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Summary. The estimation of the discretization error via the Richardson extrapolation (RE) is
considered for problems with discontinuities (shock waves and contact lines) having the
variable order of accuracy. The computation of the local order of convergence is addressed.
The numerical tests for the supersonic flows, governed by two dimensional Euler equations,
demonstrate the feasibility and troubles for discretization error estimation via the Richardson
extrapolation. The need for the great number of grid space levels is the main obstacle for
practical applications of RE for compressible flows that may be partly relaxed by the mixed
order RE.

1 INTRODUCTION

The grid convergence strategy, based on heuristic rule by C. Runge [1] is the foundation of
significant part of modern numerical methods (excluding finite element p-refinement). From
this standpoint, if the difference between two approximate solutions on coarse grid T, with

step h and on the fine grid T, ;. with step hg,. is small, then u, ;. and U, are close to exact

fine fine

solution. However, from a practical needs perspective one should desire the quantitative
estimate of the form ||uh —U” < ¢ with computable 6. The Richardson extrapolation (RE)

method [2-11] enables us to determine the refined solution and the discretization error
estimate using a set of solutions computed on different meshes. Formally, two meshes are
necessary for the Richardson method application, if the solution is in the asymptotic range of
the convergence. The check of this condition requires one or more additional levels of mesh
refinement.

RE achieves most success for elliptic and parabolic problems with smooth enough
solutions. However, the significant current interest exists in the application of RE to CFD
problems of hyperbolic or mixed types. The Ref. [4] describes calculation of the observed
order of accuracy for the solution of RANS (subsonic and supersonic) for smooth enough
flows. The paper [5] considers the multi-dimensional advection equation under the condition
that the coefficients before the spatial derivatives are continuously differentiable. The paper
[6] states, that behavior of Richardson extrapolation error estimates for simulations of
solutions with jumps, such as shock and contact lines for fluid mechanics, is known to be
problematic. One of the reasons is caused by the fact that the error order is local and depends
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on the type of flow structure for CFD problems of inviscid compressible fluid containing
shock waves and contact lines [6, 10, 12-15].

Since the value of the convergence order on different flow structures varies, the RE should
be modified to estimate the local order of convergence in the flowfield. This problem requires
at least three consequent meshes in the asymptotic range of the convergence. The check for
this condition causes the need for additional grid, so, four consequent meshes are necessary as
a minimum. Thus, the Richardson method requires rather high computer resources if applied
in the CFD domain. The additional computational problems are related to the instabilities at
the local order estimation. To circumvent this problem, some part of publications [6] concerns
the averaged order of convergence. The work [10] compare the generalized RE (accounting
for the local order of convergence) and mixed-order RE. The mixed-order analysis [10]
provides the best results for inviscid problems with strong shocks if the nonmonotonic
convergence is manifested. Formally, nonmonotoniticy should disappear in the asymptotic
range (where the minor order term governs the error), however, it may require so fine grids,
which are prohibitive from the computer memory standpoint.

The present paper is addressed to the application of Richardson method for two
dimensional compressible Euler equations with discontinuities (shock waves and contact
lines). The emphasis is made on the estimation of the local order of convergence in
comparison with the mixed-order RE, the single grid postprocessor by [22], and exact error
(obtained by comparison with analytic solutions).

2 TEST PROBLEM

The results of the a posteriori error estimation are presented below for test flows governed
by two dimensional unsteady Euler equations.

o alput)_, (1)
— =
ot OX
apu') Ay’ +Ps,) )
ot ox*
opE) |, alpUthy) _, ©
ot ox*
Here the summation over repeating indexes is assumed, i,k =1,2, U'=U,U?=V are the
velocity components, h,=(U?+V?)/2+h, hziizye, ezﬂ,
r=lp y—1

E=(e+%(U2+V2)j are enthalpies and energies, P = pRT is the state equation and

y=C,/C, is the specific heat ratio.

