite to the stirrer. This is symmetrical in form at
the low speed (12.5 rpm, equivalent to Re = 2). It i s
observed that the core value of the streamlines
declines as the speed increases, noted through the
maximum value reported. The pattern of the flow i s
seen to contort and twist in an asymmetrical fashion,
away from the horizontal central axis, as the speed of
rotation is increased. With a two stirrer configuration,
similar comments apply on asymmetry with
increasing speed. Here, a pair of vortex centres emerge,
driven by the separating flow around each stirrer.
These results agree well with our counterpart
experimental visualisations (cf. [4]). The results for a
Newtonian fluid bear very close resemblance to the
above. The only feature worthy of note is that vortex
intensities are slightly larger for Newtonian fluids.

CONCLUSIONS

We have successfully demonstrated the use of a
numerical inelastic flow solver as a prediction tool for
this industrial flow problem. We have been able to
provide physically realistic simulations for this
complex mixing process using inelastic fluid models.

Promising future directions of this work are as
follows. We are addressing the transient free surface
problem and the phenomena of wetting-and-pealing
boundary contact, which arises in the dough mixing
process. For this, a so-called arbitrary Lagrangian-
Eulerian method is being developed to deal with free
surfaces. Currently more complicated material
properties
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Figure 3. Stream function of an inelastic material in a
 vessel with one stirrer at various speeds

such as viscoelasticity are being investigated with
memory and variable extensional properties. Through
the predictive capability generated, we shall be able to
apportion power input and relate this to mixer design
that will ultimately impact upon the processing of
dough products.
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Figure 4. Stream function of an inelastic material in a
vessel with two stirrers at various speeds


