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Numerical study of combustion efficiency in supersonic
free shear layer”

Numerical study of two-dimensional supersonic hydrogen-air mixing and combustion in free
shear layer is performed. The system of Navier-Stokes equations for multispecies reacting
flow is solved using ENO scheme of third-order in accuracy. In order to produce the roll-
up and pairing of vortex rings, an unsteady boundary condition is applied at the inlet
plane. At the outflow, the non-reflecting boundary condition is taken. For the description
of reaction pathways of hydrogen, a seven species chemical reaction model by Jachimowski
is adopted. The combustion efficiency is reported for different Mach number of flows.
Key words: supersonic shear flow, mixing layer, hydrogen combustion, ENO-scheme, seven
chemical reactions mechanism, combustion efficiency.

E. Bessaes
HucenHoe n3yveHne IMOJTHOThI CTOPaHUsI B CBEPX3BYKOBOM CBODOOIHOM
CABUT'OBOM CJIO€

B pabote npejicraB/ieHO UUCIEHHOE H3yUYEHUE JIBYMEPHOIO CBEPX3BYKOBOTO CMENIEHUs W
TOPeHUsI BOIOPOIHO-BO3IYIITHON CMeCH B CBOOOIHOM CIBUTOBOM cjtoe. CucremMa ypaBHEHUit
Haspe-Crokca 11 MHOTOKOMIIOHEHTHOT'O PEATMPYIONIEro ra3a ObLIa pelreHa ¢ UCIOIb30-
BauueM ENOcxeMbl TpeThero mopsijika TOIHOCTH. J1J1st TOro, 9To0sl Moy IuTh 00pa3soBaHue
apbl 3aKpy4YHUBAIOIINXCsI BUXPE, BO BXOJIHOM CEYEHUU PEeaJIM30BaHa IIOCTAHOBKA HECTa-
[IMOHAPHBIX TPAHUIHBLIX yCaoBuit. Ha BBIXOAHOM cedeHun OBLIO HUCIIOJIb30BAHO TPAHUTHOE
ycaoBue He oTpazkeHusi. JIjist MoIeIMpoBaHus MPOTEKaAHNsT XUMUIECKUX PEeaKInii ObLIa 1c-
MIOJIb30BaHa CeMU cTaaniiHas Mmomenb J>xkaumMorckoro. IlomHoTa cropanmst cmecn ObLIa
[IpeJICTaBICHa I Pa3IndHbIX dnces Maxa IMOTOKOB.

Karouesvie ca06a: CBEPX3BYKOBOE CIIBUTOBOE Te€UEHUE, CJIOH CMeIIeHus, TOPEHIe BOI0POIa,
ENOcxema, cemu cTauitHbIl MEXaHU3M XUMUYECKUX PEAKIINH, [TOJTHOTa CrOPAHUS.

E. Begen
JIBIOBIC >KBLIJaMABIFBIHAH >KOFapPbl €PKiH >KbLI>KBIMAJIbI KA0OATTAFbI TOJIBIK,
JKaHyAbl CAaHABIK TypJde 3epTTey

Ocpbl KyMBICTa €Ki OJIIIeM/Il ePKiH XKBLIKbIMAJIbl KabaTTarbl CyTeri-aya KOCHACHIHBIH, JIbI-
OBIC 2KBLIJIAMIBIFBIHAH YKOFAphl apajacybl MEH »KaHYbl CAHJIBIK TYpe 3epTrerinred. Kem
KOMIIOHEHTT] peakiusiiaHaThia ra3 yinin Haebe-Crokc Tenjeysiep »kyiieci yirinmi perTi
JmosiikieH anmpokcumMarusiianatein ENO cynbaceiven tmemrisiren. Koc GypasiaTbia Kyii-
BIHJIAp 2KYOBIH ajIy YIIH Kipbepic mekapasa OeficTalimoHap bl IeKapaJbIK, MapThl KO-
putrad. [brrabepic mekapajia MarbLIBICIANTBIH MIEKAPAJIBIK, apThl OeitiMaenren. 2Keri
caTbLIbl JI2KaIMMOBCKIM XUMUSIIIBIK, PEAKITNs HOOANbI CYyTeriHiH *KaHybIH CATTATTayFa KOJI-
JaHbLIAbl. KOoCIaHbIH TOJIBIK, KaHYbIH 3€PTTEY YIIiH aFrblHIaAPbIH op Typ/a Max canmgapbl
KapPaCTBIPBLIIDL.

