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Analysis of ENO scheme slope limiters

The interaction of the three-dimensional supersonic turbulent air fl ow with the transversely
injected hydrogen jet is numerically simulated by solving the Reynold s-averaged Navier-
Stokes equations using the ENO (essentially non-oscillatory) scheme of the third order
of accuracy. Since the choice of the limiter functions significantly affects the accuracy
of the problem, preliminary test problems are solved to validate numerical method and
choose optimal slope limiter. Analysis of the different variations of the limiter functions
for developed algorithm was done to define optimal function produced the smallest
solution spreading. Then, the effect of the different variations of the limiter functions
for developed algorithm on the mixing layer is studied since the exact calculation of the
mass concentration spreading is important issue in combustion pr oblem modeling. Also,
by numerical experiments the effect of the slope limiters on the shock-wave structure
formation is studied. It was shown that choice of some limiters can result in excessive
expansion of the mixing layer, that is important issue in numeri cal modeling of scramjet
engine. As result, the optimal limiter function which produces the sm allest spread of
solution for the spatial problem was defined. Also the mechanism of the formation of
vortices in front of the injected jet and behind that is studied.

Key words: supersonic flow, multicomponent gas, ENO scheme, limiters, Navier- Stokes
equations.

E.C. Mouceea
Ananus orpanmunteseii Hakiiona ENO-cxeMbl

YucieHHo MOIEIMPYETCsT B3ANMOIEHCTBIAE CBEPX3BYKOBOI'O TYPOYJIEHTHOTO TEUEH UsI BO3IIY-
Xa ¢ TONEePETHO BIIyBaeMOil cTpyeil BOJIOPOIa IIyTeM PellleHnsT OCPETHEHHBIX 110 PelitH oJh/1-
cy ypasrenuit HaBpe-CTOKCa ¢ HMCHOJB30BAHUEM CYIECTBeHHO Heocruumpyomnieit EN O-
CXEMbI TPETHETO MOPAIKA TOYHOCTH. 110CKOIBbKY BBIOOD (PYHKIMIT OIpaHUIHT eJIeii OKa3bI-
BaeT 3HAYUTE/ILHOE BJIMSIHUE HA, TOYHOCTD PEIICHUS 3aJIa49u, JJjIs BAJUIAIN U IUCJIEHHOTO
MEeTO/Ia 1 BhIOOPa ONTUMAJBHOIO OIPAHUYATE IS HAKJIOHA [IPEIBAPUTEILHO PEIIaioTCs Te-
CTOBBIE 3aJaxu. BBIT TpoBeIcH aHan3 pas3/InIHbIX KoMOUHAINY DYHKITUN OrpaH UuInuTe e
B pa3pabOTaHHOM AJTOPUTME C TEJIHIO OIPEIEINTh ONTUMAIbHYIO (DYHKIIN [0, TTPUBOISIILY 0
K HAWMEHBIEMY pa3MbIBaHUIO pernenus. [lociie 3TOro m3ydaercs BAUSHUE BLIOPAHH bIX
KoMOWHAINH (QYHKIUN orpaHnydnTes el B pa3paboTaHHOM aJrOPUTME Ha CJI Off CMeIeHusl,
ITOCKOJILKY TOYHBIN pAcUeT PACIPOCTPAHEHUSI MAaCCOBBIX KOHIICHTPAIUHN SBJISAETC I BaYKHBIM
ACIIEeKTOM IIPU MOJEIUPOBAHUM IIPOOJIEeM ropeHus. TakzKe ¢ ITOMOIIBIO YUCJIEHH bIX YKCITe-
PUMEHTOB U3y4aeTCsd BIUsIHIE OIPAHUINTE I HAKJIOHA Ha 00pa3oBaHue y AapHO-BOJIHOBOM
cTpyKTyphl. [lokazano, 9T0 BBIOOP HEKOTOPBIX OPAHUIUTE/EH MOXKET IPUBECTH K Upe3-
MEPHOMY PACIHIUPEHHIO CJIOS CMEIIEHUS, YTO SIBJISETCS BaXKHBIM ITPU YUCJIEHHOM MO/ eJIUPO-
Bauuu cBepx3ByKoBbIX [IBPJI. B pesysnbrare ObLT oripeiesieH OnTUMAaIbHBIN OTPaHUY UTEb,
HMPUBOJISAIINN K HAUMEHBIIIEMY Pa3Ma3bIBAHUIO PEIIEHUsT JIjI PACCMATPUBAEMOI TP OCTpaH-
crBenHOM 3aja4uu. Takyke B paboTe m3ydaeTcs MexaHu3M (GOPMUPOBAHUS BU Xpeil mepe
BJ/lyBaeMoOil cTpyeil u 3a Heil.
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Karouesnvle ca068a: CBepX3ByKOBOE TeUeHNEe, MHOTOKOMIIOHEHTHBIH ra3, ENO-cxema, orpa-
nuanTenu, ypasaenus Hasbe-Crokca.

