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This work presents a numerical application of a generic conformation tensor transforma-
tion for simulating highly elastic flows of non-Newtonian fluids typically observed in com-
putational rheology. In the Kernel-conformation framework [14], the conformation tensor 
constitutive law for a viscoelastic fluid is transformed introducing a generic tensor trans-
formation function. The numerical stability of the application of the Kernel-conformation
for highly elastic flows is ultimately related with the specific kernel function used in the 
matrix transformation, but also to the existence of singularities introduced either by flow 
geometry or by the characteristics of the constitutive equation. In this work, we imple-
ment this methodology in a free-surface Marker-And-Cell discretization methodology im-
plemented in a finite differences method. The main contributions of this work are two fold: 
on one hand, we demonstrate the accuracy of this Kernel-conformation formulation using 
a finite differences method and free surfaces; on the other hand, we assess the numerical 
efficiency of specific kernel functions at high-Weissenberg number flows. The numerical 
study considers different viscoelastic fluid flow problems, including the Poiseuille flow in 
a channel, the lid-driven cavity flow and the die-swell free surface flow. The numerical re-
sults demonstrate the adequacy of this methodology for high Weissenberg number flows 
using the Oldroyd-B model.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Viscoelastic fluid flows have been successfully simulated using different numerical approaches over the last decades [1]. 
However, one obstacle usually found in the simulation of complex viscoelastic flows is the lack of convergence above a 
given (usually modest) Weissenberg number (Wi), and this limitation became known as the High Weissenberg Number 
Problem (HWNP). This numerical problem is generally related to the fail (or breakdown) in the numerical calculation of 
high Weissenberg number flows for differential type viscoelastic models (such as UCM, Oldroyd-B, FENE-P) for different 
computational methodologies (finite differences method – FDM, finite element method – FEM, finite volume method – FVM, 
etc.). The HWNP can thus be related to a deficiency of the discretization methods, because the exact form of the constitutive 
equation can admit regular solutions at the continuous level. As pointed out by Fattal and Kupferman [2,3], the HWNP is a 
numerical instability caused by the failure to balance the exponential growth of the stresses (due to deformation) with their 
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convection, which can be alleviated by means of a linearization of the conformation tensor fields using a tensor logarithm 
transformation.

One key contribution for solving the HWNP in Computational Rheology was presented by Fattal and Kupferman [2,3]. 
These authors proposed a reformulation of the constitutive laws which describe the non-Newtonian behavior, using a matrix 
transformation, known as log-conformation, which improves the stability of numerical schemes. The use of the logarithm 
variable applied to the positive-definite conformation tensor A (formulation for this tensor will be discussed hereafter) 
drastically changed the view on the numerical simulation for HWNP. Soon after these seminal works, Fattal et al. [4] reported 
simulations using the log-conformation representation in the context of FEM for solving the flow of viscoelastic fluids past 
a confined cylinder at high Wi, a classical benchmark flow problem in computational rheology. The matrix transformation 
approach showed a superior performance and remedied the numerical instabilities of the standard formulation based on the 
extra-stress tensor, and the authors reported new benchmark results at significantly higher Wi than previous investigations. 
Since then, many computational techniques based upon this matrix transformation have been published, invariably showing 
good stability properties for solving challenging problems in viscoelastic flows (e.g. [5–12]). By taking the advantage that 
the conformation tensor A is a symmetric positive definite tensor, Balci et al. [13] proposed a simple and interesting square 
root matrix transformation. Briefly, the idea is that the conformation tensor possesses a unique symmetric square root 
tensor that satisfies a closed form evolution equation which also guarantees that A remains positive definite. Moreover, 
the authors report that their formulation is easily implemented and does not require the calculation of eigenvectors and 
eigenvalues at every time-step as happens in the classical log-conformation formulation, thus reducing the expected increase 
of computational times. Numerical results for a Stokes-viscoelastic system showed accuracy and stability improvements 
of the square-root transformation in a simple test case. Recently, in order to introduce a generic transformation for the 
conformation tensor evolution equation, Afonso et al. [14] described the kernel-conformation transformation, which uses 
an eigendecomposition to represent the conformation tensor A [15]. An interesting study involving numerical methods for 
HWNP compared different stabilization techniques but has not analyzed the kernel-conformation transformation [16]. More 
recently, in the context of finite element method, Kwon [17] applied the tensor-logarithmic formulation to investigate elastic 
instabilities in several benchmark problems.

The goal of the present work is to demonstrate the accuracy of the kernel formulation using a finite differences method 
in free surface flows and assess the numerical efficiency and stability of specific kernel functions at high-Weissenberg 
number flows. The remainder of this paper starts with the set of modeling equations including the illustration of some 
kernel functions. Then, we briefly describe the numerical method and proceed to the presentation of the numerical results 
of the two-dimensional Poiseuille flow, the lid-driven cavity and die-swell free surface flow of an Oldroyd-B fluid. The paper 
ends with a brief summary of the results and conclusions.

2. Modeling equations

Incompressible and isothermal flows are governed by the equation of motion and the mass conservation equation which 
can be written in dimensionless form as

∂u

∂t
+ (u · ∇)u = −∇p + β

Re
∇2u + ∇ · τ + 1

Fr2
g, (1)

∇ · u = 0, (2)

where t is the time, u is the velocity vector field, p is the pressure and g is the gravity field. In Eq. (1), τ is the non-
Newtonian part of the extra-stress tensor which is defined by an appropriate constitutive equation. The dimensionless 
parameters Re = ρLU

μ and Fr = U/
√

gL are the Reynolds and Froude numbers, respectively, where L and U are appropriate 
length and velocity scales, g is the magnitude of the gravity field g, ρ is the fluid density and μ is the total shear viscosity 
of the fluid.

