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Abstract

Out of the wide range of a-posteriori error estimates for the finite element method (FEM), the group of
estimates based on the element residual seems to be the most popular. One recent extension of the element
residual method is the element residual error estimate (EREE) [Numerische Mathematik 65 (1993) 23],
which includes the elements of the duality theory and consistently produces good results. In this paper, the
EREE will be extended to allow its use in conjunction with the finite volume (FV) type of discretisation.
The extension consists of three parts: an appropriate definition of the residual in the FV framework, a
procedure for calculation of self-equilibrating fluxes based on the conservative properties of the FV so-
lution and a simplified solution method for the Local Problem. The paper covers the extensions of the
EREE to the convection—diffusion and the Navier-Stokes problem, following [Comp Meth Appl Mech
Engng 101 (1992) 73] and [Comp Meth Appl Mech Engng 111 (1994) 185], respectively. The error estimate
is tested on three test cases with analytical solutions, where its performance is shown to be similar to its
FEM counterpart. Finally, the estimate is applied to a realistic laminar fluid flow problem.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The finite element method (FEM) of discretisation offers a wide range of popular a-posteriori
error estimates. Oden et al. [4] present five groups of error estimators: the element- and sub-
domain-residual methods, duality methods, interpolation and post-processing methods. Element
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residual methods use the residual in the numerical solution to estimate the local error, where the
residual is a function measuring how much the approximate solution fails to satisfy the governing
differential equation and boundary conditions for the particular finite element. Duality methods
use the duality theory of convex optimisation to derive the upper and lower bounds of the error
for self-adjoint problems. Sub-domain-residual methods are based on the solution of the local
error problem over a patch of finite elements. Interpolation methods use the FEM interpolation
theory to produce a crude estimate of the leading term of the truncation error. Post-processing
methods are based on the fact that the solution (which is expected to be smooth) can be improved
by an appropriate smoothing algorithm. The error estimate is obtained by comparing the post-
processed version of the solution with the one obtained from the actual calculation. All these
methods are strongly mathematically based and their properties have been examined for a wide
range of shape functions, not only for symmetric boundary value problems but also for con-
vection—diffusion problems. A comprehensive review of Finite Element error analysis can be
found in [5].

The element residual error estimate (EREE) is a relative newcomer in the error estimation for
FEM. It has been developed mainly by Ainsworth and Oden [1,2,6] and Ainsworth [7], but also
includes the previous work by Bank [8], Bank and Weiser [8,9] and Kelly [10]. ! The method has
also been extended to the Navier—Stokes problem in the work of Oden et al. [3,11]. It consistently
gives highly accurate estimates for a large variety of problems. This error estimate gives a strict
upper bound on the solution error in the energy norm. It requires the solution of a local error
problem over each finite element and an error flux equilibration procedure. The error flux
equilibration has been discussed at length by Kelly [10] and Ainsworth and Oden [6]. Kelly shows
that non-equilibrated fluxes result in a gross over-estimation of the solution error. The analysis of
the flux equilibration problem has also been given by Ainsworth and Oden [1,5]. Recent work of
Oden et al. [11] presents an adaptive refinement technique based on this error estimate applied to
the incompressible Navier—Stokes equations.

In comparison with the abundance of FEM error estimates, the finite volume (FV) error es-
timation is still in early stages of development. The only widely-used a-posteriori error estimate is
Richardson extrapolation [12—-15], which in turn requires two solutions on meshes with different
spacing. Apart from several attempts aimed at measuring the numerical diffusion [16,17], the
scope of single-mesh single-run error estimates aimed at the complete discretisation error is very
limited. Some interesting attempts include the cell imbalance error estimate by Haworth et al. [18],
the method based on higher order face interpolation by Muzaferija [19] and the Taylor series and
moment error estimate by Jasak [20,21], respectively based on the Taylor series truncation error
analysis and the imbalance in the higher moments of the solution.

In order to extend the EREE to the FV discretisation successfully, it is first necessary to for-
mulate the cell residual in a manner equivalent to its meaning in FEM. It will be shown that this
residual is a consequence of the inconsistency between the prescribed variation of the solution
over the control volume (CV) used for the volume integration and the one used for face inter-

! In [5] this error estimate is referred to as the equilibrated residual method, as extension of the EREE which requires
error flux equilibration.
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polation. An error estimate based directly on the FV version of the residual has been presented in
[22] but it lacks the upper bound property of the EREE.

In this paper, the above-mentioned definition of the residual will be used as a basis for
the modification of the EREE from the FEM into a form suitable for the finite volume method
(FVM). The approach by Ainsworth and Oden [1] has been chosen as the most general and
directly extensible to the FV discretisation. The basic error estimate will be developed first for
a linear elliptic problem and subsequently extended to convection—diffusion [2] and non-linear
problems, specifically incompressible Navier—Stokes equations [3]. In Section 2, the construc-
tion of the residual in the FV framework will be examined. The conservation properties of the
FVM removes the need for a special error flux balancing algorithm, as will be shown in Section
3.2. A simplified solution procedure for the local error problem is given in Section 4. In Section 5,
the new error estimate is examined on several test cases with analytical solutions. Once its per-
formance has been established, the error estimate will be applied to a realistic test case, consisting
of a 2-D laminar flow over a hill.