The interactions of shock waves of VI kind according to Edney classification [16] were
used as the test problems. Only steady-state flows were considered, so only the spatial
discretization error is addressed. The analytical solution was constructed for this problem.
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3 ESTIMATION OF LOCAL ORDER OF CONVERGENCE (GENERALIZED RE)

Let's consider the RE approach for estimation of the local order of convergence. The
results of computation for three meshes of different steps h, (related to nodes of most coarse

grid) may be presented as (K is the grid point index):
u’ =0, +C h™
u® =, +C,he ©)
ul =0, +C, h '

These relations are valid if C, is independent on h and higher order terms may be

neglected, that is the solution is in the asymptotic range. The system (4) can be solved by
several formally very close variants. For example, one may obtain expression

= (U7 —u)hg —he) (5)

that engender the relation

U —uMy(he —h&)—u® —u)h® —h™)=0 a, €(0,a (6)

max )

In order to determine ¢, we should resolve (6) at every grid cell k. This expression
contains small values that diverges at h— 0 , so, it is not convenient from the numerical
viewpoint. For grid relation by factor 2 (h, =h/2,h, =h/4) one may transfer (6) to the
expression without small values

3) _ O
o) = (u(s) lljjl((z))) )
k
The function ¢, (¢, )= (4" —1)/(2“¢ —1) has the asymptotic ¢,(a)~ 2% at great «, . There

are three simplest options for estimation of ¢, in dependence on data combinations:

o(a) = <3> ?2>) ¢, (a) = ul<(2> . utn s(a) = ulz” . uka)
) k ko, k k. The corresponding functions
have the appearance
4)*% —1
pua)=— L ®)
@ -
and
(1/2)% —(1/4)* )
a, =
os(ay) - (1/2)" |
The functions ¢, (@), (p2,¢3 are presented in Fig. 1. The solution of (9) (¢, ) corresponds to
In(3 )
u, -y

expression @, = used by [4, 10]. The function ¢,(e,)has the asymptotic

In(2)
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@,(a,) ~ (1/2)* . The low sensitivity of ¢,(e, ) visible in Fig.1 at the great ¢, may be one of
reasons for high level of ¢, oscillations observed in [10].

/ L

Iz

- "ﬁ.-__ - E

Fig. 1. Sensitivity functions in dependence on the order ¢,

One may see in Fig. 1 that the sensitivity of ¢@,,, decreases as ¢, increases that should
cause the oscillations for high ¢, . From this viewpoint, ¢, is the best choice and it is used in
presented tests.

Solving the equation (7) is equivalent to the search of the minimum of the functional

£) =1 =)~ (U —u®)- (4" ~ 12" =Dy’ (10)
Due to observed oscillations, we consider herein the regularized version of (10)
s(ar) = {(u) —u) = (U —u?)- (4™ —D/2" — D} +reg - o (1)

The one dimensional minimization problem was solved by sorting for every cell, the
regularization coefficient value reg=10" provides the regularization without a visible
distortion of the solution.

The estimation of the real local convergence order may provide the additional information
on the generation and transfer of the discretization error.
The approximation error may be provided as

Au, =ul” -0, =C h* (12)
Herein, the approximation error is defined for coarse grid. The approach by [11] enables
the estimation of the error for the fine grid, however it requires the interpolation from the

coarse to fine meshes that engender an additional error, which complicates the analysis.
Herein, we avoid this procedure for brevity and lucidity.
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It should be noted, that all expressions (7-9) demonstrate singularity at ¢, — 0. The paper
[4] recommends restriction for the minimum values of ¢, . The main problem with small
values of ¢, occurs for undisturbed domains of flow (before shock waves, for example),
where no convergence exists. In these domains the estimation of error via RE is not limited.

4 MIXED-ORDER ANALYSIS

The problem under the consideration contains errors of several different orders emerged at
different flow structures. In the standard RE, the asymptotic grid convergence range is
considered as the condition that permits neglecting all Taylor expansion terms of higher order.
In mixed order analysis [10], the asymptotic range means saving two different low orders and
dropping higher terms. It is useful for the nonmomotonic convergence caused by the different
signs of two leading terms of expansion.

The influence of the shock wave (first order error) engender the series

u =0, +C.h' +CZh"...(n is the formal order for the considered numerical method). The
availability of both shock waves and contact lines causes the form of expansion
u, =0 +C.h"?+C’h+C’h".... The asymptotic range means, herein, the small influence of

higher order terms and one may obtain the form, which seems to be most suitable for
compressible flows:

u =0, +C.h/”? +Cch, +Ch}

~ 13
u =0, +C.h)/? +Clh, +Clh) (13)
u =0, +Cihy? +Clhy +C/hy

u =0, +Clh)? +Clh, +C}h]

This system is potentially suitable for extraction of the main sources of errors, including
shock waves, contact lines and undisturbed field. However, this statement needs four grid
levels at the asymptotic range (considered herein, as the absence of influence from the higher
orders of error). We consider several simplified versions of the system (13). The expressions
for error on the coarse grid are presented. The notation &, = u'” —u{™ is used.