E.C. Momnceena
ENO-cynbacbhIHbIH, KOJ10€yiHiH, TeXKerilliHiH TaJ aHy bl

Peitrosb e Gotibiaiia opramajanrad Hasee-Croke Tengeyin menryre yimiamm perti ENO-
CyJI0ACHIH KOJIIAHY apKbLIbI 2KBLIIAMIBIFEI TbIOBIC YKBLIIaMIBITBIHAH KOFapbl TYPOyIeHT-
TiK aFblH MEH KOJIJICHEH YPJEHETIH CYTeri arbIHINACHIHBIH 63apa dCepJecyiHiH, CaHJIbIK,
mozesi kacasael. [llekreynr QyHKIUICHIH TaHIay €CENTi eIy IRJIIriHe eIpyip © cep
eTeTIHIIKTEeH, CaHIbIK OJICTiH CEeHIMILIIrIH TeKcepy YIIiH »KoHe IIeKTEYIIiHiH K eJ0ey/Ii-
TiHIH OHTANJBIILIFBIH TAHAAY VIIH AJILIH ajia TECTTIK eCenTep IIbFapbLiaabl. TuinMmi
GYHKIUSIHBI aHBIKTaY MAaKCATBIHJIa KYPACTLIPLIIFaH AJTOPUTMIE IeKTeyI (yH KIUsIra
op TypJi oiicrepain aHaausi kacasapl. ColaH COH TaHJAJFaH IIeKTeyll (YyH KIHTHBIH
9JIiCcTEPIHIH, KypaCThIPhLIFAH AJITOPUTMJIETT apasiacy KabaTbiHa ocepi 3eprresteni. CoHbiMen
Gipre caHIBIK ToXKipubesiep KOMeriMeH MIeKTeyI KeJ0eyiHiH eKIMHII TOJKBIHIBLT BIKTHIH
maiiza 601y KypbLIBIMBIHA ocepiH 3eprresemi. Keitbip TanmaaraH MIEKTEYIIIep ap aaacy
KabaTBIHBIH IIEKTEH THIC YJIFAIOBIHA, OKell COFaTbIHBbI KepceTiai. Horumxkecinme kapa cThI-
PBLIBITT OTHIPBLIFAH KEHICTIKTIK €cel YIMiH €H a3 »KarbLIbI KeTY/IIH OHTAMIbI ITeKTeyiTi
aHbIKTaJIIbl. COHbIMEH Oipre »KyMBICTa YpJIey afbIHbIHA JeiiH >KoHe ypJiey arblHbIHAH Keil-
inri YHBITKBIMAHBIH Hafiga 60y MeXaHu3Mi 3ePTTEeIe]I.

Tyiin co3dep: KbLIAAMIBIFBI JbIOBIC >KbLIIAMIBIFBIHAH YKOFapbl arbIHIAP, KOIIKOMIIO-
veHTTi ra3, ENO-cynba, mekreymi, HaBbe-CToKe TeHIEYI.

Introduction

Currently, in numerical simulations of supersonic flows the main tool is the essentially
non-oscillating schemes: ENO and WENO (weighted ENO) schemes. These schemes are well
adapted for solving the Navier-Stokes equations for a perfect gas [3, 2, 1]. Multicomponent
gas flow modeling is important for practical application, but these schemes are less adapted
for such problems. The ENO scheme based on the Godunov method was developed and its
applicability to the problem of transverse jet injection into a supersonic turbulent multicom-
ponent gas flow in a flat channel was shown by the authors in [4].