*Pabora Boinosnnena upu noaiaepxkke Komurera Hayku MOH PK, rpanr Ne 0716 / T'®.
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Tytiin co3dep: TBIOBIC KBLIIAMJIBIFBIHAH YKOFAPBLKBLIKBIMAJIBI KA0AT, apajacy KabaTshl,
cyrerifif xkanybl, ENO cy6achl, *KeTi caThLIbl XUMUSIIBIK, PEAKIIUIIap MEXaHU3MI, TOJIBIK,
JKaHy.

Introduction

One of the actual challenges of modern aircraft industry is to create a hypersonic vehicles
allowing for the short period of time cover the farthest distances in the globe. As a fuel
oxidizer in such devices is taken the oxygen in the air from the atmosphere, therefore the
ratio of fuel weight to the hypersonic vehicle weight is about the same as in conventional
aircrafts. As the fuel it can be used hydrogen or hydrocarbon fuels.

Hydrocarbon fuels such as aviation kerosene, methane or ethylene attracts great attention
today. For example, methane, which is simplest hydrocarbon fuel has comparatively high
specific impulse as well as the best thermochemical properties. However, hydrogen has been
of primary interest as a fuel of the future aerospace vehicles. The specific combustion heat
of hydrogen is about 2-2.5 times more than methane and ethylene. As the same time the
hydrogen has a limitations such as low density, which results in the need for large fuel tanks.

The mathematical model and numerical method of solution of supersonic combustion in
shear layer flow has been performed by many researchers [1-10]. In these works the basic efforts
is directed on analysis of influence different effects such as inlet swirl, initial temperature,
velocity and pressure ratios on ignition time delay. The detail chemical reaction mechanism
during calculation have been adopted in [4, 5-6], while in [1-2, 6] reduced reaction mechanisms.
In these investigations with the simulation of reacting shear layer were insufficiently paid
attention to the combustion efficiency estimation.

In the present study, the third order essentially non-oscillatory (ENO) finite difference
scheme is adopted to solve the system of Navier-Stokes equations with chemical kinetics
terms to supersonic planar shear layer. Simulation of the flame propagation with combustion
products formation is performed including the seven reaction and seven component Jachimow-
ski’s kinetics mechanism. The inflow physical parameters profile across the non-premixed
hydrogen (fuel) and air stream at the splitter plate leading edge is assumed to vary smoothly
according to a hyperbolic-tangent function (Fig. 1).

Mathematical model
The two-dimensional Favre-averaged Navier-Stokes equations for multi-species flow with
chemical reactions is:

o7 o(B-2) o(F-7) o )

where the vector of the dependent variables and the vector fluxes are given as

P PU2 pw
puU pu” +p puUw

U= o | E=| pu , F=|pwi+p |
E, (E: +p)u (E; +p)w

pYk puYy pwYy
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Figure 1. An illustration of the flow configuration
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Here, the viscous stresses, thermal conduction, and diffusion flux of species are:

2 2
Tex = Zije (2ux - g (ux + wz)) y T2z = g@ (2'&03 3 (u:c + wz)) )

o= (PT’R@) oz Mgo kz;hk ok = <P7’Re> Mgo ;hk k>
Tk = 9, 2 = a . b a0 lzz = Tzz = 55 Uz ),
g ScRe Ox F ScRe 92 7 Re (s + o)

where Y, is the mass fraction of k' species, wy, — rate of mass production of species, k =1, ...,
N, with N — number a components in a gas mixture. The thermal equation for multi-species
gas is:

oT 1 v\ 1

where W;, is the molecular weight of the species.
The equation for a total energy is given by

Et:

ph 1
P (). 3)

N

The enthalpy of the gas mixture is calculated according to h = Y Yjhy, with specific enthalpy
k=1

of k™ species evaluated suing hy, = h + f cprdT .

The specific heat at constant pressure for each component ¢y, is:

5
ok = Cp /W, Cpp = ZakiT(i_l)a Q) = ajkngl?

i=1
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where the molar specific heat C; is given in terms of the fourth degree polynomial with
respect to temperature, consistent with the JANAF Thermochemical Tables [11].