2. Construction of the residual

The definition of a residual in the FEM arises naturally from the discretisation process. The
equations are discretised and solved using the variational principle, where the weighted sum of
residuals is minimised to produce the solution. The residual is a consequence of the fact that the
exact solution can locally change faster than the prescribed (nth order) shape function over the
finite element, thus creating a discretisation error.

FV discretisation is based on the integral form of the equation over the CV. CVs do not
overlap, and cover the complete computational domain. The FVM guarantees that the equation
will be satisfied over each CV in the integral form. On the other hand, the prescription of the local
variation of the variable is still necessary which, in FEM terms, should produce a local residual.
Our task is to establish why the residual does not occur naturally, and to reconstruct it from the
solution. We shall start with a brief overview of the second-order accurate FV discretisation on
arbitrarily unstructured meshes [19,21,23-25].

2.1. Overview of the finite volume discretisation

Consider the standard form of the steady-state transport equation for a general tensorial
property ¢:

V- (up) = V-(Ve) =S - Lo, (1)

where u is the velocity field, y = 0 is the effective diffusivity coefficient and S and L > 0 represent

the linear decomposition of any other (source) terms.
The FVM uses the integral form of Eq. (1) over the CV:

/VPV~(u¢)dV—/VPV~(ngb)dV:/VP(S—Lqﬁ)dV. 2)
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Fig. 1. Control volume.

The geometry of a CV, Fig. 1, is described by the location of its centroid P where ¢ is calculated,
its volume 7, and the flat faces f bounding it. The face f, described by the associated face area
vector s, is shared with one neighbouring CV (N). The vector d = PN, connecting the two cell
centres around the face is also defined. It is required for every face that d -s > 0. We shall also
introduce a unit normal to the face f:

R St

ng st| . 3)
Internal faces of the mesh are ordered in such a way that n; points into the cell appearing later in
the cell list.

The divergence terms in Eq. (2) can be transformed into surface integrals using the Gauss’

theorem. A second-order accurate approximation of the integrals in Eq. (2) is obtained by pre-
scribing a linear variation of ¢ over the CV:

P(x) = ¢p + (x = xp) - (V) (4)

where ¢, = ¢(xp) and (V¢), = Vé(xp). The integrals are now calculated using the mid-point
rule, leading to the following semi-discretised version of Eq. (2):

ZF%—ZVfS‘(V@f:SVP—LQSPVPa (5)
f f

where F is the convective face flux:
F=u- S, (6)
which satisfies the continuity constraint (if any).

The discretisation is completed when the face values ¢; and (V¢), are expressed in terms of the
cell centre values ¢, and ¢, around the face (Fig. 1). In the simplest form, we can assume:

br = febp + (1 = /)by (7)




H. Jasak, A.D. Gosman | Computers & Fluids 32 (2003) 223-248 227

where f, is the interpolation factor and

s+ (V) = Is| 2 . f" )

with an appropriate ‘“‘non-orthogonal correction” if dJt's [21]. The result of discretisation is a linear
equation (one for each CV):

appp + Z angy = Rp. (10)

The value of ¢, depends on the values in the neighbouring cells, thus creating a system of al-
gebraic equations:

[4][¢] = [R], (11)

where [4] is a sparse matrix, with coefficients ap on the diagonal and ay off the diagonal; [¢] is
the vector of ¢-s for all CVs and [R] is the right-hand side vector.

2.2. Formulation of the residual

The inter-point coupling in the system of algebraic equations obtained by the FVM comes from
the face interpolation. The cell value of ¢ depends on the values in neighbouring cells through the
face values and gradients of ¢, Egs. (7) and (9). Inconsistency between the volume integration and
face interpolation can be explained on a simple 1-D situation (Fig. 2).

When the volume integral is calculated, it is assumed that the variation of ¢ over the CV is
linear, Eq. (4). At the same time, face interpolation in Eqgs. (7) and (9) assumes that ¢ varies
linearly between P and N (Fig. 2). For an arbitrary point 4 inside the CV, two equally valid values
of ¢ can be given: one consistent with the volume integration and another consistent with the face
interpolation. The two values will be the same only if the discretisation error is equal to zero.

The FVM guarantees that Eq. (2) will be satisfied only with the combination of the cell and face
integrals described above. The cell residual is therefore hidden in the inconsistency between the
two ‘“‘shape functions”™. It can be recreated by strictly adhering to one of the functions described
above, in our case Eq. (4):

¢r = Pp + (Xt — Xp) - Vpp (12)

and

Fig. 2. Face interpolation and cell volume integration.
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(V) = Véby. (13)
The cell residual for Eq. (2), assembled as:

o= [ 1= L=V () + V- (V)

=SVp = Lplp — ) _[Fr — s - (V)] (14)
f
will be non-zero even when Eq. (11) is solved to machine tolerance. This formulation is consistent
with the FEM meaning of the residual, measuring how well the prescribed shape function ap-
proximates the solution over the cell.