As well known, piece-wise function distribution inside a cell is used during construction of
high-order methods in space. To define the function on the cell boundary by its value in the
cell center it is necessary to introduce of a reconstruction procedure. Conditions imposed on
the function slope is modified by limiters [5]. The main difficulty is related with ambiguity of
the choice of these functions. Most of the research on effect of limiter choice on the solution
has been in one dimension |6, 7, 8]. Different ways of reconstruction in 2D and 3D are set out
in [5, 10, 9]. It should be noticed that multidimensional reconstructions do not have strict
justification. Applicability of these methods should be investigated in every particular case.

The aim of this paper is numerical modeling of a spatial turbulent steady flowfield
generated by transverse hydrogen injection into a supersonic cross-flow (Fig.1). To solve
this problem, numerical method developed by authors in [4], based on the third order
ENO scheme, is adapted for three-dimensional case. Additionally, the effective adiabatic
parameter of the gas mixture is introduced. It allows one to calculate the derivatives of the
pressure with respect to independent variables for determining the Jacobian matrices, and
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Figure 1. Schematics of flowfield

thus to construct an efficient implicit algorithm of the solution. Effect of the limiter choice in
numerical algorithms on the mixing layer is studied since the exact calculation of the mass
concentrations spread is an important issue in combustion problems modeling.

Problem formulation

Basic equations for the problem are the system of the three-dimensional Reynolds averaged
Navier-Stokes equations for the compressible turbulent multicomponent gas in the Cartesian
coordinate system written in conservative form as

3_ﬁ+8<E—EU> o(F-F) o(G-a.)

- + =0, 1
ot Ox dy 0z (1)
7 n T

U= (P7 pu, pU, pW, Etv IO}/;C)T ) E= (pu7 pu2 +p7 puv, puw, (Et + p) U) )

ﬁ = (p'U, puv, pU2 +p, prw, (Et +p) U)T ) é = (IOUJ, puw, prw, Pw2 + p, (Et +p) w)T

Ey = (0, Taw: Tays Tazs WTzz + UTay + WTaz — Gay Jha)

—

T
Fv - (07 Teys Tyys Tyz, UTzy + UTyy + WTyz — Gy, Jky) s

—

T
Gv = (07 Tazy Tyzy Tzzy UTgxz + UTyz + WT — Q2 sz) )

where 7, ¢ and Ji are viscous stress tensor, heat flux and diffusion flux, respectively.
Viscosity coefficient is defined as a sum of laminar and turbulent viscosity coefficients:
o= py + pg. py is determined by Wilke formula. i, is determined by the Baldwin-Lomax
turbulence model. Near the wall u; = pl?|Q|, | = k2 (1 - 6_2+/A>, k=041, A =26.|Q|is
the vorticity. In the outer region y; = 0.0168pVy Ly, Vo = min (Fmax; 0.25q§if/me), Ly = 1.6,
Zmax®, Quip = maz (V) — min <17>, Frae = maz (||Q|1/k). IF = [1 +5.5 (O.32;/,2,%,5)6]71 is

the Klebanov factor. z,,4, corresponds to Fj,... V is the velocity.
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Pressure and total energy are defined by

T LY, 1
k
pZ%OMQZWk, Bi= - M2 ZYkhk p+5p(u? + 7+ w?)

0 k=1 0 k=1

In the system (1) u, v, w, p, T represent components of velocity vector, density and
temperature, respectively. Y, Wy and hy are mass fraction, molecular weight and specific
enthalpy of the kth species, where Y7, Y5, Y3 stand for mass fraction of Hy, Os, Ny, respectively.
v is adiabatic parameter, M is Mach number. Index 0 indicates jet parameters and index oo
indicates parameters of the main flow. The system (1) is written in a nondimensional form.
Constitutive parameters are parameters of the main flow at the inlet (uso, poo, Too). The
injector diameter d is chosen as the characteristic length.

Boundary conditions. On the flow field entrance, the parameters of the free stream are
given

P = Poo; T="T,, u:Moo\/%7 v=w =0, Yk:Ykooa Wk:Wkomx:Oa 0<y<
H,, 0 <z < H,. Also boundary layer is given near the wall, longitudinal velocity component
is approximated by 1/7th power law.

On the injector, the parameters of the jet are given

P="Npoo; T'=To, u=v=0, w= M/ 5 %ROTO , Y =Yho, Wi =W, 2=0, |2°+ 97 <
R, where n is the pressure ratio.