The first order component of error is related with the shock wave and (for the first order
scheme) with the nominal error in the total flowfield. In order to account for first order we
consider the RE version that follows:

u’ =0, +C.h,

u® =G, +C.h, (14)
and
Au, =u” = =2 —u?) (15)

In order to account for contact discontinuity we consider another RE version:
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O _~ 1 1/2
u, =0, +Cnh

16
Ul =0, +Cihy (1o
Assuming according [10] h, =1 for finest grid
W =T, +42C;
(17)

U =, +C|
The expression for error

Au, =u =T =20 —uP) (N2 -1) (18)
In order to account for both shock wave and contact discontinuity we consider the RE:
ul’ =T, +C.h/? +Ch,
u® =G, +Cihl +C7h, (19)
u’ =0 +Ch;”? +Cch,
Assuming h, =1 for finest grid and binary relations between grid levels, one obtains

ul’ =0, +2C, +4C;

U® =, +/2C! 1 2C? 20)
u® =0, +C, +C;] .

The error is:

Au, =ul’ =T, =2{(5-4V2)uU® —u) = 2(u® —uP)}/(4-3+/2) _ 21)

Another set of expressions may be obtained for the second order scheme if the contact
discontinuity effect is neglected:

ul =0, +C,h/ +Ch} =T +4C, +16C;
U =, +ClN. +CPh2 =0, +2C] +4C; (22)
u’ =T +Chy +Cehy =T, +C, +C;

The corresponding error is:

Au, =ul —T, =-2/3g,, —2&,, =—2/3U —u)—2US —uP)=-8/3u® +2ul® +2/3u (23)

The general form for the second order scheme and solution, containing shock wave and
contact discontinuity is
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u®’ =0, +2+/2C} +8C2 + 64C;

3

u® =0, +2C, +4C; +16C;

2

u® =0, ++/2C) +2C2 +4C;]

2

u’ =0 +C +C +C;

The coefficients may be expressed as:

C, =u? —u -3C; -15C; =¢,, —3C; -15C;
C2=1{5, - (V2 -Ds,, +(30V2 ~78)C})} (10— 6/2)
3 &34 +(3\/5_4)51,4 _(15_10\/5)52,4

= V2 B0 _78)(10—632) _15v2 418

And the error has the appearance:

Au, =u® -, =24/2C} +8C? + 64C;

The mixed-order RE expressions (15), (18), (21), (23), (28) provide results of acceptable
quality if the order of the error is known a priori. The results of the error norm computation
performed using artificially generated data with the error order 1/2 are presented in the Table
1 in comparison with the results by generalized Richardson (12) and the exact error norm. The
are available. Since the
order at such flow structures as shock waves and shear layers is not known precisely [6,15],

mixed-order RE provides acceptable results only if terms

the uncertainty of the results may be significant.

with h?

u =G +CGh"”>+Ch+Ch

Exact error norm

[aadl.,

1 generalized Richardson (12) 1.000026
2 u =0, + C,ihl/z 1.000021
3 u =0, + Cihl 0.5857704
4 u, =0, +C;h1/2 +Ck2h 1.050285
5 u =0 + Cllh + Ck2h2 0.7475487
6 1.000028
7

1

Table 1. The results of the error norm computation

5 NUMERICAL TESTS

Values ¢, ; u C,; were calculated for Edney VI flow pattern. The first order method
[17,18], second order method [19], and third order method [20,21] were used in tests. The
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mesh is uniform (100x100, 200x 200, 400x400, 800x800 nodes) and it is not aligned to
the shock wave, so the errors at the shock exhibit an oscillatory behavior.
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Fig. 2. The density isolines

Fig. 2 presents the density distribution for Edney-IV flow structure (M =4, two

consequent flow deflection angles &, =10°, «, =15°) computed using [19]. The flow is

determined by the merging shock waves, the contact line and the expansion fan.
The distribution of ¢, ; is presented in Fig. 3 in three dimensional form. The order

o, ;~10 at the shock wave and at some points is visible, contamination error order
(. ; ~1; ~1/2) pastshock wave is visible also.

One may compare RE error and true error (the difference between the exact (analytic) and
numerical solutions) in Figs. 4,5. The oscillations in RE are visible, this may be a trouble for
the error analysis even if the comparison of the error norms demonstrate the asymptotic range.