3. Element residual error estimate

The EREE [1] in the FEM extends and combines several existing error estimation techniques to
the non-uniform 4—p FE approximation 2 on irregular meshes, and derives a strict upper bound
on the solution error expressed through an error norm. The error estimate requires a solution of a
local residual problem over every cell after the residual is assembled, as described in the previous
Section.

In what follows, the error estimate is first developed for an elliptic model problem in Section
3.1. Section 3.2 presents the error flux balancing in the FVM context; this issue and the conse-
quences of non-equilibrated error fluxes have been discussed in detail in has been discussed in [5].
It will be shown that, unlike in the FEM, the equilibrated error fluxes are readily available from
the FV solution. Generalisation to the scalar transport equation and the Navier—Stokes problem
is given in Sections 3.3 and 3.4, respectively. A simplified solution procedure for the local problem
in the FVM framework is given in Section 4.

For the details of the derivation of the EREE, the reader is referred to [1]. This Section will only
present the basic principles and their extension to the FV discretisation without mathematical
proof.

3.1. Elliptic model problem

The model problem that is being solved is:
—V-(yV¢)=S—-L¢p in Q, (15)

with the diffusion constant y > 0, the volume source constants S and L and the following
boundary conditions:

¢=0 on I'p,
{Vﬁf‘W:g on Iy, (16)

2 Here, h-refinement implies a change in the mesh size, whereas p-refinement modifies the local order of discretisation.
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with
I'pNI'y = ®7
FD U FN == aQ

Let us now introduce a new way of presenting the error which has been accepted as standard in
FEM applications—an error norm.
The error norm HeHé for the elliptic problem, Eq. (15), is defined as:

(17)

el = /V())Ve-VeJrLez)dV, (18)

where e is the error, defined as the difference between the exact (¢) and numerical (¢,,) solution:
e=¢— (19)

This norm is the “energy norm”.
An important property of this norm is the scaling [1]:

llellz = ll$ — dull < CHE, (20)

where £ is the linear size (e.g. diameter) of the CV, k is the order of approximation and C is a
constant independent of /# and k. The error norm scales correctly on a non-uniform A—p mesh,
which is important in the case of local refinement.

Through a series of theorems, Ainsworth and Oden [1] derive the following property:

Theorem 1. For every sub-domain, a local problem:

—V‘VI//:}"P in Qp, (21)
with boundary conditions:
ﬁf . Vlﬁ :] on an \ FD, (22)
lp =0 on an N FDa
can be used to produce a local error estimate:
1
(V) = ;w -V dv. (23)
Qp
This error estimate provides the strict global upper bound on the exact error in the energy norm:
N
lellz <D e (V). (24)
P=1
where

o Qp is the local sub-domain, usually a single CV,
e yp is the solution residual over Qp:

rp:/ rdV:/ S— Loy, +V - (3V,)]dV, (25)
ol op
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o jis the residual error flux defined below,
o N is the number of sub-domains.

It is worth pointing out that the boundary value problem, Eq. (21), has a solution only under
specific circumstances, depending on the combination of r» and the boundary conditions, Eq. (22).
This is usually termed the “flux equilibration problem’ and will be revisited in Section 3.2.

As can be seen from the form of Eq. (21), local problems are coupled through the boundary
conditions, specifically through the residual error flux j, dependent on the face jumps in the
solution. The calculation of the error fluxes in FEM has been discussed in detail in a number of
papers [1,7].

Following [1], j is defined as:

]:{g_’yﬁqubh OnaQPﬁFI\U

—afyhe - V,] on 0Qp\I'y. (26)

The term [y, - V¢, ] is defined on each internal face of the mesh as the local jump in the gradient:
[yns - V,] = [Vﬁf : (Vd’h)fL - [Vﬁf : (Vd’h)f}

where P and N are the CVs sharing the face. Similarly, the face jump is:

[d] = [(@n)elp = [(Da)ely- (28)

Here, [(¢,);], and [(V¢, )], are the values of ¢, and V¢, on the face f consistent with the pre-
scribed variation of ¢, in the cell P.
We can also define an arbitrary linear interpolate of (¢,); and (yn¢ - V¢,),:

(g - V), = opie - [(Vy)]p + (1 — a)yis - [(Vpy )]y (29)

(i) = o(P)elp + (1 = ) [(Dy)]y- (30)

Nothing needs to be said about o in Egs. (29) and (30) apart from that it is the same as in Eq. (26).