The adiabatic no-slip boundary condition on the wall is specified

u=v=w=0, ‘Z,Z g’;:%:o,z:(), 0<y<H,, 0<z<H,

The symmetry boundary conditions on the symmetry faces are specified

=B —w=0, L=L=9%=0z2=H, 0<z<H, 0<y<H,

Qu_fu_gv_( gL _Ch_0y=0,y=H, 0<z<H, 0<z<H.

The non-reflecting boundary conditions are adopted on the flow field exit [11|. Here
H,, H, and H, are the length, width and height of computational domain, respectively.

R is the injector radius.
Method of solution

In the regions of large gradients (in the boundary layer, near the wall and on the jet exit)
condensation of the grid is introduced. Then the system (1) in the transformed coordinate
system may be written as

aU I OE + aF 0G  0E, N OE N OF,, N oF,,, N G o N OGom @
o€ ag o€ o€ on on ¢ ¢

T (NN g mo(&\NE e (M™E a—(%\d 5. - (&) 7
WhereU_(J)U,E_<J)E,F_<J)F,G—<J G. B = () Bo.

g = (2 5 (SYA 5 (&g & _(M\p & _(S\A
Fv2_ (J)FU27 GUQ_ (J)Gan Evm— (J)Evm7 va— <J>va, va— <J)va
9(&,m.¢)
0(x,y,2)

by the sum of second derivative terms (which indicated by index v2) and mixed derivative
terms (which indicated by index vm).

J = is the Jacobian of the transformation. The diffusion terms are represented
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For numerical solution of the system (2) ENO scheme of the third order is used for spatial
discretization. Method of numerical algorithm construction was shown in [4]. In accordance
with the principle of the ENO scheme, the one-step finite difference scheme for the time
integration of the system (2) is presented formally as

Aﬁn+1+At{<A++A_) %—i— (B++E_> %4_ (C’++é—> % _
0 (E:;;; Bn) 0 (F@; Fi) |0 (é::;;: )|, (1)

Here Em, F m G™ are the modified fluxes at the node point (1,7, k), which consist of the
original convective vectors (E, F, () and additional terms of the high order of accuracy

(E§75§7 Eﬂa 5777 EfaﬁC): E_"m = Bt + <E§ + 55) )
where Egijk = limit@?"l(Egi_l/gjk, E§i+1/2jk)

N limiteTQ(A,D&_l/ij, A+b§i—1/2jk) if Afﬁijk A+Uijk
Deij = ¢ _ _ ' - _ | for A >0
lZmZt€T2(A_D@'+1/2jk, A+D£i+1/2jk> if A—Uijk > A-i-Uijk

IA

IN

. limiter2(A_Dgi—1 /26, Ay Deivyir) i |A_Usir| < 1AL Ui
Dejjie = 4 ( Ag v ’ AS 1) ' 7 ’ lfor A< 0
lZmZt6T2(A_D§i+1/2jk, A+D§i+1/2jk) if A—Uijk > A-i-Uijk

_ 1 At
Eeiv1/251 = 5529n(Ai+1/2jk) ([ iy |Ai+1/2jk|> ;

_ 1 At 2
Deit1/2jx = ESign<Ai+1/2jk> (A_§ |Ai+1/2jk|> —1I

)

. 1 At At 2
D§i+1/2jk = 6529n<Ai+1/2jk> 21 — SA_§ ‘Ai+1/2jk‘ + (A_§ ‘A¢+1/2jk‘) ] .

R, I is the identity matrix,

A* = A*/Aand A+ A~ =1, A* = RA*R' =R (Ai |A|>

A =0E/dU is Jacobi matrix.

Here the limiter functions limiterl(a,b) and limiter2(a,b) are associated with terms of
the second and third order of accuracy, respectively. Functions m(a,b), minmod(a,b) or
superbee(a, b) are chosen as limiters, where

sa ifla] <ol

b if|a] > |b|

limiter1(a,b) = m(a,b) = {
2

s-man(|al, |b]) if sign(a) = sign(b) = s

(4)

limiterl(a,b) = minmod(a,b) = {0 |
else
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min(2a,b) if|a| < 0]
limiterl(a, b) = superbee(a,b) = < | min(a,20) if|al > |b|

0 else

if sign(a) = sign(b)

limiter2(a,b) is determined in the same way, and the expressions for the fluxes F™ and G™
are written similarly to E™.