In this work we simulate problems involving the Oldroyd-B model. The solvent viscosity ratio β is defined as the ratio be-
tween solvent and total shear viscosities, β = μS/(μS + μP ) = μS/μ. The traditional form to represent the non-Newtonian 
extra-stress tensor τ is given by the following hyperbolic-type partial differential equation,

τ + Wi
∇
τ = 2

1 − β

Re
D (3)

where D is the rate of deformation tensor,

D = 1

2

[
(∇u) + (∇u)T

]
, (4)

and 
∇
τ is the upper-convected time derivative of τ , defined as

∇
τ = Dτ

Dt
− τ · ∇u − ∇uT · τ (5)

The Weissenberg number shown in Eq. (3) is defined as Wi = λU/L where λ is the relaxation time of the fluid.
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An alternative form to describe viscoelastic models uses the conformation tensor, A. This tensor is symmetric and positive 
definite (SPD, see details in [18]) which is an important mathematical property for the construction of matrix transforma-
tions and/or decompositions. In general the evolution equation for A can be written as

∂A

∂t
+ (u · ∇) A −

[
A∇u + ∇uTA

]
= 1

Wi
F(A)H(A), (6)

or as used by Fattal and Kupferman [2,3],

∂A

∂t
+ (u · ∇) A − �A + A� − 2BA = F (A)

Wi
H (A) , (7)

where F(A) and H(A) are scalar and tensor functions, respectively, that depend on the specific constitutive model selected. 
Note that the conformation tensor can be diagonalized into:

A = O�OT , (8)

where O is an orthogonal matrix and � is a diagonal matrix.
Fattal and Kupferman [2,3] reformulated the velocity gradient and its transpose into a symmetric traceless pure extension 

component, the tensor B that commutes with A, and an anti-symmetric pure rotation component, tensor �. This local 
decomposition rule for the traceless second-order transpose of velocity gradient tensor was obtained by setting:

M = ∇uT = � + B + NA−1

M̃ = OT ∇uT O = �̃ + B̃ + Ñ�−1, (9)

with the tensors ̃B, �̃ and Ñ representing the symmetric and the two anti-symmetric matrices, respectively, used originally 
by Fattal and Kupferman [2,3]. It can be represented for a two dimensional case as,

OT ∇uT O =
[

m̃11 m̃12
m̃21 m̃22

]
⇒

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

B̃ = B̃ ii =
[

m̃11 0
0 m̃22

]

�̃ =
[

0 �
−� 0

]

Ñ =
[

0 n
−n 0

] (10)

with � = λ2m̃12+λ1m̃21
λ2−λ1

and n = m̃12+m̃21

λ−1
2 −λ−1

1
. Note that the term NA−1 vanishes in the back substitution of equation (9) onto 

equation (6), leading to the final form of equation (7) [2,3].
The relation between extra stress tensor τ and A is given by

τ = ξ(A − I), (11)

where ξ is a scalar function. For the Oldroyd-B model, equation (11) is written as

τ = 1 − β

Re Wi
(A − I). (12)

3. Kernel conformation tensor transformation

A generic Kernel-conformation tensor transformation for differential constitutive models was proposed by Afonso et al. 
[14]. In such framework, several matrix kernel-transformation families were applied to the conformation tensor evolution 
equation (6). This methodology is generic, and by itself does not guarantee a well-posed numerical solution at high Wi. This 
will depend on the selected kernel function (as also on the inverse function characteristics), and in particular on its ability to 
smooth the sharp conformation tensor field zones to better balance numerically the exponential growth and convection of 
the conformation tensor. Naturally, it is also beneficial when the selected kernel function preserves the positive definiteness 
of the conformation tensor, as happens for example with the logarithmic and square root transformations.

The kernel-conformation constitutive law is obtained by introducing the following kernel-conformation tensor transforma-
tion,

k (A) = Ok (�) OT , (13)

where k() represents a continuous, invertible and differentiable matrix function.
The evolution equation for the kernel-conformation tensor, in its eigendecomposed formulation, can be expressed by [14]

Dk (�)

Dt
= 2̃B�J + F

Wi
H (�) J (14)

which is non-zero for the diagonal components of the tensor:
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Dk (λi)

Dt
= 2B̃iiλi J ii + F

Wi
H (λi) J ii, (15)

no summation over ii is implicit in Eq. (15). The gradient matrix, J, is a diagonal matrix of the form,

J = diag

(
∂k (λ1)

∂λ1
; ∂k (λ2)

∂λ2
; ∂k (λ3)

∂λ3

)
(16)

The evolution equation for k(A) can be expressed in tensorial notation as [14]

Dk(A)

Dt
= �k(A) − k(A)� + 2B+ 1

Wi
H (17)

where B and H are symmetric tensors constructed by the orthogonalization of the diagonal tensors DB and DH , respectively. 
These tensors can be constructed as [14]

B = ODBOT = OB̃�JOT

H = ODHOT = FOH (�) JOT (18)

3.1. Examples of kernel-conformation transformations

As already stated, the kernel-conformation transformation function can use any continuous, invertible and differentiable 
matrix transformation function. Here, for illustrative purposes, we will analyze some specific functions for k (A). For sim-
plicity, the Oldroyd-B differential equation is used in this representation, for which F (A) = 1 and H (A) = I − A [14].

The rootk kernel-conformation transformation. In the rootk kernel-conformation transformation family, the kernel relation is 
defined as [14]:

k (A) = A
1
k = O�

1
k OT (19)

The inverse rootk kernel function is given by

A = [k (A)]k (20)

and the gradient matrix J is

J = diag

⎛
⎝∂λ

1
k
1

∂λ1
; ∂λ

1
k
2

∂λ2
; ∂λ

1
k
3

∂λ3

⎞
⎠= �

1−k
k

k
(21)

The evolution equation for the rootk kernel-conformation, is expressed by

Dk (A)

Dt
= �k (A) − k (A)� + 2

k
Bk (A) + 1

kWi

(
[k (A)]1−k − k (A)

)
(22)

For k = 1 (k (A) = A), the standard conformation formulation, given by equation (6) is recovered. For k = 2, equation (22)
becomes

Dk (A)

Dt
= �k (A) − k (A)� + Bk (A) + 1

2Wi

(
[k (A)]−1 − k (A)

)
. (23)

This transformation is equivalent to the square-root-conformation proposed by Balci et al. [13] (note that k (A) = b = A
1
2 ):

Db

Dt
= ab + b∇u + 1

2Wi

((
bT
)−1 − b

)
(24)

where a is an anti-symmetric tensor and the tensor b is symmetric, thus 
(
bT
)−1 = b−1.