(27)

)
N

3.2. Balancing problem in the finite volume method

The necessary condition for the solution of the local problem is that the error fluxes are bal-
anced [1]:

/rdV+7§ jdd =0. (31)
Qp BQP

The problem of determining o in such a way that Eq. (31) is satisfied is crucial, as the per-
formance of the error estimate is critically dependent on this condition. If the error fluxes are not
balanced, the accuracy of the error estimate is degraded to such an extent that the error bound of
Eq. (24) becomes meaningless [1,5].

The balancing procedure determines the boundary conditions for local error problems, Eq.
(22), in such a way that Eq. (31) is satisfied for every CV. The balanced error fluxes can be
computed without the need to calculate the a-s, based on the conservation properties of the
FVM. Error flux balancing will be done here for the elliptic problem, Eq. (15), and subsequently
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generalised to the convection—diffusion and the Navier—Stokes problems. In order to simplify the
expressions, the subscript / will be dropped. Face values of ¢ and V¢ are assumed when they are
needed (i.e. on all mesh faces).

Separating the boundary conditions, the residual can be written as:

/QPrdV = /QP(S —L¢P)dV+£QP\FDde -Vop. (32)

a b

The integral of the face jump can be split into two parts using Eq. (26):

§ojaa=§ gV dar§  alie Vlda. (33)
0Qp 0QpNI'y

0Qp\I'y

c d

The term (b) from Eq. (32) can also be split into two, depending on the boundary condition:

f yds-V%z% yds-V¢p—i—j{ yds -V, . (34)
an\FD 0QpNIy an\FN\FD

~~

e f

The residual balance condition, Eq. (31), will now be assembled part by part, using Eqgs. (32)—
(34). To clarify further developments, the reader is reminded that j is not defined on I'p, as this is
not necessary (see boundary conditions for the local problem, Eq. (22)).

Combining Eq. (33) (c¢) and Eq. (34) (e) yields:

j{ (g_Vﬁf'vd)P)dA'f‘y{ ?ds’v‘j’P:% gdd4. (35)
0QpNI'y oQpNI'y

oQpNIy

Combining Eq. (33) (d) and Eq. (34) (f) yields:
7{ —of[yng - V] dA + f 7ds.V,
0Qp\I'y 0Qp\I'N\I'p
— i Ty sl Ve i V)4
0Qp\I'N\I'p
— =i T, i Vo
an\FN\FD
— e V) (36)
0Qp\I'N\I'p

where (see Eq. (29)):
(yhg - v¢>(1—a) = (1 =)y - Vp + opiiy - Vipyy. (37)
Assembling the balance, Eq. (31), from Egs. (32), (35) and (36), it follows:

/ (S— L) dV +7§ gdA +7§ (e - Vb)) dd = 0. (38)
Qp 0QpNIy an\I“N\I"D
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The result can be interpreted as follows: the interpolation method for the face fluxes
(yng - V) (1-» 18 such that, together with the volume integral, they satisfy the original problem,
Eq. (15), in the integral form over each CV.

Eq. (38) provides a basis for the calculation of balanced fluxes. In the first stage, the calculation
of j can be modified. On internal faces of the mesh, j is:

—afyng - Vo[ = —a(yne - Vp — yig - V)
= (1 —a)yng - Vpp + aphy - Vbyy — yig - Vb
= (yn¢ - V¢>(1—a) — i - V. (39)
On boundary faces, Eq. (26) can be used directly.
It remains to determine the interpolate (yn; - V), . Fortunately, the FVM readily provides
these fluxes. As a consequence of the conservative property of the discretisation, the face fluxes

calculated consistently with the discretisation automatically satisfy Eq. (38)
For the model problem, the interpolated face gradient is

(e - V)1 ) = v% (40)

The balance condition, Eq. (38), is satisfied to the solver tolerance. The calculation of j is
straightforward (Eq. (39)) and it does not require the explicit evaluation of o for the faces.

3.3. Convection—diffusion problem

In order to apply the EREE to the convection—diffusion problem, we need to incorporate the
convection term into the analysis presented above. This generalisation is based on its FEM
equivalent presented in [2]. The contribution of the convection term to the residual has been
presented in Section 2. The balanced error flux uses the interpolated value of ¢, to the face. For
completeness, the expressions for the residual and j are given below.

A steady-state convection—diffusion problem is specified as follows: Find ¢ = ¢(x) such that

V() -V (V) =S—L¢ ing, (41)
with boundary conditions:

d) = d)D( ) on FDa
{ YR - V¢>X= g(x) on Iy, (42)

where
FDDFN:®,

FDUFN:aQ

and L >0, y > 0. The residual for a given numerical solution ¢, (x) is:
o= [ rdv = [ 5= Ly~ V() + - ()P, @3)
Qp Qp

or, introducing ¢p = ¢,(xp) and ¢, = p(x¢):
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rp=SVp — LopVp — Z S [(u)f‘pf - V(v¢h)f]a (44)
f
consistent with Eq. (14). The residual error fluxes which satisfy the balance condition are:

¢ On internal faces:

J=our[py] =y - Vo, | = “f(_<¢h>(1ﬂ) + ¢p) — (—(ymr - v‘lsh)(pa) +0¢ - (Vy)p),  (45)
e On fixed gradient boundary faces (I'y):

