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1 NXO Codedescription

Discretization by cell-centered Finite Volume Meatha dof / egn / cell, presented here in 2D.

Non compact method, based on the polynomial rengct&in over a wide stencil of either the fieldsaminservative variables

VVi or the fields of componentéi of the flux tensor [1], projected in the directiofithe interfacé> = [SX, Sy] , see fig 1.
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The fluxes scheme used here is a centered schesetolthe JST scheme [2]. The Finite Volume foatioih reads:

a((;:/\ll) +§Sn(fi,nat - fi,diss)n = O with V\_/| =éJ;J;J-WdV and A| :é_g Tds

The coefficients of the reconstructed polynomiﬁ)sof degree k are linear combinations of the discfiedds in the cells [1].
They are projected as averages without limitingpdhe interface, the resulting integral projecti®m linear combination of the

discrete fields, known as their volume averagdédells of the stencil ¢_ M NXO(¢)_ Z/]s%
stencil
The fields of interest can be either the consereatariables or the flux densities in the directmmtmal to the interface:

¢=W orf, .

For each cell interface, the interpolations coédffitcs from volume averages to surface aveﬂga&e computed in the H-O
metrics pre-processor, where the polynomial ordés ladapted to the geometry and number of cellshefstencil; these
coefficients can be used for a variety of upwirttgracteristic-based or centred schemes [4].
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Fig 1 : Representation of typical boundary or fisteéncils for k2 to k5 reconstructions on full 2&8sbs of either
conservative variables, eulerian fluxes or lagramgfluxes

Here we write :

1':\ + ]? ZAleft,s fi,s + Z/]right,s 1:i,s
— ileft i,right _ <1Stleft 41Stright
inat — 2 - 2 is the mean of the reconstructed and

~

face projected normal fluxes in the cells of th& End right stencil (2 stencils of arbitrary widttentered
respectively on the left and right cell on eitheides on the interface, highly overlapping). We

define fi,s —= fi Wj,s) which impacts the asymptotic order of the oveselieme [1].

~

f

AAAN

= ‘92 CUM _540)555W , Wwhere W uses the total enthalpy rather than the totatgnin

i,diss
* T = il
the energy equatiodV = [,0, Pou, OV, ,0h[] , then M is an evaluation at high order of the first grid

Ann ‘@4.@

* *
difference ofW over the interface andwvv, that of the third differencefV= T 2 +aisthe
S +S,
highest module of the eigenvalues of the flux Jaooht the interface, computed for the stencil agerﬂ nxo Of
conservative variablefq the speed of sound.

The high order evaluations of the grid differenceg® a polynomial reconstruction over the uniontaf two cell-centered

stencils, so it is possibly a degree higher thand#ll-biased reconstructions used for the natpaal fi,nat- Only the linear

combination coefficientsﬂl and /13 analogous to/] are obtained from the interface projection of fing and third normal
derivatives of the reconstructed polynomial, whatch polynomials of degree k-1 and k-3.

If h is the grid size normal to the interface:
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Sw =h[2ds=h Y uW,
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Consistently with the Jameson scheme,fﬂ’pcoefficient contains a discontinuity detection foenand 54 is constant away

from the discontinuity and related 152 so that it vanishes near the discontinuity.

Boundary conditions
The boundary stencils are of reduced size (3 @ll4)¢c and use a quadratic reconstruction for ttteapolation of conservative
variables to the boundaries.

For all open boundaries a non-reflective BC is useded on Riemann invariants. The reference f&ddh number increases
linearly over the first few thousand iterationsrthremains constant.

At the wall boundary, a compatibility relation ised. The HO extrapolated preSSLngtiS modified by a correction term

proportional to the HO extrapolation of the normelocity : PW = Ffext + ,OextaextU,,’ext, with athe sound velocity.

Adaptation to thestructured grids of the test case
The reconstruction and projection scheme is rdsttion these grids to directional 1D stencils i@ tlirection normal to the
interface, so the only monomials of the base areep® of the normal coordinate (see figure 2 foloh @f some stencils).

The preprocessings are done successively withstaglkils of 5, 7 and 9 stencils enabling k-exactmstructions from k2 to k5,
since from our experience the WLSQ requests a batfaveen the number of cells and the number of mials higher than or
equal to 1.5 . The exact cell node coordinatesisee, so varying size of the cells in the stescidcounted for.

