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Synopsis
This research migration project investigates transient simulations of the two-dimensional lid-driven
cavity for non-Newtonian fluids using the open-source computational fluid dynamics (CFD) soft-
ware OpenFOAM. The nonNewtonianIcoFoam solver, for incompressible, laminar, generalized
Newtonian flow, is employed to assess the efficacy of four viscosity models: Power-law, Carreau,
Carreau–Yasuda, and Casson. The velocity fields are validated against benchmark data from the lit-
erature using normalised velocity profiles along the cavity centerline. Simulations at '4 = 100 and
'4 = 400 show that increasing the Reynolds number sharpens near-wall gradients and shifts the ve-
locity peaks toward the walls. The migration uses reference datasets from Li et al. (Power-law) [1],
Kim and Reddy (Carreau; Carreau–Yasuda) [2], and Neofytou (Casson) [3].

Keywords: Non-Newtonian fluids; Power-law fluids; Carreau model; Carreau–Yasuda model;
Casson model; Lid-driven cavity; OpenFOAM.

1 Introduction
Non-Newtonian flows are prevalent in a wide range of materials and processes, from biological
systems such as blood flow, to industrial applications in polymer manufacturing, adhesives, and
paints, as well as consumer products like toothpaste, ketchup, mayonnaise, and shampoo [4]. Un-
like Newtonian fluids, their viscosity varies with the shear rate and in some cases with time leading
to behaviors such as shear-thinning, shear-thickening, and yield stress phenomena. Due to this, spe-
cific constitutive models and proper parameter selection are needed to analyze the flow accurately.
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The lid-driven cavity is one of the most widely studied benchmark problems in computational
fluid dynamics (CFD). It is a simple but useful way to learn about the basic flow physics. When
applied to non-Newtonian fluids, it provides a useful framework for examining the impact of the
viscosity-shear rate relationship on velocity profiles and vortex structures. OpenFOAM, which is an
open source CFD software, offers dedicated solvers, like nonNewtonianIcoFoam, for simulating
incompressible laminar flows of generalized Newtonian fluids. In this work, transient 2D lid-driven
cavity flows are simulated using the Power-law, Carreau, Carreau–Yasuda, and Casson models, and
the results are compared with velocity profiles reported in the literature.

2 Governing Equations and Models

2.1 Problem Definition
It consists of incompressible laminar flow inside a two-dimensional square domain of length 1 m in
the x-y plane. The top wall has a constant velocity of 1 m/s in x-direction, while the other 3 walls
are stationary. The fluid is non-Newtonian and is simulated using different viscosity models i.e.
Power-law, Carreau, Carreau–Yasuda, and Casson model. The simulations are initially carried out
for Reynolds number of 100 and later for 400, changing the lid velocity. The problem geometry is
illustrated in Fig.1.

Figure 1: Problem geometry

2.2 Governing Equations
For incompressible, laminar, non-Newtonian flow, the governing equations are as follows:

2.2.1 Continuity equation

∇ · U = 0 (1)
where,
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• U = (D, E) is the velocity vector field

2.2.2 Momentum equation

mU
mC

+ ∇ · (UU) = −∇? + ∇ ·
[
a( ¤W)

(
∇U + (∇U))

)]
(2)

where,

• ? is the kinematic pressure

• a( ¤W) is the effective kinematic viscosity

• ¤W =
√

2 D : D is the magnitude of the shear rate

• D = 1
2 (∇U + ∇U) ) is the rate-of-strain tensor

2.2.3 Viscosity models

The effective kinematic viscosity a( ¤W) in nonNewtonianIcoFoam is computed from the local shear
rate ( ¤W) based on the following models:

2.2.3.1 Power-law

a = : ¤W =−1 (3)

where,

• : is the consistency index

• = is the flow behaviour index (= < 1 shear-thinning, = > 1 shear-thickening, = = 1 Newto-
nian)

The Reynolds number for a power-law fluid is defined as:

'4%! =
d*2−=!=

:
(4)

where,

• d is the fluid density

• * is the characteristic velocity

• ! is the characteristic length
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2.2.3.2 Carreau model

a = a∞ + (a0 − a∞)
[
1 + (_ ¤W)2] =−1

2 (5)

where,

• a0 and a∞ are the zero and infinite-shear viscosities

• _ is the time constant

• = is the flow index

The dimensionless groups characterizing Carreau fluids are:

'4� =
d*!