The log kernel-conformation transformation. In the log kernel-conformation transformation, the functional kernel relation is 
based in the logarithm of base a of the conformation tensor [14]:

k (A) = loga A = O loga (�)OT (25)

The inverse kernel function is given by

A = ak(A) (26)

and the diagonal gradient matrix J is

J = diag

(
∂ loga (λ1)

∂λ
; ∂ loga (λ2)

∂λ
; ∂ loga (λ3)

∂λ

)
= �−1

ln(a)
(27)
1 2 3
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The evolution equation for the loga kernel-conformation tensor is given by

Dk (A)

Dt
= �k (A) − k (A)� + 2

B

ln(a)
+ 1

ln(a)Wi

(
a−k(A) − I

)
(28)

For the natural logarithm (a = e; k(A) = ln(A)), the log-conformation transformation of Fattal and Kupferman [2,3] is 
recovered,

D�

Dt
= �� − �� + 2B + 1

Wi
(e−� − I) (29)

4. The kernel conformation tensor approach in a MAC-type method

The kernel conformation tensor approach was originally implemented using a FVM framework [14]. In this section we 
describe this methodology for a Marker-And-Cell discretization implemented in the scope of the FDM framework.

4.1. Boundary conditions

The boundary conditions used in this work for the application of the kernel conformation tensor in a FDM framework 
are: prescribed inflows, outflows, rigid walls and moving free surfaces.

The velocity, prescribed at an inflow, is given by

u = uinflow, (30)

while at an outflow the homogeneous Neumann condition is employed.
On the solid stationary walls, the no-slip condition is used (u = uwall). On the moving free surfaces, surface tension 

effects are neglected. In this case, we impose the following conditions [19]

n · σ · nT = 0, (31)

m · σ · nT = 0, (32)

where σ is the total stress tensor, given by

σ = −pI + β
2

Re
D + τ . (33)

In equations (31) and (32), n represents a unit vector normal to the free surface, and m is a unit vector tangent to the free 
surface.

Boundary conditions on the extra-stress tensor τ are implemented as a function of the kernel conformation tensor 
transformation.

4.2. Staggered grid and cell classification

The physical domain is discretized using an N × N staggered Cartesian grid with a set of equally spaced points 
(xi, y j) = ((i + 1/2)h, ( j + 1/2)h) with i, j = 0, . . . , N − 1 where h is the mesh size. The position of the variables in the 
staggered computational cell assumes that the velocity components are computed at the cell faces while all other variables 
are calculated at the cell center (i, j).

The cells are classified in different types for applying the MAC-type discretization on the governing equations. Briefly, 
this classification includes: cells that do not contain fluid (abbreviated as [E]); cells that do not have any face in contact 
with empty cells [F]; cells that contain fluid and have one or more faces in contact with empty cells [S]; cells that belong 
to rigid boundaries [B]; cells that simulate fluid entrance into the domain [I]; and cells that define fluid exits of the domain 
[O]. Descriptions of cell labeling procedures, free surface discretization algorithms, and other implementation details were 
described in detail in previous works [20,21].

4.3. Numerical method

The implicit MAC-type method was used previously to simulate viscoelastic moving free surface flows [22,23]. In sum-
mary, the Navier–Stokes equations (1)–(2) are solved using a projection method (or fractional-step algorithm) [24,25] while 
the non-Newtonian extra-stress tensor τ given by equation (3) is solved using a second-order Runge–Kutta scheme. In order 
to obtain a stable scheme, an implicit strategy was applied to the normal stress conditions (31) resulting in new equations 
for the pressure in free surface boundaries. Finally, the ordinary differential equation that models the advection of the 
particles in the free surface is solved by a second-order Runge–Kutta method.
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In this work, this implicit MAC-type methodology is adapted to the kernel-conformation procedure and the new numer-
ical method with corresponding modifications is presented below.

The momentum and continuity equations (1)–(2) are discretized in time using a semi-implicit θ -method as

u(n+1)

δt
− θ

β

Re
∇2u(n+1) = u(n)

δt
+ (1 − θ)

β

Re
∇2u(n) − 3

2
((u · ∇)u)(n)

+ 1

2
((u · ∇)u)(n−1) − ∇p(n+1) + ∇ · τ (n+ 1

2 ) + 1

Fr2
g, (34)

∇ · u(n+1) = 0, (35)

where the parameter θ is equal to 1
2 for the Crank–Nicolson scheme or 1 for the backward Euler method.

Using the ideas of the projection method, an intermediate fluid velocity field ũ(n+1) is calculated from (34) resulting in 
the following equation:

ũ(n+1)

δt
− θ

β

Re
∇2ũ(n+1) = u(n)

δt
+ (1 − θ)

β

Re
∇2u(n) − 3

2
((u · ∇)u)(n)

+ 1

2
((u · ∇)u)(n−1) − ∇p(n) + ∇ · τ (n+ 1

2 ) + 1

Fr2
g(n), (36)

where the boundary conditions for ̃u(n+1) are the same as those for u(n+1) and p(n) is an approximation to p(n+1) . The term 
∇ · τ (n+ 1

2 ) in equation (36) is approximated by

∇ · τ (n+ 1
2 ) = 1

2

[
∇ · τ (n) + ∇ · τ (n+1)

]
. (37)

Assuming that in this stage of the numerical scheme τ (n) is a known variable from the previous time step, we need to 
calculate the non-Newtonian tensor τ (n+1) for equation (37). Here, we introduce the kernel conformation tensor k(A), and 
the MAC algorithm is modified by the following steps:

1. Evolution equation for the kernel-conformation tensor. Firstly, we need to integrate Eq. (17) in time; for instance, in 
this work we applied a second order Runge–Kutta scheme. For this purpose, Eq. (17) is re-written in a compact form as

∂k(A)

∂t
= f (u,k(A),�,B,H) , (38)

where

f (u,k(A),�,B,H) = −[(u · ∇)k(A)] + �k(A) − k(A)� + 2B+ 1

Wi
H. (39)

The next step involves the calculation of an intermediate kernel conformation tensor, k(A)(n+1) , by explicit forward 
Euler discretization,

k(A)(n+1) − k(A)(n)

δt
= f

(
un,k(A)(n),�(n),B(n),H(n)

)
. (40)

A detailed finite difference approximation for the terms in f () is presented in Appendix A.
2. Initial factorization. In order to obtain the values in the function f in Eq. (40), we begin the phase of matrix factor-

izations calculating the eigenvalues and eigenvectors of A to construct the matrix O and the tensor �, following the 
ideas of Fattal and Kupferman [2,3]. After this, B is determined by the decomposition of the velocity gradient ∇uT . In 
summary, we have

A(n) = Re Wi

1 − β
τ (n) + I = (O�OT )(n), (41)

M̃(n) = (OT ∇uT O)(n), (42)

�(n) = (O�̃OT )(n), (43)

B̃(n) = diag(M̃(n)), (44)

B(n) = (OB̃OT )(n), (45)

where �(n) is the diagonal matrix with the eigenvalues of A(n) , M̃(n) and �̃(n)
are constructed according to Eqs. (9) and 

(10), respectively, and diag(M̃(n)) is a diagonal matrix obtained directly from the diagonal elements of M̃(n) .
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3. Kernel factorization. By choosing a given kernel function, such as those presented in Section 3, and using the eigenval-
ues and eigenvectors obtained in the previous step, we decompose:

k(A)(n) = (Ok(�)OT )(n), (46)

B
(n) = (OB̃�JOT )(n) (47)

H
(n) = (FOH (�) JOT )(n) (48)

where J(n) is given according to the kernel function selected (see Eq. (16)), and functions F and H(�) depend on the 
specific constitutive model used.