The results of mixed-order analysis [10] are presented for the first order scheme [17], the
second order scheme [19], and the third order scheme [20,21]. The comparison of the
Richardson method and the single grid ensemble based approach [22] is conducted. The set of
solutions obtained by different solvers [17-21] are used for this purpose. The feasibility for
the estimations of the discretization error norm without mesh refinement is the significant
merit of approach [22]. This is another way if compare with the standard mesh refinement
approach, the Richardson extrapolation and a multigrid approach, presented, for example, by
[23].
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Fig. 3 The distribution of ¢ ;.

Fig. 4 Ap computed by Generalized Richardson
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Fig. 5. The difference of densities Ap between numerical and analytical solutions.

The estimations of the error norm via generalized Richardson extrapolation, the mixed-
order RE, and by [22] in comparison with the true error are presented in Table 2 for Edney-VI
test. The norms of errors corresponding expressions (12), (15), (18), (21), (23), (28) are
computed and presented below. The order of convergence evaluated by the norms of
difference between numerical and analytical solutions was about 1/2. The mixed-order RE,
governed by the orders, specific for the shock wave and contact discontinuities, also provides
the acceptable estimation of the error norm.

First order Second order Third order scheme
scheme [17] scheme [19] [20,21]
[aod,, [ laady | laad, | 1aad, | laed, | 1aed,

generalized Richardson 0.0672 | 0.226 | 0.0394 | 0.139 0.0398 0.137
u =0, + Clih”2 0.1271 0.320 | 0.0585 0.192 0.0627 0.234
u =0, + C&h1 0.0748 0.187 | 0.0348 0.113 0.0365 0.135
u =0, + Clihm + Ck2h 0.1224 0.387 | 0.0470 0.215 0.0611 0.281
u =0, + C&h + Ck2h2 0.0834 0.229 | 0.0355 0.134 0.0360 0.159
u, =0, +C;h“2 +th+csh2 0.0969 0.287 | 0.0926 0.481 0.0389 0.195
Error norm bound by [22] - - 0.0563 0.146 0.0585 0.157
Exact error norm 0.0876 0.216 0.0391 0.126 0.0392 0.137

Table 2. Comparative estimations of the error norm
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The Table 2 demonstrates that generalized Richardson extrapolation provides estimation of
the error norm, which is closest to the exact error norm. The approach by [2] provides
reasonable estimation of the error norm with minor requirement to computer resources
(several runs of solvers on the coarse grid).

6 DISCUSSION

The present numerical tests illustrate the Richardson method application for two
dimensional compressible Euler equations with discontinuities (shock waves and contact
lines).

Three consequent grids enable the discretization error and the local order ¢, estimation in
the asymptotic range.

The estimation of the local error order ¢, demonstrates the oscillations. The great values

a, ~10 are observed in vicinity of shocks and may be caused by the misalignment of grid

and shocks or an accidental compensation of errors [10] of different signs at nonasymptotic
mode. The high ¢, produces relatively small impact to error Au, and especially to its norm

estimation.
The small values limit &, — 0 contains singularity that causes the divergence of the error

estimation. So, GRE needs for a posteriori information regarding minimal order of
convergence, it does not operate in the domains of non-monotonic convergence and in
domains of undisturbed flow.

The non-monotonic behaviour is generic for discontinuous solutions away the asymptotic

2 3
range (for example, for S-shape solutions, the terms h%-‘r hz% in truncation error
demonstrates the feasibility for error cancellation).

The estimation of the asymptotic range by the error norm analysis [6] may not coincide
with the local error analysis.

The verification of the order requires that all three grid solutions be in the asymptotic grid
convergence range. The additional grid levels are necessary to check the asymptotic range.
For example, the paper [10] used eight grid levels for complete RE analysis. So, the
Richardson extrapolation for flows with discontinuities requires the extremely high computer
memory. The need for the asymptotic grid convergence range may be partly relaxed using the
mixed-order approach [10]. However, the mixed-order RE requires the precise a priori
information on the order of convergence.

The estimation of the error norm by RE provides results close to approach by [22] and the
true error. The RE provides more detailed information, if compare with [22], however, it
require much more computer resources.

7 CONCLUSIONS

The estimation of the discretization error using generalized Richardson extrapolation is
feasible for the problems with local variable error order, such as compressible fluid flows,
containing shocks and contact discontinuities.
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The correct choice of the sensitivity function is important for the local error order
estimation.

The Richardson extrapolation for flows with discontinuities needs for abundant computer
resources. The local error order should be estimated that demands three consequent grids. The
additional grid levels are necessary to verify the asymptotic range correctness.