Numerical solution of the system (3) is performed in two steps. At the first step thermo-
dynamic parameters p, u, v, w, E; and at the second step mass fractions Y} are resolved.
The upwind differences of the first order of accuracy have been used for the approximation of
the first derivatives in system (3), and the central differences of the second order of accuracy
have been used for the second derivatives. The obtained system of equations is solved with
respect to the vector of thermodynamic parameters by the matrix sweep method, and the
vector of mass fractions of the mixture is computed by tridiagonal inversion.

Test calculations

Despite the fact that the limiters are in Sweby diagram [12], the limiters have different
effect on solution. So, preliminarily test problems were solved to validate numerical method
and choose optimal limiter. First test problem is the Riemann problem for the Euler equations
with the initial conditions: left from discontinuity p;, = 8, pp = 7.1, uy = 0, right from
discontinuity pgr = 1, pg = 0.71, ug = 0, domain 1 x 1 x 1, regular grid 101 x 101 x 101,
discontinuity is at xy = 0.5 [13].

Fig. 2 shows the results of the comparison of the exact solution and the numerical solution.
Here solid line is for the exact solution, dotted line is for the numerical solution at ¢t = 0.2,
N = 154, % = 0.1. Figs. 2a and 2b show the results for the limiters

limiterl(a,b) = minmod(a,b), limiter2(a,b,) = 0; (5a)

limiter1(a,b) = 1.5minmod(a,b), limiter2(a,b) = 1.5superbee(a,b) (5b)

respectively, i.e. in the first case the problem was solved with the second order of accuracy,
and in the second case it was solved with the third order. It is seen from the comparison
that the calculated with the second order of accuracy curves is more smooth and have peaks,
i.e. the results agree with test calculations of other authors [13, 14]. While the curves from
Fig. 2b, which is done with ENO, better agree with the exact solution.

As well known, when considering multidimensional problems the limiters are chosen
similarly to one-dimensional problems in every direction. Although it is known [10], that
negligent limiter choice in one direction can result in accuracy reduction and excessive
dissipation for multidimensional case. Thereunder, problem of hydrogen mass fraction transfer
is considered

Yy Y% oYy oY},

ot T Ty TV 0 (6)

The velocities are regarded as constant and equal to 1. Initial condition for hydrogen mass
fraction is given as cube cloud of lenth 2 (Fig.3a).

The results for the best limiters for the previous one-dimensional problem, i.e. (5b), show
that in three-dimensional case such numerical coefficient are too high, so the limiters (5b) can
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Figure 2. Numerical solution of Euler equations for Riemann problem: a — for the limiters
(5a); b — for the limiters (5b)

not be applied. Thus, suitable limiter choice for one-dimensional problem is not satisfactory
for the three-dimensional problem.

In accordance with this, additional numerical experiments were done to choose satisfactory
limiter choice. The limiters function were chosen from (4) as

limiterl(a,b) = minmod(a,b), limiter2(a,b,) = m(a,b); (7a)

limiterl(a,b) = 1.1superbee(a,b), limiter2(a,b) = m(a,b) (7b)

It follows from Fig.3b that the solution obtained with (7a) significantly spreads the original
solution, i.e. the limiters (7a) reduce dissipative effects insufficiently. The original shape of
cube is not preserved. The cloud becomes a symmetrical sphere at the time moment ¢ = 19.
On the contrary, slight change of the second order limiter (7b) brings about significantly
reduce of dissipative effects. The cube cloud is preserved its shape. Slight spread of the
solution at the time moment ¢ = 19 occurs (Fig.3c).

Results

The numerical computations of the original problem (1) were done with the parameters:
time step At = 0.01, Pr =0.9, My =1, M =4, 4 <n <15, Re=10% H, = 20, H, =
15, H, = 10 calibres, zy = 10 calibres is the distance from the entrance boundary to the
injector center.

The calculation was done on the staggered spatial grid 101 x 81 x 81, Az = 0.14 = 0.6,
Ay = 0.07 = 0.4, Az = 0.03 = 0.2, which was chosen during the numerical experiments on
the effect of number of nodes on the convergence. The table 1 below shows the sensitivity
of the rate of convergence relatively to the grid characteristics by estimating the integral
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Figure 3. Numerical solution of substance balance equation: a - initial distribution, b, ¢ -
distribution at the time moment ¢ = 19 (N = 950, 2L = 0.08) for limiters (7a) and (7b),
respectively.