4. Solution of the evolution equation. We use Eqs. (43), (46), (47), (48) and the velocity field u to obtain the function f
in time level (n). Once k(A)(n) and f are obtained, the intermediate kernel tensor k(A)(n+1) is calculated from Eq. (40).

5. Obtaining the non-Newtonian tensor. At this step, we decompose

k(A)(n+1) = (Ok(�)OT )(n+1), (49)

and according to kernel-conformation transformation (see Section 3), we apply the inverse kernel functions to calculate 
the conformation tensor A(n+1) . Finally, the non-Newtonian extra-stress tensor τ (n+1) is obtained from Eq. (12).

Once τ (n+1) is obtained by the introduction of the kernel-conformation formulation previously described, we can solve 
Eq. (36), following the procedure of the MAC methodology.

According to the fractional-step algorithm for solving the incompressible Navier–Stokes equations, in general, the velocity 
field ũ(n+1) , which was calculated from Eq. (36), does not satisfy the incompressibility constraint, i.e., ∇ · ũ(n+1) �= 0. Thus, 
in order to obtain the corrected velocity field, we use the Helmholtz–Hodge decomposition (cf. [26]) which states that every 
smooth vector field can be decomposed as a sum of a gradient of a potential function and a divergence-free vector field,

u(n+1) = ũ(n+1) − ∇ψ(n+1). (50)

Taking the divergence of equation (50) and imposing mass conservation on u(n+1) , we obtain the following equation

∇2ψ(n+1) = ∇ · ũ(n+1). (51)

The boundary conditions for this Poisson equation are ψ(n+1) = 0 on outflows while the homogeneous Neumann condition 
is used for fixed boundaries and inflows. At free surfaces, depending on the direction of the normal vector, we apply the 
following equation

ψ(n+1)

δt
− 2β

Re

[(∂2ψ(n+1)

∂ y2

)
n2

x + (∂2ψ(n+1)

∂x2

)
n2

y − 2
(∂2ψ(n+1)

∂x∂ y

)
nxny

]
− (1 − θ)

β

Re
∇2ψ(n+1) = 2β

Re

[
− (∂ ṽ(n+1)

∂ y

)
n2

x − (∂ ũ(n+1)

∂x

)
n2

y + (∂ ũ(n+1)

∂ y
+ ∂ ṽ(n+1)

∂x

)
nxny

]
+ [(τ xx)(n+1)n2

x + 2(τ xy)(n+1)nxny + (τ yy)(n+1)n2
y] − p(n). (52)

Equation (52) is derived from an implicit approach applied on the solution of normal stress boundary condition (31). This 
implicit discretization is imposed at free surfaces for obtaining a stable method for viscoelastic free surface flows. More 
details about this strategy can be found in [22] for two dimensional cases, and in [27] for three-dimensional cases.

Following the steps of the projection method, the corrected velocity is calculated from equation (50) while the corrected 
pressure field is obtained from:

p(n+1) = p(n) + ψ(n+1)

δt
− (1 − θ)

β

Re
∇2ψ(n+1). (53)

The corrected velocity field u(n+1) and the intermediate kernel tensor k(A)(n+1) are employed to calculate the new 
time-level kernel tensor k(A)(n+1) from the following equation:

k(A)(n+1) − k(A)(n)

δt
= 1

2

[
f
(

u(n),k(A)(n),�(n),B(n),H(n)
)

+ f
(

u(n+1),k(A)(n+1),�(n+1),B(n+1),H(n+1)
)]

. (54)

In this stage of the algorithm, we reproduce steps (1)–(4), calculating, from Eq. (41) to (48), the tensors used in the function 
f (n+1) of Eq. (54). Thus, from the obtained values of k(A)(n+1) , the new time-level conformation tensor A(n+1) is calculated 
from the inverse kernel functions (see step (5)). Finally, the new time-level extra stress tensor τ (n+1) is determined from 
Eq. (12).
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For free surface flows, the last step of the algorithm is the advection of the free surface interface. Each particle is 
convected by the velocity field, from their position x(n) at t = tn to the position xn+1 at t = tn+1, in agreement with

dx

dt
= u. (55)

This equation is solved using the second-order RK21 scheme as described in [22].

5. Numerical results

In this section, we present the numerical results for several kernel conformation transformations using three benchmark 
viscoelastic fluid flows: Poiseuille flow in a channel; lid-driven cavity test; extrudate swell phenomenon.

5.1. Two-dimensional Poiseuille flow

In this section, we assess the accuracy of the kernel conformation transformations for solving the time dependent 
Poiseuille flow between parallel plates. We consider a planar channel of width L and length 10L and impose a parabolic 
velocity profile at the channel entrance:

u(y) = 4y(1 − y), v = 0 . (56)

The analytic solutions for the non-zero components of the non-Newtonian extra-stress tensor τ under fully-developed flow 
are given by

τ xx(y) = 2Wi

Re
(1 − β)

(
∂u

∂ y

)2

, τ xy(y) = 1

Re
(1 − β)

(
∂u

∂ y

)
. (57)

The initial conditions are zero-field values for all flow variables. The following data are considered in all simulations: Re =
0.1 and β = 0.5. The characteristic velocity U is taken as the maximum fully-developed velocity at the center of the channel. 
In addition, for these computations, we used θ = 1

2 for the construction of the numerical method (see Section 4.3).
A comparison between analytical and numerical solutions is given at the position x = 5L (middle of the channel) and the 

relative error is computed using the l2-norm:

E(·) =
∥∥∥(·)Mi − (·)Exact

∥∥∥
2
/

∥∥∥(·)Exact
∥∥∥

2
, (58)

where (·) denotes the solution field and i = 1, 2 indicates the mesh number. To analyze the accuracy of the transformations 
we performed a mesh refinement study using two uniform meshes: mesh M1 (h = 0.05, 200 × 20 cells) and mesh M2 
(h = 0.025, 400 × 40 cells). The final dimensionless time of these simulations is t = 300 which is sufficiently long to achieve 
steady-state at the monitoring location.