The corresponding face stencils used for the aidlfidissipation comprise 6, 8 or 10 cells, andbém&o reconstruct k3 to k5
polynomials. The 6-cell face stencil is the smaltese that permits a k3 reconstruction and a higleoexpression of the third
differences.

A typical set of coefficients associated to anrifaee is shown in table 1. The first two cells #ire left and right ones, then they
are at increasing distances from the interface.

The diagonal dominance is ensured by the high wierdft of the “upside” cell in the first two rowd.he first and third
difference coefficients are of the same order ofjnitade and with correct signs. In table 2 thefficients for an interface in
the refined region shows that the coefficientsreréonger symmetrical.

e -

03
0.2

01

face stencil
atthe shock location

. B:D::D::g:j 1 . . . . 1

1 L L L L
-1.2 1 -0.8

-0.1

'
IN

Fig. 2 Typical 8-cell face stencils
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Cel | nunber /1 /1 h h3
left right 12 s
6889 8. 686790E- 01 3. 524098E- 01 -9. 145573E- 01 1. 189409E+00
6890 3.522242E- 01 8. 680207E- 01 9. 148241E- 01 ~1. 190158E+00
6888 -2. 313252E- 01 - 3. 575830E- 03 - 6. 769385E- 02 -1. 695131E- 01
6891 -3.550571E- 03 -2. 306794E- 01 6. 728783E- 02 1. 711246E- 01
6887 1. 313760E- 02 -7.945943E- 03 1. 676038E- 02 - 1. 059340E- 01
6892 -7.913174E-03 1. 306851E- 02 -1. 666678E- 02 1. 053282E- 01
6886 8. 757148E- 03 0. 000000E+00 4. 823821E- 03 - 2. 164341E- 02
6893 0. 000000E+00 8. 702156E- 03 -4, 778195E- 03 2. 138642E- 02
Surr 1. 000000E+00 1. 000000E+00 7. 742652E- 14 3. 258746E- 13
Table 1. Typical table of coefficients for the 8-seheme
Cel | nunber 3
Aet Aight hey h° 14,

18797 7.928224E- 01 2. 746035E- 01 -7.901984E- 01 8. 435314E- 01
19093 3. 631856E- 01 9. 336806E- 01 7. 625114E- 01 -4, 200037E- 01
18501 - 1. 462949E- 01 1. 748151E- 02 - 7. 364388E- 02 - 2. 629008E- 01
19389 5. 650325E- 03 -2. 379641E- 01 1. 233299E- 01 -1.793107E-01
18205 -5. 628299E- 03 3. 194552E- 04 - 7. 385052E- 04 - 7. 281388E- 02
19685 -1. 200030E- 02 7. 556028E- 04 -1. 387728E- 02 7. 143579E- 02
17909 2. 265183E- 03 0. 000000E+00 1. 006295E- 03 - 1. 422409E- 02
19981 0. 000000E+00 1. 112340E- 02 - 8. 389457E- 03 3. 428604E- 02
Surr 1. 000000E+00 1. 000000E+00 8. 658745E- 14 4. 251879E- 13

Table 2 Table of coefficients for an interfacehe tegion of grid refinement (normal shock)

Expression of the 52 and 54 coefficients

The discontinuity detector is based on an estirohtke total variation of pressure over the cells of the face stencilr( = 6,
8 or 10), scaled by the minimal value of the pres$uithe left and right cells adjacent to theiifstee:

i
SRR e
= 3 _
Y , where Py, = _Z P X is found to vary in the range 1o 10.

=max————1
AT ming,R) n 5

We need to adapt the coefficients, based on owreqre of the behavior of the solver in this Mddltetached shock case.

We introduce a single multiplicative coefficie@ért , varied between 0.065 to 0.100 to obtain a unifoomvergence on all 5

grids and 3 stencil dimensions. It is found tltﬁg cannot vanish completely away from the discontinaitd needs to spread

away from it. A background level is set and thetigp&ariation ofX is smoothed by using the log function, so

175
3+lo
r=01+ % varies typically from 0.1 to 2.0,

then £,=C,; T and&,=C,, max03-r1,0) .