`0
, �D =

_*

!
(6)

2.2.3.3 Carreau-Yasuda model

It extends the Carreau model with an additional parameter 0 to improve fitting:

a = a∞ + (a0 − a∞) [1 + (_ ¤W)0]
=−1
0 (7)

where,

• 0 is the shape parameter that controls the width of the transition between the Newtonian
plateau and the power-law regime

2.2.3.4 Casson model

a( ¤W) =
(√

g0
¤W +

√
<

)2
(8)

where,

• g0 is the yield stress

• < is the consistency index

For Casson-type fluids, the relevant dimensionless groups are:

'4�� =
d*!

`∞
, �= =

g0!

`∞*
(9)

where,

• `∞ is the asymptotic viscosity at high shear rates
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3 Simulation Procedure
For the OpenFOAM simulations, the case directory is organized into 3 main folders: 0, constant,
and system. The 0 folder defines the initial and boundary conditions for the flow variables, such as
pressure (p) and velocity (U). The constant folder contains the mesh description under polyMesh
and the fluid properties specified in transportProperties, including the parameters of the cho-
sen viscosity model. The system folder includes files that govern the simulation setup, such as
blockMeshDict for mesh generation, controlDict for run control, fvSchemes for discretization
schemes, fvSolution for solver settings, and decomposeParDict for parallel execution. A sum-
mary of this folder structure for the nonNewtonianIcoFoam solver setup is provided in Table 1.

Table 1: Folder structure for simulation in OpenFOAM v2412

0/:
p
U

constant/:
polyMesh/:

boundary
faces
neighbour
owner
points

transportProperties
system/:

blockMeshDict
controlDict
decomposeParDict
fvSchemes
fvSolution

3.1 Geometry and Mesh
The geometry is as described in the problem definition with a thickness of 0.01 m extruded in z-
direction. For meshing, uniform structured square blocks were generated without cell refinements
applied in any direction. The nomenclature for boundary faces is as shown in Fig. 2.
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Figure 2: Block structure of mesh

3.2 Initial and Boundary Conditions
The initial and boundary conditions were assigned as shown in the Table 2.

Table 2: Boundary conditions for pressure and velocity.

Region p (kg/m s2) U (m/s)
internalField uniform 0 uniform (0 0 0)

movingWall zeroGradient uniform (1 0 0)
fixedWalls zeroGradient noSlip

frontAndBack empty empty

3.3 Solver
The nonNewtonianIcoFoam solver is an extension of the standard icoFoam solver in which the
viscosity depends on the shear rate. It solves the incompressible Navier–Stokes equations using
the finite volume method (FVM) and applies the PISO algorithm for pressure–velocity coupling,
ensuring continuity equation is satisfied at each time step.

At each iteration, the viscosity is recalculated using the selected model. But compared to the
Newtonian simulations, these repeated viscosity calculations raise the computational cost, particu-
larly when small time steps and fine meshes are used. Furthermore, the solver is limited to laminar
incompressible flows. Reliable results also depend heavily on the proper selection of viscosity
models and their parameters.

6



OpenFOAM Research Migration Project FOSSEE, IIT Bombay

4 Results and Discussions

4.1 Newtonian Validation
To verify the numerical methodology, the solver was first validated against the classical lid-driven
cavity problem for Newtonian flow at '4 = 100. It considered two standard parameters: (a) D-
velocity along the vertical centerline and (b) E-velocity along the horizontal centerline. Figs.3a and
3b compare the present results with the benchmark data of Ghia et al. [5]. The velocity profiles
match the reference data very well, which shows that the solver is accurate enough to work for
non-Newtonian cases.
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Figure 3: Normalised D and E-velocity profiles along cavity centerlines; Newtonian Model

4.2 Grid Independence Study
A grid independence study was performed for non-Newtonian fluid flow using the power-law model
in the shear-thinning regime (= = 0.5) at '4 = 100. Four uniform meshes (32×32, 64×64, 128×128,
and 256 × 256) were examined. The time step was chosen such that the Courant number remained
below 0.5.

The pressure at the geometric centre of the cavity was monitored as the reference variable.
Table 3 shows the center-point pressure values obtained for each mesh sizes, while Fig. 4 shows the
convergence plot. It can be seen that the variation becomes very small beyond the 128 × 128 grid,
indicating sufficient mesh resolution. Hence, the 128 × 128 mesh was adopted for all subsequent
simulations as shown in Fig. 5.