Table 1 displays the calculated errors (using u, τ xx and τ xy components) using δt = 10−4 for Wi = 1 and 2.5. For Wi = 1, 
the kernel conformation transformations offer similar accuracy as the standard extra-stress formulation. In addition, all 
methods analyzed are stable for this low Wi.

For Wi = 2.5, the standard formulation is unstable, resulting in numerical breakdown of the simulation. In a similar 
manner, the linear transformation is also unstable in the two meshes used in this test problem.

As can be seen in Table 1, the stability and accuracy of the results of the root kernel transformation depend on the 
value of k used. In particular, looking for refined mesh results, we have unstable results for k = −1 and k = −10. On the 
other hand, at Wi = 2.5, the results of simulations using k = −2, 2, 10 and the Ln function confirm that some kernel trans-
formations can stabilize the numerical computations in HWNP. Particularly, analyzing the errors presented in Table 1, we 
can conclude that, at least for this benchmark problem, the Ln function is more accurate than the root functions analyzed, 
k = −2, 2, 10.

In order to obtain more information about the kernel-conformation transformation at high Wi, the minimum value of the 
determinant of the conformation tensor, detmin(A), was calculated to assess the time history of the positive definiteness of 
the conformation tensor. According to Hulsen [18], for the Oldroyd-B model the following condition should hold: det(A) ≥ 1. 
Results at Wi = 1 and Wi = 2.5 for meshes M1 and M2 are presented in Table 2, which also indicates the time of the 
numerical divergence in unstable computations.

From Table 2, we can verify that for Wi = 1 nearly all methods satisfy the condition detmin(A) ≈ 1 confirming the 
numerical stability of the results shown in Table 1 for transient calculations. However, for Wi = 2.5, the standard method, 
linear function and the root kernel transformation for k = −1 and k = −10 did not preserve the positive definiteness 
of the conformation tensor resulting in numerical divergence. Finally, it is interesting to note that for the more stable 
kernel transformations (root function with k = 2, 10 and Ln function) the value of detmin(A) converges to 1, as expected for 
stabilization strategies in HWNP using the Oldroyd-B model.
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Table 1
Numerical results for the two-dimensional Poiseuille flow.

Wi Method E(uM1) E(τ M1
xx ) E(τ M1

xy ) E(uM2) E(τ M2
xx ) E(τ M2

xy )

1.0 Standard 3.733E−03 7.423E−03 3.715E−03 9.441E−04 1.866E−03 9.324E−04
Linear 3.731E−03 7.423E−03 3.715E−03 9.349E−04 1.866E−03 9.324E−04
root (k = −10) 3.733E−03 7.423E−03 3.716E−03 9.330E−04 1.866E−03 9.322E−04
root (k = −2) 3.732E−03 7.421E−03 3.715E−03 9.376E−04 1.865E−03 9.321E−04
root (k = −1) 3.734E−03 7.417E−03 3.714E−03 9.433E−04 1.865E−03 9.315E−04
root (k = 2) 3.729E−03 7.424E−03 3.716E−03 9.270E−04 1.866E−03 9.325E−04
root (k = 10) 3.732E−03 7.424E−03 3.716E−03 9.385E−04 1.866E−03 9.325E−04
Ln 3.734E−03 7.424E−03 3.716E−03 9.321E−04 1.866E−03 9.324E−04

2.5 Standard – – – – – –
Linear – – – – – –
root (k = −10) 3.690E−03 7.139E−03 4.011E−03 – – –
root (k = −2) 4.966E−03 2.134E−02 3.789E−02 1.014E−03 1.339E−02 2.3269E−02
root (k = −1) 4.411E−02 7.902E−01 4.327E−01 – – –
root (k = 2) 6.118E−03 1.066E−01 6.020E−02 2.675E−03 7.238E−02 3.707E−02
root (k = 10) 6.110E−03 1.240E−01 7.739E−02 3.108E−03 9.401E−02 5.252E−02
Ln 3.694E−03 7.020E−03 3.919E−03 9.520E−04 1.941E−03 1.351E−03

Table 2
Minimum value of the determinant of the conformation tensor (detmin(A)) and the time of numerical divergence (denoted as tBD).

Wi Method tBD(M1) detmin(A(M1)) tBD(M2) detmin(A(M2))

1.0 Standard 1.000 1.000
Linear 1.000 1.000
root (k = −10) 0.988 0.983
root (k = −2) 0.903 0.903
root (k = −1) 0.795 0.788
root (k = 2) 1.000 1.000
root (k = 10) 1.000 1.000
Ln 1.000 1.000

2.5 Standard 58.34 – 91.60 –
Linear 58.35 – 91.60 –
root (k = −10) 0.998 0.53 –
root (k = −2) 0.899 0.898
root (k = −1) 0.998 18.98 –
root (k = 2) 1.000 1.000
root (k = 10) 1.000 1.000
Ln 1.000 1.000

5.2. Two-dimensional lid-driven cavity

In this section, we assess the applicability of the kernel functions in the simulation of the lid-driven cavity flow. This 
benchmark problem has been widely used to assess the stability and accuracy of numerical methods for Newtonian flows. 
There are also some works that investigate numerically the lid driven cavity flow of viscoelastic fluids (e.g. [3,9,28–35]) 
typically at low Re flow conditions. We present the results obtained for this benchmark problem using the Oldroyd-B model, 
and compare with published data from the literature.

Following previous studies, we consider a regularized parabolic profile for the top lid: u(x, t) = 8[1 + tanh(8t − 4)]x2(1 −
x)2. This regularized velocity profile is used in order to vanish the velocity gradient on the corners and avoid a singularity 
of the stress field [3,36]. On the remaining cavity walls, we also impose no-slip boundary conditions but the walls are 
stationary. In all simulations we used the Oldroyd-B model with a solvent viscosity ratio β = 0.5. We consider creeping flow 
conditions, and set the Reynolds number to Re = 0.01. The Weissenberg number effect is analyzed, and is here defined as 
Wi = λU/L, where the characteristic velocity U is the maximum wall velocity (at (x, y) = (1/2, 1)) and the characteristic 
length scale is the cavity width, which is equal to the cavity height.

