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The present paper addresses to the questions of simulation of reactive flows in the elements of
propulsion engines. Three tasks listed below are considered :

- Numerical modeling of experiments on ignition of reacting mixture in shock tube;

- Flame stabilisation behind a corner flame holder in a premixed benzene-air flow;

- Calculation of the mixing and combusting processes in a liner of air-breathing engine;
To solve the first task the 2D unsteady Euler system is used [18]. Solution of the other tasks bases on
the unsteady Favre averaged 3D Navier-Stockes system with energy and species transport equations
and the heat transfer equation for a solid body in combination with the models of thermodynamic
properties, phase transition models, models of impulse, energy and mass exchange between liquid and

gas phases [13, 14].

1. Introduction

The method of simulation of reacting flows of gas-spray mixtures proposed combines the methods of
solution of RANS with k-g turbulence model, methods for calculation of boundary layer, algorithms
for calculation of droplets in spatial flow of reacting gas with heat and mass exchange, methods for
calculation of equilibrium and kinetic reactions and universal approach to calculation of
thermodynamic and diffusive properties.

Influence of turbulence on the combustion process is accounted in the frame of solution of averaged
equations with turbulence model, which refers to Boussinesque approach. According the hypothesis of
Spalding, the mixing process limits an amount of reacting substance, which can be derived accounting
the averaged parameters of turbulent flow. The simplest implementation of such model is well-known
eddy break-up approach for equilibrium reactions [1] and its modification for kinetically reacting fluid
referred to as “eddy dissipation concept” [2]. The essence of the last is to set some relations between
the averaged parameters of turbulence, such as k and ¢, and rates of chemical reactions. The method

present follows a modification of such approach since it yields fully conservative procedure.

2. The Mathematical Formulation of the Flow of Gas-Spray Mixture
2.1. The Model of Gas Phase
The method of calculation of steady/unsteady turbulent reacting gas with spray admixture is based on

solution of Favre averaged Navier-Stokes equations, equations of k-e turbulence model, transport



equation for total chemical-thermal enthalpy and several transport equations for mass fractions of

reactants.
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Here 7;; = us;j, 7jj = 1455 —§Pk5y's Sij = o, 6xl _55’78_ , S ZSm m - source due to the

phase change, S;=p0;+S; - influence of buoyancy force and source of impulse of phase
interaction, Sz = pQ;u; +O+ Sy, - work of gravity force, thermal sources and source of phase
interaction, Sy, ,, =Sy, +W,, - source of components in phase change and chemical reactions ,
C.Cy1.C¢p 0,0 - constants of turbulence model, f,,, fi, f, - functions of laminar-turbulent
transition, g - acceleration of body force, H - total enthalpy per unit of mass, & - kinetic energy of
turbulence, p - pressure, Pr - Prandtl number, Px - turbulent Prandtl number, ¢ - time, u;-

components of velocity, x; - Cartesian coordinates, & - rate of dissipation of turbulent energy, u -

dynamic viscosity, x4 - turbulent viscosity, o - density, T - stress tensor, L Reynolds stress
temsor, y,, - mass fraction of m-th component.

Let us notice some important specifics of equations (1)-(6) and solution methods hereto.
Firstly, the density of a gas does not follow from the solution of (1)-(6), but is calculated from the state

equation of generalized form p=F(P,H,y), how it follows from the certain implementation of

thermodynamic system.



Secondly, the method was developed for turbulent flows. Accordingly, the simple and unambiguous
hypothesis of Le=1 was adopted. Applying the Fick’s law and this hypothesis it is possible to
transform the energy conservation law to the form (3) that is consistent with wide range of turbulent
flows.

Finally, the third important feature is the approximation of the source terms. To say nothing about the
certain implementation, such approximation must satisfy the laws of conservation of substance, energy
and impulse. Moreover, the precision of approximation of conservation laws in this case determines
the general precision of the results and influences on the stability and convergence of the method.