J=ouc[¢,] — oy - V] = Uf(_<¢h>(17«) + ¢p) — (=g + e - (Vy)p), (46)

¢ On fixed value boundary faces, the calculation of j splits into two parts:
1. For the convection part, the face jump exists:

Jo=ou[¢,] = ”f(_<¢h>(171) + ¢p). (47)

2. For the diffusion part, I'p is treated as a fixed value boundary from the elliptic problem.
Since the exact boundary gradient is not known, the local problem has to be solved with
the fixed value boundary condition. This somewhat complicates matters, as the residual also
contains the face jump from the convection term, Eq. (47). An appropriate modification is,
however, easily introduced. Before the solution of the local problem, the part of the residual
from the convection term on the fixed value boundary will be removed; thereafter the
boundary can be treated in the same way as before.

In Eqgs. (45)-(47) u¢ is the face velocity defined with respect to the direction of the face area
vector.

Ur = ﬁf - Uy, (48)
where fi; is the face normal. Note that in practice either ur = F/|s| or uy = —F/|s|, depending on
the ordering of cells and faces. <¢h>(l—a) in Eqgs. (45)-(47) is calculated consistently with the
convection differencing scheme (in our case Eqgs. (7) and (8)).The error norm for the convection—
diffusion problem has the following form [2]:

lell; = 16 = ¢l = [ Ve Ve 1)av. (49)
The local problem is:
—V - -Vy=rp in Qp, (50)
with boundary conditions:
{I:If-le:]: on 0Qp\I'p, (51)
ne- Vi =jc, y=0 ondQpNIp.

The upper bound for the error in the convection—diffusion problem is the same as for the elliptic
case:

2
llellz <

e (Vp), (52)

N
P=1
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where

dv - |

Qp

1
<§le . le) dr. (53)
This concludes the extension of the EREE to the convection—diffusion problem.
3.4. Navier—Stokes problem

The form of the EREE for the Navier—Stokes equations is similar to the one for the scalar
transport equation and it follows the derivation presented in [3]. Some points, however, need to be
discussed further: the formulation of an appropriate error norm for the Navier—Stokes problem
and the coupling between the pressure error and the convection—diffusion error.

Let us first formulate the incompressible steady laminar form of the Navier—Stokes problem:
Find the pair (u(x),p(x)) such that

V- (au—vVu) =f— Vp,
{ V-u=0 (54)
in Q, with the boundary conditions:
u=up(x), Vp=0 on ['p, (55)
n-Vu=0, p=py(x) on Iy,
where:
FD N FN - Q),
FD U FN - aQ
and v > 0.

3.4.1. Error norm for the Navier—Stokes system

In order to simplify the discussion, from here on all the variables will be considered to be di-
mensionless, with the characteristic scales equal to unity (following [26]). If the uniqueness con-
dition [3,26,27] for the solution is satisfied, the following property of the numerical solution can be
proven (see [3,26]):

Theorem 2. Suppose that the conditions for the uniqueness of the solution for the Navier—Stokes
problem hold. Let (u, p) be the solution of Eq. (54). Then, for v sufficiently large, there exists a mesh
spacing hy such that for all h < hy, the discretised form of Eq. (54) has a unique solution (w,, p,) and

tim(fu — w, + lp — puly) = 0. (56)

If, in addition, the solution (u,p) of Eq. (54) is in the space of accessible functions of order k + 1,
where k is the order of accuracy of the discretisation method, then a constant C > 0 exists, inde-
pendent of k, such that

lu—w, + |lp — pallo < CH". (57)
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The norms used above are:

V[P = [ v(Vv:Vy dv,
! Q

lqll? = / £V,
Q

The error in the solution for Eq. (54) is defined as:

e=u-—u,

E=p—p
We shall introduce a new “‘star” norm which bounds the error [3,28]:

e ). :/Qv(Ve:Ve)dV—k/(V-uh)de.

Q

3.4.2. Formulation of the local problem
Let mp be the solution of the local problem [3]:

-V -Vm= Ip in QP,
with boundary conditions:

ﬁfVm:j on GQP\FD,
np-Vm=j.,, m=0 ondQpNIp.

Introducing up = u,(xp) and uy = wu,(X¢), the residual rp and face jumps j and j. are:

rP:/ rdV:/ f—Vp, — V- (wu, —vVu,)|dV,
o Q

on internal faces:

= up(= () 1y Hur) = [= (e - V) gy + vl - (V)]
on zero gradient boundary faces:

i= “f(_<“h>(1—a) +up) — v - (V)
and on fixed value boundary faces:

ic= ”f(_<“h>(1fa) +up).

235

(67)

(68)

Then, the error (e, E) of the discrete solution of the Navier—Stokes problem, Eq. (54), satisfies

the following bound:

N
(e, E)IZ< D ep(Vm, ¥V - wy),
P=1

where N is the number of sub-domains.