The spatial variation o€, and £, is illustrated on figure 3, for a run on grid2 vB-cell stencils and k4 reconstruction.
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Test caseresults

The exact analytical value of the pressure at tdgnstion point is Pw,a = 15.0486314

The scheme is found more accurate on 8 cell stenle record the pressure at the stagnation pouahita error, together with
the rms error on total enthalpy, respectively drgatl cells and wall faces. The integral of thegsure force on the wall is also
presented in table 3, and the CPU cost of therrdrauBench Units.

PwW E(Pw) | E(Ht)grid | E(Ht)/wall wall x- Cells = dof/eqn Cost (TBU)
Force

grdo | 15.050863 | 2.2310° | 8.6410" 9.8510" 2.93435 2220 (74*30) 7.3

grdl | 15.041765 | 6.8710° | 3.0610" 5.9110° 2.92049 7922 (148*54) 77.8

grd2 | 15048396 | 2.3610° | 2.3110" 6.40 10° 2.91948 29008 (296* 98) 790

grd3 | 15.049017 | 3.8510° | 1.8110" 9.2110” 2.91776 109740 (590* 186) 6471

grd4 | 15.048587 | 4.4710° | 55310° 1.17 10”7 2.91729 427160 (1180* 362) 69970

Table 3: Results on the 5 grids with 8-cell sten1diB reconstructions of natural fluxes (reportedfigure 17)

Table 4 gathers the same results for the runsethtiee fused stencils widths (6-cell, 8-cell afecill).
The solution with 8 cells is more accurate, esgigaba the finer grids; there is no further gainusing 10-cell stencils.

Pw E(Pw) E(Ht)/grid E(Ht)/wall Wall x-Force Cells = dof/egn

grdo

6-C 15.050507 | 1.8810° | 1.3810° 15310°% 2.93326

8-c 15.050863 | 2.2310° | 8.64 10 9.8510* 2.93435 2220 (74*30)
10-c | 15.021457 | 2.7210% | 4.2110* 9,57 10" 2.93388
grdl

6-c 15.028278 | 2.0410% | 8.2410* 3.06 10" 2.92046

8c | 15041765 | 6.8710° | 3.0610™ 5.9110° 2.92049 7922 (148*54)
10-c | 15.036790 | 1.18102% | 3.4910* 6.79 10° 2.92491
grd2

6-c 15.043914 | 4.7110° | 2.7410* 5.30 10° 2.91894

8-c 15.048396 | 2.3610* | 2.3110* 6.40 10°® 2.91948 29008 (296* 98)
10-c | 15.049917 | 1.2910°% | 25310 7.5510° 2.92071
grd3

6-c 15.049261 | 6.3010* | 2.1210* 1.1810° 2.91794

8c | 15049017 | 3.8510” | 1.8110* 9.21107 2.91776 109740 (590* 186)
10-c | 15.049549 | 9.1810* | 1.5910* 1.47 108 2.91833
grd4

6-c 15.048737 | 1.0610* | 9.1610° 2.9010° 2.91751

8-c | 15048587 | 4.4710° | 55310° 1.17 107 2.91729 427160 (1180* 362)
10-c | 15.048925 | 2.9310* | 7.9210° 244 10° 2.91770

Table 4: Results on the 5 grids with 3 differeensil widths: k2 / k3 / k5 reconstructions of nalutuxes. see Figure 17

Comments on the 8-cell solution

1/ Error on total enthalpy (per unit mass) overwmle grid.
The rate of spatial convergence of this rms esafithe order of 1, its value is on average 12&dower than the error of the

reference % order FV solver with a centred scheme and 120 idkan the HLLE results of this solver.
The fact that the artificial diffusion in the engrgquation is based on first and third differenoéshe total enthalpy per unit
volume rather than total energy is found beneficidle usage of a high order difference formulahim artificial diffusion as for

the natural Euler fluxes, with th# coefficients involving 6 to 10 points in the fimhd third differences, rather than simpler 2
or 4 point formulas of lower order is found worthilghwithout any more theoretical argument to suptids choice.
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Fig.3 Fields of £, and &, in the 8-cell stencil case on grid2

The main point that allows a higher accuracy is sktencil-reconstruction of face normal fluxes rattigan conservative

variables. These fluxes are continuous over thecdtacross normal shocks when the grid is fitedhiem (see Fig 4), although
their space derivatives in the flow direction am (the longitudinal fluxes along x start to desedinearly towards the wall

after the shock). This stencil HO reconstructibthe fluxes transfers the error in the regions ighbe shock is not normal and
less intense. The error trace in total enthalpy ¢we shock is reported on figure 14, its amplitifdef the order of 1% of the

reference level and decreases a little on finelsgiThe error is located in only 2 cells acrossstieck as shown on figure 18.