4.3 Non-Newtonian Validation and Comparison with '4 = 400
Figures 6–9 compare the normalised velocity profiles along the cavity centerlines for all four non-
Newtonian models at '4 = 100 and '4 = 400. Subfigure (a) shows the D-velocity along the vertical
centerline, while subfigure (b) shows the E-velocity along the horizontal centerline. At '4 = 100,
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Table 3: Effect of mesh resolution on center-point pressure (Power-law model, = = 0.5).

Mesh Size Total Cells ? at Centre (Pa)
32 × 32 1,024 -0.00334272
64 × 64 4,096 -0.00419802

128 × 128 16,384 -0.00483776
256 × 256 65,536 -0.00530957
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Figure 4: Grid convergence plot

Figure 5: 128 ×128 mesh

the results for each viscosity model agree well with benchmark data from the literature, confirming
the accuracy of the present solver setup.
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4.3.1 Power-law Model

The simulation was conducted for both shear-thinning (= = 0.5) and shear-thickening (= = 1.5)
cases. As seen in Fig. 6, the D-velocity shows that higher = gives steeper gradients near the lid
and bottom wall. This is because shear-thickening fluids (= > 1) increase viscosity in high-shear
regions. The E-velocity becomes sharper with higher peaks as = increases.

At '4 = 400, both velocity profiles show steeper gradients and larger peaks, with extrema
shifting toward the walls. This agrees with Li et al. [1], which showed that higher '4 increases
circulation and highlights the differences between shear-thinning and shear-thickening flows.
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Figure 6: Normalised D and E-velocity profiles along cavity centerlines; Power-law Model

4.3.2 Carreau Model

The Carreau fluid is considered with = = 0.5, _ = 1, `0/`∞ = 100, and �D = 1, using parameters
from Kim and Reddy [2]. At '4 = 100, the D-velocity increases smoothly with steep gradients near
the lid, while the E-velocity follows a sinusoidal shape with moderate peaks as seen in Fig. 7.

At '4 = 400, the D-velocity slope near the lid becomes sharper and the E-velocity extrema shift
closer to the walls, showing stronger inertial effects and shear-thinning behavior.

4.3.3 Carreau–Yasuda Model

The Carreau–Yasuda fluid is considered with = = 0.5, 0 = 0.2, _ = 1, and `0/`∞ = 100, using
parameters from Kim and Reddy [2]. At '4 = 100, the velocity profiles are broader than in the
Carreau case, with smoother gradients and a more gradual sinusoidal variation in E-velocity.

At '4 = 400, near-lid gradients become steeper and E-velocity extrema intensify, but the broader
profiles remain, giving smoother circulation compared to the Carreau model.

4.3.4 Casson Model

The Casson model is tested with �= = 0.1 and '4 = 100, corresponding to a yield stress g0 = 0.001.
The velocity profiles match well with Neofytou [3] and appear flatter in the cavity center than shear-
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Figure 7: Normalised D and E-velocity profiles along cavity centerlines; Carreau Model
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Figure 8: Normalised D and E-velocity profiles along cavity centerlines; Carreau-Yasuda Model

thinning cases, as the yield stress reduces motion in low-shear regions.
At '4 = 400, the yield-stress effect is still present, but stronger lid motion increases near-wall

gradients and shifts the velocity extrema toward the cavity center.
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Figure 9: Normalised D and E-velocity profiles along cavity centerlines; Casson Model

5 Conclusion
In this study, the nonNewtonianIcoFoam solver in OpenFOAM was used to study transient simu-
lations of two-dimensional lid-driven cavity flows for non-Newtonian fluids. The Power-law, Car-
reau, Carreau–Yasuda, and Casson viscosity models were taken into consideration. Shear-thinning,
shear-thickening, and yield-stress characteristics were captured by the solver, which reproduced ve-
locity profiles in close agreement with the benchmark data.

A grid independence study confirmed that a 128×128 mesh was adequate for the present cases.
Shear-thinning fluids produced smoother gradients, while shear-thickening fluids showed steeper
slopes and more distinct E-velocity peaks. The Carreau and Carreau–Yasuda models both repre-
sented shear-thinning behavior, with the Carreau–Yasuda model yielding broader and smoother
transitions at higher Reynolds numbers. The Casson model emphasized yield-stress effects, flat-
tening centerline profiles, and reducing motion in low-shear regions. Increasing Reynolds number
from 100 to 400 consistently sharpened near-wall gradients, strengthened circulation, and shifted
velocity extrema toward the walls.

These results indicate that open-source CFD softwares, such as OpenFOAM can effectively cap-
ture the key features of non-Newtonian cavity flows, providing a reliable framework for rheological
flow studies.
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