Acknowledgements
Authors acknowledge the partial support by grants of RFBR Ne 16-01-00553A and 17-01-444A.

REFERENCES

[1] S.I. Repin, A posteriori estimates for partial differential equations, Walter de Gruyter, Vol. 4,
(2008).

[2] L.F. Richardson, “The Approximate Arithmetical Solution by Finite Differences of Physical
Problems Involving Differential Equations with an Application to the Stresses in a Masonry
Dam”, Transactions of the Royal Society of London, Series A, 2 (10), 307-357 (1908).

[3] G.I. Marchuk and V.V. Shaidurov, Difference methods and their extrapolations, Springer, NY,
(1983).

[4] T.S. Phillips, C.J. Roy, “Richardson Extrapolation-based Discretization Uncertainty Estimation
for Computational Fluid Dynamics”, ASME Journal of Fluids Engineering, 136 (12):121401
(2014).

[5] Z. Zlatev et al.,, “Application of Richardson extrapolation for multi-dimensional advection
equations”, Computers and Mathematics with Applications, 67, 2279-2293 (2014).

[6] J. W. Banks, T. D. Aslam, “Richardson Extrapolation for Linearly Degenerate Discontinuities”,
Journal of Scientific Computing, 24, 1-15 (2012).

[7] M. Garbey, W. Shyy, “Error Estimation, Multilevel Method and Robust Extrapolation in the
Numerical Solution of PDEs”, Fourteenth International Conference on Domain Decomposition
Methods, (2003).

[8] L Celik, J. Li, G. Hu, C. Shaffer, “Limitations of Richardson Extrapolation and Some Possible
Remedies”, Journal of Fluids Engineering, 127, 795-805 (2005).

[9] C.J. Roy, “Review of Discretization Error Estimators in Scientific Computing”, AIAA, 126, 1-29
(2010).

[10] C.J. Roy, “Grid Convergence Error Analysis for Mixed—Order Numerical Schemes”, AIAA, 41,
(4), 595-604 (2003).

[11] P. Roache, P. Knupp, “Completed Richardson extrapolation”, Communications in Numerical
Methods in Engineering, 9 (5), 365-374 (1993).

[12] N. N. Kuznetsov, “Accuracy of some approximate methods for computing the weak solutions of a
first-order quasi-linear equation”, USSR Comp. Math. and Math. Phys., 16, 105-119 (1976).

[13] T.Tang and Z.H. Teng, “The sharpness of Kuznetsov's error estimate for monotone difference
schemes”, Math.Comput., 64, 581-589 (1995).

[14] J.W. Banks, T. Aslam, and W. J. Rider, “On Sub-linear Convergence for Linearly Degenerate
Waves in Capturing Schemes”, Journal of Computational Physics, 227, 6985-7002 (2008).

[15] M. H. Carpenter and J.H. Casper, “Accuracy of Shock Capturing in Two spatial Dimensions”,
AlAA J, 37 (9), 1072-1079 (1999).

[16] B. Edney, Effects of Shock Impingement on the Heat Transfer around Blunt Bodies, AIAA J.,
6(1), pp. 15-21 (1968).

[17]R. Courant, E. Isaacson, M. Rees, “On the Solution of Nonlinear Hyperbolic Differential
Equations by Finite Differences”, Comm. Pure Appl. Math., 5, 243-255 (1952).

[18] B. van Leer, “Towards the ultimate conservative difference scheme. V. A second-order sequel to

53



A. Alexeev, A. Bondarev

Godunov’s method”, Journal of Computational Physics., 32, 101-136 (1979).

[19] M. Sun, K. Katayama, “An artificially upstream flux vector splitting for the Euler equations”,
Journal of Computational Physics, 189, 305-329 (2003).

[20] S. Osher, S. Chakravarthy, “Very high order accurate TVD schemes”, ICASE Report, 84 (144),
229-274 (1984).

[21] C.-T. Lin et al., “High resolution finite volume scheme for the quantum hydrodynamic
equations”, Journal of Computational Physics, 228 (5), 1713-1732 (2009).

[22] A.K. Alexeev, A.E. Bondarev, “On Exact Solution Enclosure on Ensemble of Numerical
Simulations”, Mathematica Montisnigri, XXXVIII, 63-77 (2017).

[23] O.B. Feodoritova, N.D. Novikova, and V.T. Zhukov, “Multigrid method for diffusion equations
based on adaptive smoothing”, Mathematica Montisnigri, XXXVI, 14-26 (2016).

Received November 1, 2017.

54