To study the convergence of the numerical method with mesh refinement, the cavity flow was simulated using two 
meshes: M1 (h = 1

128 , 128 × 128 cells) and M2 (h = 1
256 , 256 × 256 cells). For all figures in this section, the profiles of 

u-velocity and the non-Newtonian τxx component are plotted along the vertical line x = 0.5 while the v-velocity component 
is reported at the horizontal line y = 0.75. The origin of the cartesian coordinate system is placed at the lower left corner 
of the square cavity, and the moving wall is located at y = 1.

We start presenting the results for a low Weissenberg number, Wi = 0.5, in order to compare our results with the 
predictions of the log-conformation finite element method of [9] and the standard extra stress-tensor finite difference 
formulation of [22]. Figs. 1, 2 and 3 show that the results of Linear, Ln and square-root kernel transformations are very 
similar with those obtained in [9]. In addition, we present the profiles of the polymeric normal stress component τxx for 
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Fig. 1. Numerical simulation of lid-driven cavity flow at t = 20 using the Oldroyd-B model with Re = 0.01, Wi = 0.5 and β = 0.5: (a) u-velocity at (0.5, y); 
(b) v-velocity at (x, 0.75). Results obtained with the linear transformation and with the standard formulation (Std).

the kernel transformations in Fig. 4. The results presented in Figs. 1–4 show that for all kernel functions the simulations are 
converging with mesh refinement. The time step used in the simulations was fixed, δt = 0.001, both for meshes M1 and 
M2, and the results are reported at t = 20, which for Wi = 0.5 already corresponds to steady state flow conditions.

In order to assess the numerical stability of the kernel conformation transformations, the lid-driven cavity was also 
simulated for higher Wi flow conditions. In particular, for Wi ≥ 1 and for the Oldroyd-B model, Fattal and Kupferman [3]
and Pan et al. [9] have also provided numerical results for this benchmark problem.

Figs. 5 and 6 show a mesh refinement study and comparison with literature data for the velocity components at Wi = 1
and Wi = 2, respectively. We present the results only for Ln and square root kernel functions since numerical instabilities 
are observed for Wi ≥ 1 in the Linear function and standard formulations. Figs. 5 and 6 show a good agreement among 
our results and those from the literature, showing the potential of the kernel formulations to simulate this benchmark 
problem at high Wi. In particular, for Wi = 2, results obtained using the Ln kernel function are in good agreement with 
those reported by Fattal and Kupferman [3]. Results for τxx are shown in Fig. 7 illustrating again the numerical convergence 
of the solutions with mesh refinement.

Finally, in order to further assess the stability of the kernel functions, we simulate this problem for Wi = 3. We compare 
in Fig. 8(a) and (b) the computed velocity profiles at t = 80 with those presented in [3], demonstrating good agreement 
among the solutions. The numerical convergence of the normal stress component τxx is depicted in Fig. 9(a).

To provide additional results on this benchmark problem, we performed a quantitative comparison of the time evolution 
of the kinetic energy [3,9] obtained by the kernel functions and the data of Fattal and Kupferman [3]. The kinetic energy 
is computed as E = ∫ ‖u‖2dA/ 

∫
dA [3], although more correctly this quantity represents the average of the square of the 
A A
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Fig. 2. Numerical simulation of lid-driven cavity flow at t = 20 using the Oldroyd-B model with Re = 0.01, Wi = 0.5 and β = 0.5: (a) u-velocity at (0.5, y); 
(b) v-velocity at (x, 0.75). Results obtained with the Ln transformation and with the standard formulation (Std).

velocity. In order to confirm the numerical convergence of the kernel transformations, we also present the time evolution of 
the kinetic energy for the square root function in a more refined mesh, defined as M3 (h = 1

320 , 320 × 320 cells). Fig. 9(b) 
shows that our results evolve to steady state showing a peak of the kinetic energy at E ≈ 0.018 for t ≈ 0.8, followed 
by a decrease towards an asymptotic value of E ≈ 0.0093 for Ln kernel function in mesh M2 and E ≈ 0.0090 for square 
root kernel function in mesh M3. In addition, our results did not present an oscillatory behavior of the kinetic energy as 
observed in the simulations in [3]. In our computations, oscillations were observed for δt = 0.001 resulting in unstable 
results; to avoid this problem we decreased the time step to δt = 0.0001 for Wi = 3 in order to maintain the stability of the 
kernel functions at high Wi.

5.3. Application to moving free surface flows: time-dependent extrudate swell problem

The numerical simulation of the time-dependent extrudate swell problem for viscoelastic fluids has received substantial 
attention over the last decades (e.g. [37–41]). However, for high Weissenberg number flows (Wi > 1), numerical results of 
this phenomenon are very scarce, as a result of numerical instabilities that eventually lead to divergence of the numerical 
methods.

To our best knowledge, the first application of a matrix transformation in the constitutive equation to enhance numerical 
stability in the simulation of the extrudate swell problem was published recently by Choi and Hulsen [42]. In that work, 
the authors applied the log-conformation representation in an extended finite element method using the upper-convected 
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Fig. 3. Numerical simulation of lid-driven cavity flow at t = 20 using the Oldroyd-B model with Re = 0.01, Wi = 0.5 and β = 0.5: (a) u-velocity at (0.5, y); 
(b) v-velocity at (x, 0.75). Results obtained with the root (k = 2) transformation and with the standard formulation (Std).

Maxwell (UCM) model. The maximum value of the Weissenberg number achieved in the numerical simulations of [42] was 
Wi > 1.5. More recently, Tomé et al. [43] employed the log-conformation tensor approach in a finite difference method 
to simulate 3D extrudate swell of UCM fluids and obtained numerical results up to Wi = 2.5. Despite these advances, the 
understanding of this phenomenon for high Wi is still a challenging task for the computational rheology community.

The purpose of this section is to present quantitative data of the time-dependent extrudate swell problem, for bench-
marking purposes.

We consider a 2D-channel with width L and length 4L and an outflow boundary located at a distance 6L from the 
channel exit. A domain size of 10L × 3L was employed. On the channel entrance, channel walls and outflow, the boundary 
conditions were the same as those employed in Section 5.1.

The problem was solved using two uniform meshes: M1 (h = 0.05, 200 × 60 cells) and M2 (h = 0.025, 400 × 120 cells). 
The constant non-dimensional numbers used in all simulations were: Re = 0.1, 1

Fr = 0 (negligible gravitational effects) and 
β = 0.5. The characteristic velocity scale U is the maximum velocity at the center of the channel. The kernel functions 
investigated in this problem were the root function with k = 2 and the Ln function, which showed good performance in the 
previous test-cases. In order to compare our results, we also have included the simulation for low Wi computed with the 
standard extra-stress formulation.