2/ Error on pressure at the stagnation point

The space convergence is plotted on figure 17.rateeof spatial convergence of this local erroofishe order of 1.5, and its
magnitude is about 10 times lower than tAta2der FV solution on each grid. The solutions ty NXO method on gridl and
grid3 show higher errors than the global trends thiprobably due to the fact that these gridsateefined in exactly the same
regions than the other ones and the shock locatéom be offset by 5 to 8 cells from the highestnesfient zone. The
extrapolation of field flow variables to the wadl of order 2, but only in the wall normal directidssing 2D stencils near the
wall, as shown on figure 1, and a curvilinear im&ign in the pre-processor might enhance the acguof the boundary
treatment.

3/ Error on total enthalpy over the wall
The rate of spatial convergence of this rms esafithe order on 3.26 and rather uniform from @ial grid4.

4/ Rate of convergence of the control volume resiglu

The solution is evolved with the 3-stage RK iteratischeme proposed by Shu and Osher [3], usinga [mseudo-time,
computed for a cfl of 0.75 to 1. The convergencehef residuals of all equations is uniform, aftee initial phase of the
computation where the Mach number is increasedlidyda the far-field BC. This is presented on figlb.
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Field of total enthalpy fluxes
in the flow direction

Sth HO CFD Workshop
Case Cl Inviscid Bow Shock
Onera NXO Finite Volume
WL SQ reconstnucted centered scheme

{continuous across nomal shocks)

Fig. 4 Field of flux density tensor projected i tthirection of the flow, for the energy equation,5ogrids
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Fig.5 Convergence of the rms residuals of the 4eoration equations for the 5 grids
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5/ Convergence of the error indicators

Figures 6 to 8 show the convergence of the erdicators with the pseudo-time iteration number.Fdgure 7, the error on the

pressure at the stagnation point is higher on httthn on grid0 and higher on grid3 than on grid2.

5th HO (compressible) CFD Workshop.
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WLSQ centered reconstruction scheme k3/kd4
CI1 test case Inviscid Bow Shock

# of local pseudo-time iterations

10’
o RM S Error on total enthalpy over grid
10 RMS Error on total enthalpy over wall
\\ Local error on pressure at the stagnation point
—~ 107 E
= E
AN
2 F \\\\‘»::}::\\\
% 10°F
L =
h] .
£ 107 e —~—
= E
g 10° B
- : \
10° ; \LL‘_‘
107 |
E 1 1 1 1 L 1 1 1
10000 200000
# of local pseudo-time iterations
Fig.6 Convergence of the 3 error indicators for fime grid run
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Fig.7 Convergence of the local pressure error imttic for the runs over the 5 grids.

Spikes indicate a change of sign of the error
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Fig.8 Convergence of the total enthalpy rms erreerathe grid, for all 5 runs
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6/ Flow fields

Figures 9 to 12 plot the total enthalpy and iteefield, then the pressure field and iso_Machdipa all 5 grids.

5th HO workshop
Case |1 Bow Shock
ONERA NXO
Finite Volume method
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Fig.9 Total enthalpy fields over the 5 grids
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Fig.10 Log of the total enthalpy error fields oube 5 grids
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5th HO workshop
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ONERA NXO
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Fig.11 Pressure fields on the 5 grids
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Fig.12 Iso-Mach lines on the 5 grids
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7/ Elow fields variation along the symmetry axis
The shock location and the aerodynamics quanati¢ise stagnation point exhibit fast convergendé tie grid refinement.
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Fig.13 Density on the symmetry axis (zooms onhbeksregion and the stagnation point)
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Fig.14 Total enthalpy on the symmetry axis (zoomthe shock region and the stagnation point)
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Fig.16 Temperature on the symmetry axis (zoomé&®sliock region and the stagnation point)
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Figure 18 Location of the shock with respect toghd refinement (total ehthalpy over/ undersha)ofs
The shock position converges to x=-1.355
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