(69)



236 H. Jasak, A.D. Gosman | Computers & Fluids 32 (2003) 223-248

The local error estimate €5(Vm,V - u,) is defined as:

(Vm,V -u,) = /

Qp

<1Vm:Vm> dV+/ (V-u,)’dV. (70)
v o

The only difference between the convection—diffusion and the Navier—Stokes problem is the
treatment of the additional “source” term: the pressure gradient. In the convection—diffusion
problem, constant source terms are considered to be exact, whereas here the pressure gradient term
carries a certain numerical error of its own, associated with the divergence of velocity.

4. Solution of the local problem

The results on the upper bound for the error, Egs. (24), (52) and (69), assume that the local
problem is solved exactly over each sub-domain. In FEM, this is usually done by extending the set
of available shape functions with so-called “bubble-functions”. The solution is, however, po-
tentially expensive and for purposes of error estimation (which carries its own level of uncertainty)
not really necessary. It should, however, be noted that without solving the local problem exactly
one cannot accept the preserve the upper bound mentioned above. In this Section, we shall ex-
amine the nature of the local problem and propose a simple approximate solution method.
Numerical experiments show that this method is appropriate our purposes.

Let us first reexamine the definition of the local problem for the elliptic equation, Egs. (21) and
(22):

—V'le:rp in QP, (71)

with boundary conditions:

{ﬁf VY =j on 0Qp\Ip,

lﬁ =0 on an N FD. (72>

The boundary conditions show a certain peculiarity: the problem is well-posed only if the CV
has a face on I'p; otherwise it is indeterminate to a constant. The actual error estimate does not
require i, but only the volume integral of its gradient.

4.1. Indeterminate local problem

The indeterminate form of Eq. (21) has fixed gradient boundary conditions on all boundaries.
Eq. (21) shows that the distribution of i through the domain is quadratic, or in other words, Vi
varies linearly. It is therefore only necessary to determine Vi in the centroid of the domain (in our
case a single CV) and use the mid-point rule to calculate the integral. This is done by applying a
weighted linear fit to Eq. (22):

1 A ! i
Vi = VPZ:SIXf — Xplfip - Vi = Vo > " sxe — xp| () (73)

f
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Although it now seems that the error estimate does not depend on the cell residual, as »» does not
feature in Eq. (73), the reader should be reminded that Eq. (31) imposes a strict link between the
residual and Eq. (22). The local error estimate is now:

2
1 1 .
(V) = o ;Vlﬂ VgV = 7 (Z:Sle - XP|(.])f) : (74)

4.2. Determinate local problem

If the local error problem is determinate, the elegance of the above procedure is no longer
directly applicable. However, we can produce a cheap estimate of the solution by neglecting the
variation of the error flux along the fixed value boundary. The “missing” j is determined from the
balance condition, Eq. (31) and the result from the previous Section is used. This is done by
formally solving the local problem on a 1-cell mesh.

The local problem is discretised using the Gauss’ theorem:

= s (V) =rp. (75)

The faces with the fixed gradient boundary condition will be called the “g”-faces and the faces
with the fixed value boundary condition the “v’-faces. The sum from Eq. (75) splits into two:

s (V)= s (Vi) + Y s (Vi),. (76)

For the “g”-faces, the boundary condition is given:
s+ (V) = Isle - (V) = Islj; (77)
whereas for the “v”’-faces we have:

W), — W)y -

s+ (V¥), = Islfe - (V¥), = s =g
Here, (), is the solution of the local problem in the cell centre. (), is equal to zero, following the
boundary condition on the local problem, Eq. (22).
(Y), is therefore:

P+ 2 ISl
Wp =<1 (79)
2o I8l
and the face gradients for the “v’-faces are
) -

All face gradients are now known and Eq. (73) can again be used.

The simplification described above assumes at most a linear variation of the error flux along the
fixed value boundary face, thus introducing a certain error. However, an equivalent assumption is
made in the discretised boundary condition in the FVM. Consequently, the authors here ac-
knowledge the potential source of inaccuracy and examine its consequences in the next section.
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5. Test cases

Three numerical examples will be presented in increasing order of complexity: an elliptic model
problem with fixed-value boundary conditions [2] in Section 5.1; a convection—diffusion of a scalar
in Section 5.2; and finally in Section 5.3, we shall tackle a fluid flow example. The accuracy of the
proposed solution method for the local problem will also be examined. Once the performance of
the error estimate has been established, it will be used on a realistic fluid flow case: a laminar flow
over a 2-D hill.

5.1. Elliptic model problem
Consider [2]:
. 1 1
-V:-V¢p=0 in Q: [0,5} X {0,—], (81)

with boundary conditions:

{ $(0,y) = (ef Vit _ 1) sin(2my), 82)
$(Ly) = ¢(x,0) = $(x,) =0.
The solution of the problem is:

(b(x,y) — e(x—l)\/ 14272 eV 1+4n2 Sin(2ny). (83)

The exact solution on a 10 x 10 mesh and the estimated error norm distribution for the nu-
merical solution are shown in Fig. 3(a) and (b), respectively.