The numerical simulation of the time-dependent extrudate-swell problem is a typical example where the free surface 
is formed by moving marked particles. In this case, maintaining the global mass conservation is important to ensure the 
accuracy of the simulations, and in this section we assess the mass conservation.
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Fig. 4. Numerical simulation of lid-driven cavity flow at t = 20 using Oldroyd-B model with Re = 0.01, Wi = 0.5 and β = 0.5. Non-Newtonian normal stress 
τxx is plotted along the vertical line, x = 0.5. Comparison between different kernel transformations in meshes M1 and M2.

Firstly, note that the injected fluid at time t (V exact) can be calculated as

V exact = Q t, (59)

where Q is the non-dimensional flow rate per unit depth injected at the channel (Q = ∫ 1
0 u(y)dy).

In order to calculate the numerical injected fluid (V num2D ) we use the following equation

V num2D = 1

2

∣∣∣∣∣
N−1∑
k=1

(Xk+1 − Xk)(Yk+1 + Yk)

∣∣∣∣∣ , (60)

derived from computing the surface integral of the piecewise linear interpolation of the marker particles over the fluid do-
main. In Eq. (60), N is the total number of particles defining the free surface profile at time t , with (Xk, Yk) the coordinates 
of the k-th particle. The relative error between the numerical and exact injected fluid is calculated as

E V (t) = V exact − V num2D

V exact
× 100%. (61)

Tables 3 and 4 display the results obtained on meshes M1 and M2 using time-steps δt = 10−4 and δt = 5 × 10−5, 
respectively. We present the relative error E V (t) and the minimum value of the determinant of A obtained in simulations of 
the standard and kernel formulations. For the standard formulation, we present the results only for Wi = 0.5 since for Wi ≥ 1
the numerical scheme becomes unstable at later times. Results are presented at t = 15 which represents an intermediate 
stage of the dynamics of the problem, as illustrated in Fig. 10.

Tables 3 and 4 show that, for a fixed time-step, the error in mass conservation usually decreases with mesh refinement. 
However, the reduction of the time-step has a small influence in the mass conservation showing that for the time-step 
δt = 10−4 the time integration error is already small enough and the errors arise mostly from spatial discretization. At 
Wi = 0.5 the three methodologies show oscillating values of E V , thus the asymptotic behavior of the error with mesh 
refinement was not yet achieved, at least in mesh M1. For Wi ≥ 1, the computed error E V is similar for all formulations, 
and decreases significantly with mesh refinement.

Regarding the positive definiteness of the conformation tensor, Tables 3 and 4 clearly show that the use of both the Ln 
function and the root function with k = 2 maintains the conformation tensor symmetric and positive definite while evolving 
on time, and the expected behavior of detmin(A) → 1 is preserved in all cases.

An important flow parameter in the numerical simulation of the extrudate-swell problem is the swelling ratio, Sr , given 
by

Sr = Lmax

L
, (62)

where L is the width of channel and Lmax is the maximum width of the jet.
For the higher values of Wi used in our study, numerical results available in the literature are scarce. The swell ratio 

was calculated for all numerical formulations at t = 45, significantly after the jet reaches the outflow, as shown in Fig. 10. 
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Fig. 5. Numerical simulation of the lid-driven cavity flow at t = 40 using the Oldroyd-B model with Re = 0.01, Wi = 1 and β = 0.5: (a) u-velocity at (0.5, y)

and (b) v-velocity at (x, 0.75).

Table 3
Numerical results of the minimum value of the determinant of A and numerical error (61) for the two-dimensional time-dependent extrudate swell problem 
using time-step δt = 10−4. Results are captured at t = 15.

Wi Method detmin(A(M1)) E V (M1) detmin(A(M2)) E V (M2)

Wi = 0.5 std 1.000 8.380E–02 1.000 −9.145E–04
root (k = 2) 1.000 −2.839E–02 1.000 4.047E–02
Ln 1.000 −4.233E–02 1.000 3.534E–02

Wi = 1.25 root (k = 2) 1.000 −9.471E–02 1.000 −1.826E–02
Ln 1.000 −8.973E–02 1.000 −3.169E–02

Wi = 1.5 root (k = 2) 1.000 −1.137E–01 1.000 −1.356E–02
Ln 1.000 −1.153E–01 1.000 −2.468E–02

Wi = 1.75 root (k = 2) 1.000 −1.083E–01 1.000 −9.257E–03
Ln 1.000 −1.178E–01 1.000 −7.073E–03

Results for the minimum value of the determinant of A and the swell ratio using meshes M1 and M2 are presented in 
Table 5. It is clear that all formulations follow the same trend, with an increase of Sr when Wi increases.

For low Weissenberg number flows (e.g. Wi = 0.5) we observe a reasonable agreement of the swell ratio calculated using 
the standard and kernel formulations. For Wi ≥ 1, the standard formulation is numerically unstable.
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Fig. 6. Numerical simulation of the lid-driven cavity flow at t = 80 using the Oldroyd-B model with Re = 0.01, Wi = 2 and β = 0.5: (a) u-velocity at (0.5, y)

and (b) v-velocity at (x, 0.75).

Table 4
Numerical results of the minimum value of the determinant of A and numerical error (61) for the two-dimensional time-dependent extrudate swell problem 
using time-step δt = 5 × 10−5. Results are captured at t = 15.

Wi Method detmin(A(M1)) E V (M1) detmin(A(M2)) E V (M2)

Wi = 0.5 std 1.000 8.377E–02 1.000 −1.600E–03
root (k = 2) 1.000 −2.842E–02 1.000 4.076E–02
Ln 1.000 −4.276E–02 1.000 3.676E–02

Wi = 1.25 root (k = 2) 1.000 −9.669E–02 1.000 −1.810E–02
Ln 1.000 −8.852E–02 1.000 −3.196E–02

Wi = 1.5 root (k = 2) 1.000 −1.131E–01 1.000 −1.579E–02
Ln 1.000 −1.149E–01 1.000 −2.515E–02

Wi = 1.75 root (k = 2) 1.000 −1.081E–01 1.000 −8.910E–03
Ln 1.000 −1.188E–01 1.000 −8.053E–03

To provide further evidence concerning the stability of the kernel formulations, we have investigated the extrudate-swell 
problem for higher values of Wi. Particularly, in Table 5, one can observe that the positive definiteness of the conformation 
tensor of the square root and Ln functions at t = 45 maintains the same behavior observed previously at t = 15 (detmin(A) =
1, cf. Tables 3 and 4). In spite of the stable results obtained in the simulations for Wi > 1.75 using the kernel formulations, 
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Fig. 7. Numerical simulation of the lid-driven cavity flow using the Oldroyd-B model with Re = 0.01 and β = 0.5: (a) Wi = 1 and (b) Wi = 2. The non-
Newtonian normal stress τxx is plotted along the vertical line x = 0.5.