The system of the equations (1) is written in the conservative, dimensionless form. The
air flow parameters are poo, Uso, Woo, Loos Noos Weo, Roo, hydrogen jet parameters are pg, ug,
wo, Ty, ho, Wo, Ry. The governing parameters are the air flow parameters, the pressure and
total energy are normalized by p.u2,, the enthalpy by RoTs, /W, the molar specific heat by
Ry and the spatial distances for case I by the slot width [, for case II by the initial thickness
of the vorticity layer §.

The mixture averaged molecular viscosity is evaluated using from Wilke’s formula.

The chemical reactions of hydrogen H, with air are described using Jachimowski’s seven
species model used in the NASA SPARK code [11]. This model includes the following seven
species: Hy, Oy, H,O, OH, H, O, N,.

Initial and boundary conditions
At the entrance:

YoRoTh

up = My W,
0

wr =0, p1=po, Th =Ty, Y =Y, k=ko, €=¢9

at x=0, 0<z2< Hy;

Yoo RO Too
W

at t=0, Hi +90 <z < H,.

UZIMoo s w220,p2:poo, TZITOO7Yk2:Yk007 kzkoo; € =¢&x

In the region of H; < z < Hy + ¢ all physical variables are varied smoothly from hydrogen
(fuel) flow to air flow using a hyperbolic-tangent function of any variable ¢, so the inflow
profiles are defined by

©(z) = 0.5(¢2 + 1) + 0.5(¢2 — 1) tanh(0.52/0) atz =0,0 <z < H,

where ¢ = (u,v,p, T, Yy, k,€), 0 — is the momentum thickness. The pressure is assumed to be
uniform across the shear layer. On the lower and upper boundary the condition of symmetry
are imposed. At the outflow, the non-reflecting boundary condition is used [12]. In order
to produce the roll-up and pairing of vortex rings, an unsteady boundary condition is also
applied at the inlet plane [13].

Method of solution

The numerical solution of the system of equations (1) is calculated in two steps. The first-
step solves for the gas dynamic parameters (p, u, w, E;) and second-step the species (Y, k
= 1, 7) with mass source terms. The approximation of convection terms is performed by the
ENO-scheme of third-order accuracy [14-18]. The ENO scheme is constructed on the basis of
Godunov method, where piecewise polynomial function is defined by the Newton’s formula
of the third degree. In approximation of derivatives of diffusion terms, second-order central-
difference operators are used. The system of the finite difference equations are solved by
using matrix sweep method. Then it is necessary to define Jacobian matrix which in the case
of the thermally perfect gas represents difficult task. This problem is connected by explicit
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representation of pressure through the unknown parameters. Here pressure is determined by
using the following formula

ho plo

1
=(F-1)|E—=p(u>+W?) — 4
p=7F—-1) E ZP(U+ ) p%oMgo +M§OW’ (4)
N T
where 7 = — — is an effective adiabatic parameter of the gas mixture Ay, = Y f cp, dT,
€sm =1 To
N

T
esm = 2. Y; [ ¢,,dT’ — enthalpy and internal energy of the mixture minus the heat and energy
=1 T
of formation; Ty = 293K — standard temperature of formation.
The equations for species are solved by the scalar sweep, where in the first-step convection

and diffusion terms are included and calculated using ENO scheme. In the second-step, the

matrix equation with terms (UJZ“ = Wkwk) is solved implicitly. These source terms W, are

linearized by expansion in a Taylor series,

AYy + = AT +

. . oW, oW, ow,
IJ[rn—‘rl — W k k k
koo Tk +7<aym oT dp Ap)‘

The temperature is found by using the Newton-Raphson iteration from the equations
[16-18).