2
n deviations of

M

n o _ p_ 1 N no_ ,n
ey — e | and the root-mean-square Lj = N\/anl e — €y

1 N
Lll) = N Zn:l
the norm of the residuals of gas densities. Here, M = [ x J x K, M=IxJxK - compare
grids, e, = ( HlE)lX ‘ p%l — pZ"]k,‘ is the norm of the residuals of gas densities, N is the number
irjk)EM
of iterations.

As follows from the table 1, the differences in the deviations of quantities reduces with
the grid refinement. In accordance with this, the grid M with 101 x 81 x 81 nodes was
chosen since it represents a good compromise between the accuracy and the required stability
condition. Fig. 4 shows the dynamics of numerical solution convergence with the use of
different limiters (7) on the chosen grid, viz. the dimensionless residual norm for the gas

density vs. the number of iterations N.

Table 1. Dependence of the integral and the root-mean-square deviations (the differences of
the density) on nodes number

~

M M L’ Lt
101 x 81 x 81 | 121 x 101 x 101 | 4.154- 1073 | 1.112- 10
121 x 101 x 101 | 141 x 121 x 121 | 3.197-10°° | 9.171 - 10

Since accurate computation of mass fraction distribution is an important issue for combus-
tion modeling, Figs. 5 and 6 give distribution of the hydrogen mass fraction in the symmetry
section XZ and in the different sections XY, respectively. Here, results obtained by making
use of the limiters (7a) are shown on the left, and the results for (7b) are shown on the right.
It can be seen that spreading of the solution is well observable by the regions of the maximum
and minimum values (Y; = 0.99, Y; = 0.01).
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Figure 4. Dynamics of reduction of the dimensionless residual norm for the gas density,
grid 101 x 81 x 81, At = 0.01: curve I — for the limiters (7a), curve 2 — for the limiters (7b)

L

m_
1S
IS
N
>
)

b
5]
S

8 10 12 14 16 18 x 20
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Figure 5. Distribution of the hydrogen mass fraction in the symmetry section X7 for the
limiter functions (7a) (a) and (7b) (b)

According to the comparison of Figs. 5 and 6 jet expansion in XZ is considerably less
than that in XY. It occurs because of the great drift of the injected substance by the main
flow. Also it can be noticed that making use of (7a) brings about a significant increase of
the solution spreading. Thus, the maximum value of height for 1% hydrogen concentration
1S Zmar = 3.41 for (7a) and 2,4, = 2.86 for (7b).

Fig. 6a-b shows that noticeable lateral jet expansion takes place near the wall, i.e. in
the subsonic region. Then the region of separation zone in front of the jet reduces due to
the reduction of the subsonic boundary layer, and gets closer to the jet injection. According
to this the region of the streamlined by the main flow jet contracts (Fig. 6¢-d). Then the
separation zone in front of the jet disappears (Fig. 6e-f), which evidences of the presence of
both the lateral overflow and the jet streamlining by the airflow from above. In XY sections
significant solution spreading is also can be seen for (7a) in comparison with the results for

(70).
Conclusion

The numerical method of the Reynolds averaged Navier-Stokes equations for the multispecies
gas flow solution developed by authors in [4], based on the third order ENO scheme is adapted



Ye. Moisseyeva Analysis of ENO scheme slope limiters 19

Y : Y
g < =] 5 S 087 ~— ]
Ko 074 71> =] I\ &@/\0 0.8 087 > ==
S — Y | Y o 180 96— (78—~ |
16 = 16
029 — 077 U= —
a
C
-4 —4
-2 -2
TR I R I R S S T T Y I O I S
e 10 12 14 16 18 x 20 f 8 10 12 14 16 18 x 20

Figure 6. Distribution of the hydrogen mass fraction in the different sections XY: at
z/d = 0.3 with (7a) (a) and (7b) (b); at z/d = 0.82 with (7a) (¢) and (7b) (d); at z/d = 2.18
with (7a) (e) and (7b) (f).

for the three-dimensional case. [t was obtained that the chosen limiter function, preserving the
profiles for the one-dimensional case, is not appropriate for the multidimensional problems.
By numerical experiments the effect of the limiters on the shock-wave structure formation
and on the mixing layer was studied. As result, the optimal function which produces the
smallest spread of the solution for the spatial problem was defined.
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