Table 5
Numerical results of the minimum value of the determinant of A and the swelling ratio for the two-dimensional time-dependent extrudate swell problem 
using time-step δt = 5 × 10−5. Results are captured at non-dimensional time t = 45.

Wi Method detmin(A(M1)) Sr(M1) detmin(A(M2)) Sr(M2)

Wi = 0.5 std 1.000 1.490 1.000 1.400
root (k = 2) 1.000 1.414 1.000 1.369
Ln 1.000 1.422 1.000 1.355

Wi = 1.25 root (k = 2) 1.000 1.875 1.000 1.890
Ln 1.000 1.796 1.000 1.835

Wi = 1.5 root (k = 2) 1.000 1.970 1.000 2.056
Ln 1.000 1.953 1.000 2.052

Wi = 1.75 root (k = 2) 1.000 2.126 1.000 2.273
Ln 1.000 2.342 1.000 2.394

we have not pursued simulation at higher Wi in order to avoid the need of using a longer computational domain and more 
refined meshes, to maintain good accuracy.
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Fig. 8. Numerical simulation of the lid-driven cavity flow at t = 80 using the Oldroyd-B model with Re = 0.01, Wi = 3 and β = 0.5: (a) u-velocity at (0.5, y)

and (b) v-velocity at (x, 0.75).

6. Conclusions

This work presented a numerical implementation of the Kernel-conformation analytical framework in a free-surface 
Marker-And-Cell discretization, implemented in the scope of a finite differences method. The numerical cases included 
the two-dimensional Poiseuille flow, the lid-driven cavity and die-swell free surface flow.

The numerical results demonstrate the ability of this methodology for simulating high Weissenberg numbers flows using 
the Oldroyd-B model with the appropriate kernel functions. For all problems studied in this work, the limiting Weissenberg 
number increases using appropriate kernel-conformation formulations (such as the Ln and the square root, k = 2), in com-
parison with the standard formulation which usually diverged at modest values of Wi.
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Fig. 9. Numerical simulation of the lid-driven cavity flow at t = 80 using the Oldroyd-B model with Re = 0.01, Wi = 3 and β = 0.5: (a) τxx at (0.5, y) and 
(b) time evolution of the kinetic energy.

Fig. 10. Illustration of the configuration for the extrudate-swell problem using the Ln function for Wi = 1.5, Re = 0.1 and β = 0.5 at: (a) t = 15 and 
(b) t = 45.

Appendix A. Finite difference approximations of evolution equation for kernel-conformation tensor

Considering two-dimensional Cartesian coordinates, the finite difference equations of the evolution equation (17) for 
kernel-conformation tensor are given by
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where the convective terms conv(˙)i, j are approximated using the CUBISTA high-resolution scheme [44].
Note that for each kernel function described in Section 3.1 we need to obtain the components of the symmetric tensors 

B and H, for instance:

• rootk kernel-conformation
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i, jk
xy
i, j

)
(66)
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)
(67)

B
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(68)

H
xx
i, j = 1

k
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(k1−k)xx

i, j − k
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i, j

)
(69)

H
yy
i, j = 1

k

(
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yy
i, j − k

yy
i, j

)
(70)

H
xy
i, j = 1

k

(
(k1−k)

xy
i, j − k

xy
i, j

)
(71)

• log kernel-conformation transformation

B
xx
i, j = Bxx

i, j

ln (a)
(72)

B
yy
i, j = B yy

i, j

ln (a)
(73)

B
xy
i, j = Bxy

i, j

ln (a)
(74)

H
xx
i, j = 1

ln (a)

[(
a−k

)xx

i, j
− 1

]
(75)

H
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i, j = 1

ln (a)

[(
a−k

)yy

i, j
− 1

]
(76)

H
xy
i, j = 1

ln (a)

(
a−k

)xy

i, j
(77)

Remark 1. In order to construct the components of the tensors � and B involved in Eqs. (63)–(65), ∇uT is approximated in 
the cell center (i, j):

(
∇uT

)
i, j

=

⎡
⎢⎢⎣

ui+ 1
2 , j − ui− 1

2 , j

δx

ui, j+ 1
2

− ui, j− 1
2

δy
vi+ 1

2 , j − vi− 1
2 , j

δx

vi, j+ 1
2

− vi, j− 1
2

δy

⎤
⎥⎥⎦ (78)

where the terms which are not defined in the center are computed using the following averages:

ui, j+ 1
2

= 1

4

(
ui+ 1

2 , j + ui− 1
2 , j + ui+ 1

2 , j+1 + ui− 1
2 , j+1

)
, (79)

vi+ 1
2 , j = 1

4

(
vi, j+ 1

2
+ vi, j− 1

2
+ vi+1, j+ 1

2
+ vi+1, j− 1

2

)
. (80)
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Remark 2. One important remark in the context of finite difference approximations is the fact that Eq. (36) involves the 
computation of the stress divergence ∇ · τ at cell edges (for instance, (i + 1

2 , j) and (i, j + 1
2 )). In the present work, these 

terms are approximated as:

(
∂τ xx

∂x
+ ∂τ xy

∂ y

)
i+ 1

2 , j
� τ xx

i+1, j − τ xx
i, j

δx
+

τ
xy

i+ 1
2 , j+ 1

2
− τ

xy

i+ 1
2 , j− 1

2

δy
(81)

and (
∂τ yy

∂ y
+ ∂τ xy

∂x

)
i, j+ 1

2

� τ
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i, j+1 − τ
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i, j

δy
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τ
xy

i+ 1
2 , j+ 1

2
− τ

xy

i− 1
2 , j+ 1

2

δx
(82)

where

τ
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2
= 1

4

(
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i, j + τ

xy
i, j+1

)
,
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2
= 1

4
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,
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4
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. (83)
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