The exact and estimated global energy norms for the error are used to calculate the global
effectiveness index:

(a) Exact solution (b) Estimated error norm

Fig. 3. Elliptic test case.
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lell,  0.052461605
= et — 1.021. 4
“ =Tl 0.0513568 0 (84)

exact

Let us now consider the accuracy of the solution procedure for the local problem presented in
Section 4. For that purpose, two CVs are selected: one for the determinate local problem (i.e. with
a face on the fixed value boundary) and one for the indeterminate form. The boundary conditions
are calculated from the balanced error fluxes, as explained in Section 3. The local problem is
solved numerically on a 200 x 200 CV mesh (over the single CV of the original mesh) and using
the simple procedure described above.

For the indeterminate local problem, the difference between the two solutions is less than
0.02%, actually measuring the error in the numerical solution. For the determinate local problem,
the inaccuracy of the simplified solution is up to 20%. However, having in mind that: (i) the error
estimate only provides the limit on the global error and not the error distribution; (ii) the rela-
tive proportion of CVs with a boundary face drops quickly with the mesh size (e.g. 36% on
a 10 x 10 CV mesh and 3.9% on a 100 x 100 CV mesh in 2-D); (iii) the approximate solu-
tion method is cheap and simple, the simplified solution procedure from Section 4 is considered
appropriate.

5.2. Line source in cross flow

The second test case is the convective—diffusive transport of a passive scalar in a fixed uniform
velocity field. The mesh is aligned with the flow and the boundary conditions are shown in Fig. 4.
The analytical solution can be found in [29]:

Dy = = K<ﬂ>ep(l’—) (85)

- 2my 2y 2y

where x and y are the spatial coordinates. The origin of the coordinate system is located at the
source, with the x coordinate pointing in the direction of the velocity vector, S* = 16.67[¢]/s is
the strength of the source, y = 0.05 m?/s is the diffusion coefficient, U; = 1 m/s is magnitude of
the velocity and K is the zeroth order modified Bessel function of the second kind.

The exact solution and the distribution of the estimated error norm for the mesh with 40 x 21
CVs are given in Fig. 5.

U
— | X
———
—’/ \ Computfationall domain

) 4
— |\ /

— N
— [\ /
\\\/)" /
[Fixed value boundaries] Zero
gradient

Fig. 4. Line source in cross flow, test setup.
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(a) Exact solution (b) Estimated error norm

Fig. 5. Line source in cross flow.

Table 1
Line source in cross flow: global error norm and effectiveness index
Mesh size Global error norm Global effectiveness index
10x5 4.56203 1.32034
20 x 11 2.32105 1.10746
40 x 21 1.219 0.95054

Effectiveness indices on several meshes are given in Table 1.

In uniformly refined meshes, the distribution of the estimated error will always be similar to the
one shown in Fig. 5. If, however, error-driven adaptive refinement is used instead, the error
distribution will also depend on the local mesh size.

In order to examine the performance of the error estimate on non-uniform meshes, the above
test case will be solved using the mesh refinement scheme described in [30]. Mesh refinement is
driven by the estimated error distribution and oriented normally to the local solution gradient.
A “l-irregularity” criterion [30] is enforced to preserve mesh smoothness.

Two adaptive calculations are performed, starting from a coarse initial mesh (60 CVs) and an
intermediate mesh (3200 CVs). A sequence of refined meshes for the first case is shown in Fig. 6.

A corresponding sequence of estimated error norm distribution for the above meshes is pre-
sented in Fig. 7. Note that the scale on all plots has been adjusted to account for the decrease in
the peak estimated error. The location of the peak error also moves, which is caused by the in-
teraction between the local mesh resolution and the solution gradient.

Fig. 8 shows the scaling of the error estimate with mesh refinement for a series of meshes,
ranging from 50 to 51520 CV. It can be seen that the estimate exhibits the second-order
error reduction, consistent with the order of discretisation. It is also evident that error-driven
automatic adaptive refinement considerably outperforms systematic uniform refinement for this
case.
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Fig. 6. Line source: error-driven local mesh refinement.
5.3. Line jet

Having considered an elliptic and a convection—diffusion test case, we shall now consider a
model laminar Navier—Stokes Problem. It is an infinitely fast jet emanating from an infinitely thin
line orifice entering a large domain. The momentum of the jet is finite and equal to M;. The
analytical solution can be found in [31]:

u = ui + vj, (86)
where
A4 2(.—2/3)
u=px sech (x l_9>’ (87)
1 2 A4
V= — §Ax72/3 tanh (x72/3 %) + § §x74/3y SCChz (x72/3 % ) y (88)
9 1/3
~(5m) (59)
48y \ '
B <7> (9%0)

and M; = UZh is the momentum carried by the jet. The test setup on the 4 x 1 m in size, 0.5 m
downstream of the orifice is shown in Fig. 9. The exact solution and the error norm distribution
for the 40 x 21 CV mesh are shown in Fig. 10. The estimated error correctly highlights the region
close to the orifice where the high error is caused by the high velocity gradients. Downstream of
the jet, the velocity field is smoother, causing a lower error.
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Fig. 7. Line source: error norm distribution for local refinement.