Results and discussion

Table 1 — Jachimowski’s reaction mechanism

Reaction Reaction Ay Br | Ex/R
number (m3/mole - s)
1 H; + O, = OH + OH 0.170E +14 0.0 | 24233
2 H+0,=0H+O0O 0.142E +15 0.0 | 8254
3 OH + Hy, = H,O + H 0.316E +08 1.8 | 1525
4 O+ Hy,=OH+ H 0.207E +15 0.0 | 6920
) OH + OH = H,O + O 0.550E +14 0.0 | 3523
6 H+ OH + M = H,O + M | 0.221E +23 | -2.0 |0
7 H+H+M=H, + M 0.653E +18 -1.0 10

The free shear layer of hydrogen-air flows mixing and combustion are numerically studied.
The simulations are performed in a rectangular domain of 4cm in stream-wise direction and
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1.5¢m in transverse direction. The splitter plate thickness is 0.1cm, and at the trailing edge
is 0.0045c¢m. At the inflow plane, hydrogen enters from the lower half and air enters from the
upper half. A 401 x 151 grid with stretching at the entrance and mixing layer was used. The
hydrogen flow parameters are My = 1.4 (My = 1.1), Ty = 400K, P, = 101320Pa, and air flow
parameters are M., = 1.8 (M, = 1.5), T, = 1300K, P,, = 101320Pa.

To modeling of hydrogen-air combustion a Jachimowski’s model is adopted (Table 1). It
includes the seven species and seven elementary reactions.

For example, in the case of elementary reaction OH + Hy = HsO + H due to molecular
motion in gas phase hydroxyl radicals (OH) can impact with hydrogen molecule (H,). In the
case of nonreacting inert collision molecules just collide and repulse, in the case of reacting
collision the H,O and H are formed.

The isolines of the formation of water vapor (HyO) concentrations contours at various
times are presented in Figures 2.
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Figure 2. The dynamic of water vapor concentration formation at four times
a)t =05.35,b)t=064,c)t=2_85,d)t=10.6 mks

It is visible (Figure 2-a), initially combustion product HyO is concentrated in the thin
mixing layer at the moment ¢t = 5.35 mks. In this time the maximum of water vapor is of
the order 1074, Figure 2-a. From the period of time ¢t = 5.35 up to t = 6.4 mks (Figure
2-b) this value growth up to 1073, Obviously, it is the induction period which is period of
accumulation of radicals and active centers, where there is also growth reaction rate.

The combustion efficiency can be estimated from the overall chemical reaction (5) of
hydrogen oxidation. It appears from this reaction that for the 0.004 kg/mole hydrogen
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Figure 3. An illustration of combustion efficiency along the longitudinal coordinate

completely oxidation it is need 0.032 kg/mole oxygen. As a parameter characterized complete
combustion it is taken the relation of the mass flow rates Qo,/Qu,, where Qo, = [ po,uccdz
and Qu, = [ pm,uodz. Figure 3 shows the dependence of Qo,/Q n, on longitudinal coordinate
for two cases. This relation should be Qo,/Q@n, > 8 to complete hydrogen combustion.

Numerical experiment revealed that at the exit plane x = 40 this relation is equal to 18.07
for both Mach number cases, which is pointing out that the hydrogen completely oxidize.
The initial mass flow rates ratio at the entrance for My =1.4, M, = 1.8 is Qo,/Qu, = 14.8,
which indicate on the poor mixture. For Mach numbers My =1.1, M, = 1.5 the initial mass
flow rates ratio Qo,/Qu, = 15.6. Maximum value of Qp, /@y, for higher Mach number case
is 21.44, while for lower case is 22.9. The value lowering of this parameter is due to the
formation of combustion products.

This comparison has been confirmed that subsonic zones have not strong affect on increasing
the total residence time of fuel (hydrogen) in the combustion chamber. So the presence of
isolated vortices and their growth downstream provides a better mixing of fuel, air and hot
combustion products, which greatly stabilizes the combustion process.

Conclusion

The flowfield structures of supersonic planar shear layer and combustion computed by
calculation of the system of two-dimensional Navier-Stokes equations. The numerical method
is based on the third order ENO finite-difference scheme. The numerical results of hydrogen-
air mixture combustion based on Jachimowski’s seven-species seven reaction model.

The calculation reacting shear layer revealed distribution and enhancement of hydrogen-
air mixing and combustion is strongly depend on vortices formation, a namely their intensity
and growing. The present numerical experiments show that for the given geometrical and
physical parameters the hydrogen reaches the combustion efficiency.

Thus the constructed algorithm based on the high order scheme and computer code for
turbulent supersonic reacting flow allows to study influence parameters that control mixing
and combustion, which is important in the design of supersonic combustion ramjet (scramjet)
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engines.
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