The global effectiveness indices for several meshes are given in Table 2. The strict upper bound
is not achieved, which is attributed to the error in the solution of the local problem. If a more
accurate estimate is needed, one may resort to a more complex procedure for the solution of the
local problem.

As the error in the effectiveness index is considerable, we have repeated the calculation of the
error estimate on the 20 x 11 CV mesh, exactly solving the local problem for every CV. The
revised effectiveness index equals 1.017 and the discrepancy in the solution of the local problem is
located next to the boundary, confirming the hypothesis.
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Fig. 8. Line source in cross flow: error scaling.
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U = infinity] \/
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Fig. 9. Line jet: test setup.

Fig. 11 shows the scaling of the estimated error with uniform mesh refinement for the meshes up
to 51520 CVs. It can again be seen that, once the boundary conditions are adequately resolved,
the error estimate mirrors the second-order accuracy of the discretisation method.

5.4. Laminar flow over a 2-D hill

The final test case in this study represents a realistic fluid flow situation. It consists of a
fully developed laminar duct flow hitting a hill-shaped obstacle of the height H. The Re number,
based on the centreline velocity and the hill height is 60. The computational domain starts 3.6 H
upstream of the hill summit and extends for 15 H downstream. The profile of the hill is given is
Table 3.

The problem will be solved on a series of meshes created using transfinite mapping with slight
grading towards the wall, ranging from 518 to 137 344 CVs. One of the meshes is shown in Fig. 12;
the resulting velocity field can be seen in Fig. 13.

The estimated error norm distribution on the coarse mesh, Fig. 14, highlights two regions of
high error. The first, at the front of the hill, is associated with the flow impingement and locally
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e

(a) Exact solution

(b) Estimated error norm

Fig. 10. Line jet.

Table 2
Line jet: global error norm and effectiveness index
Mesh size Global error norm Global effectiveness index
10 x 5 0.393599 0.78347
20 x 11 0.319659 0.98313
40 x 21 0.017713 0.96943

high velocity gradients. The second error peak is associated with the combination of the velocity
gradient in the shear region at the edge of the recirculation bubble and the change in mesh size (see
Figs. 12 and 13).

The analytical solution for this test case is not available, which in effect prevents us from
comparing the estimated and exact error norm. However, one can still examine the scaling of
the estimated error with mesh refinement, presented in Fig. 15. For clarity, the estimated error
has been normalised by the total dissipation in the system, obtained from the two finest meshes
using Richardson extrapolation. As in previous cases, the error approaches the expected order of
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Fig. 11. Line jet: error scaling.
Table 3
The profile of the hill
x (mm) 0 9 14 20 30 40 54
y (mm) 28 27 24 19 11 4 0

0.00 0.46 0.92 1.38 1.84

Fig. 13. 2-D hill: velocity field.

2.30

accuracy as the meshes become finer. The relative error has been
coarsest mesh to 0.3% on the finest.

reduced from 38% on the
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Fig. 14. 2-D hill: error distribution, 2044 CV.
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Fig. 15. 2-D hill: relative error in dissipation.

6. Summary

In this paper we have presented the extension of the EREE [1] to the FVM of discretisation.
The EREE formulates the local residual error problem on a cell-by-cell basis, with the cell
boundary conditions determined from the equilibrated error fluxes. In the FEM, the error esti-
mate is reported to consistently produce the effectiveness indices close to unity.

The extension of the EREE to the FVM can be divided into several stages. First, it is necessary
to reconstruct the cell residual as, unlike in the FEM, it does not arise naturally. The conservative
properties of the FVM allow us to omit the error flux equilibration: it has been demonstrated that
the balanced error fluxes are readily available from the solution itself. The EREE is completed
with a simplified solution method for the local error problem consistent with the FV discretisa-
tion. Finally, the error estimate is tested on three test cases with analytical solutions and a realistic
laminar flow situation. In all cases, the estimate shows good accuracy, similar to the one reported
in the FEM and approaches the theoretical order of the discretisation when the mesh becomes fine
enough.

The weakest point in the error estimate is the approximate solution method for the determinate
local problem which causes the loss of the global error bound on coarse meshes. In terms of price/
performance, the method presented here is considered adequate.
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The objective of the work presented in this paper was to develop a simple and reliable a-pos-
teriori error estimate whose computational cost is negligible compared to the cost of the solution
itself. Future work will be concentrated on the performance of the error estimate on more complex
mathematical models, specifically turbulent fluid flow. Ultimately, our goal is to assemble an error-
driven solution-adaptive refinement procedure capable of automatically producing the solution to
complex turbulent flow models of pre-determined accuracy at minimal cost.
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