The mesh used for discretization of the equations above is based on the technology of rectangular
adaptive meshes, which provides the automatic mesh generation for objects with complex geometry
[3]. Adaptation of the mesh to the surface accounts the direction of normal vector and variation of the
cell volume of the cell adjacent to the surface. To construct the approximation the staggered finite-
volume approach is used. This approach yields conservative schemes [3-7]. To resolve continuity and
impulse equation the SIMPLE-like procedure is used. All spatial operators and convective terms are
having the second order of approximation. Non-linear approximation of convective terms with limiter
provides the monotonic properties of the scheme. To resolve the task of conjugated heat transfer the
single system of discrete equation for fluid and solid is used.

The system of linear equations achieved after dicretization and linearization of equations is solved
using multigrid method [8]. Increasing the number of cells, this method provides close to linear growth
of number of operations necessary. The procedure of construction of succession of meshes and
corresponding systems of linear equations is fully automated, does not require dicretization and makes
a good use of the properties of rectangular adaptive mesh. For the sequence of meshes created the
block procedure is implemented that provides the correspondence of variables with any cell in any
mesh as well as the uniform procedure for the geometry of any complexity. The smoother is the
relaxation method of Gauss-Seidel type that is stabilized upon necessity by local iterative parameter.
To solve the conjugated heat transfer problem, the heat transfer equation is used in combination with
interface condition that provides equality of the heat flows at solid/fluid boundary.

Special feature of the method is the boundary layer solver, which is based on the integration of the
boundary layer equations with boundary conditions at the wall and conventional external boundary. It
provides the calculation of friction and heat transfer factors, and unlike the traditional wall functions
the integration of the boundary layer is performed numerically in each point at the surface. Such

approach relaxes the requirements to the density of mesh near the wall and provides interfacing at

greater y* .

2.2. Calculation of Thermodynamic and Thermophysical Properties.
Thermodynamic properties of reacting gas are determined using the model of multi-component perfect
gas in the frame of hypothesis of uniform population of energy levels in accordance with all internal

degrees of freedom of molecules and atoms [9].



In this case the specific thermodynamic Gibbs’s potential has the following form:
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Here: R - universal gas constant, y;- molar-mass concentration of 7 -th component, py =101325 Pa
- standard pressure, Gl-O (T) - standard molar Gibb’s potentials of separate components, which are

related to the standard reduced potentials @?(T ) according [9]:
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Here T =298,15 K - standard temperature, Hl-O (0) - standard enthalpy H,-0 (T) at absolute zero,

A leQ (TIp) - enthalpy of production of i-th component standard temperature. Similarly,

thermodynamic properties of liquid phase are described with molar Gibb’s potential:
G _ 0 0,71
1(p.T) =G (T)+ py(p = po)lp) (T, ©)
Here plO(T ) - density of liquid phase, 14 - molecular weight of liquid component.

To calculate CD?(T ) the polynomial proposed in [9] are used, which are the approximation of the

reference data on the reduced standard potentials of various gases and condensates.

Other thermodynamic properties are derived from Gibbs’s potentials and its partial derivatives by
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Viscosity is calculated using the formula of Wilkey, and heat conductivity using the formula of

Maason and Saxen with correlation of Eiken [10]:
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Parameters of interaction potentials of the same molecules o;,;,d; and approximation of Brockau for

the calculation of collision integrals of Schtockmyer ng’z) " are from [10].

Kinetic reactions in gas phase are described with the multi-stage reversible mechanism:
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Here: r — number of the reaction, 51_(;’) - stoichiometrc coefficients , M; - symbols of chemical

substances. Relations for W}, according the mechanism (12), are the following [11]:
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For described mechanism (12)-(13) to match the thermodynamics described with Gibbs’s potentials

(7), the following relation between reaction rates and each pair of mutually reverse reactions (12) is

required:
k(r)(T):exp Z(V'(r)_‘_;‘(r)) G,Q(T)+lnRT ' (13)
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To approximate the dependency of reaction rates of forward reactions from temperature the

generalised Arrhenius relation [11] is used:

E
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(15)
2.3. The Model of Aerodynamic Resistance and Heat-mass exchange of droplets
Parameters of separate droplet in the flow of a gas are described with the following system:
dxy; duy; u;—uw; dmy . dep .
ll: _ll: :M_l:ml’_l:el (16)

dr g T Ty dt
Here mj, e; - mass and internal energy of the droplet, xj;, uy; - position and velocity of the droplet in

i -th direction. To calculate r,,, n1;, ¢ the semi-empiric model of quasi-stationary evaporation of

separate droplet in the multi-component gas in continuum regime is used [12]. This model was tested

in the works [13,14].

2.4. Kinetic model of kerosene combustion

To simulate the process of combustion of evaporated kerosene the effective reaction

%
CioHpp +15.5 Oy 10 CO3 +11 HpO' was used. The rate of the reaction was determined using
&

the data from [11]. Combustion products CO5 and H,O' are the pseudo-substances with the same

composition matrix that of water and carbon dioxide, but with different thermodynamic properties.

Thermodynamic properties of combustion products were chosen so that the heat production calculated



in effective reaction matches the heat production determined by detailed mechanism of combustion for

lean mixtures.

2.5. Interaction of the models

One of the important questions is the agreement of the combination of the separate models described
above. Accordingly, the satisfaction of conservation laws was selected as the criterion of correctness of
the interfaces. To organise such interface the special numerical technique was used.

For instance, the source terms of the equations (1)...(6) are written in the following form:

2

v
Smm = —anmlym[ , Sgi = —Z(n,m,u,,l- +ngmyiy;), Sqp :—an[ml(el +71)+m1(el +vvi)],(17)
! / /

here n; - per-count density of /-th class of droplets, y,,; - mass fraction of m-th componet in

evaporation products of droplets.

Additionally, the possibilities of precise integration of the finite-volume approach were used.
Equilibrium model does not require additional efforts to provide conservation, because all products are
the result of the local ratio of the reactants. Alternatively, for the kinetic model the approach related to

the physical splitting is implemented (see [15]):
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Here, for one step of transport equations (18), the several time steps for chemical kinetics (19) can be

performed, relaxing the time stepping limitation.

3. The Examples of Calculations

3.1. Numerical modeling of experiments on ignition of a reacting mixture in the shock tube
Numerical modeling physical experiments in shock tubes on research of diffraction of a shock wave on
a rectangular obstacle in reacting gas environment has been made. The shock tube has a cross-section
of 38 x 76 mm. The obstacle represents a rectangular block in height equal to a half of the height of the
channel and in width equal to the width of the channel. For modeling the chemical transformations of
gaseous component the detailed kinetic mechanism describing burning of a hydrogen-oxygen-argon
mixture, consisting of 19 reversible reactions and including 10 component was used. The initial
pressure was 5.3 KPa, the Mach number on a falling shock wave 2.5. The distribution of the gaseous
water and temperature can be seen in Fig. 1. Settlement with great dispatch wave structure of current
which consists of a passing shock wave, a reflected shock wave, a front of burning and a front of a

detonation wave, which coincides with high accuracy with observable in experiments is obtained.
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Fig. 1. Comparisons of schlieren images and numerical results

3.2 The Stabilisation of Premixed Flame with the Corner Flameholder
The example below shows the flame stabilisation behind the corner flameholder located in the

premixed benzene-air flow. It refers to the experimental measurements of the work [16]. Authors



measured the parameters of turbulence and temperature profiles. These data was selected for the
validation of the model in the case of premixed combustion.

Experimental rig was the rectangular channel with the corner flameholder inside. Since the channel
was rather narrow, and it was impossible to neglect the influence of the side walls, and the calculation
was 3D. It is also important to mention that the ends of the flameholder were at some distance from the
side wall, and this was necessary to account in calculation to achieve correct result.

The simplified kinetic mechanism of one conventional reaction was used in the calculation. Setting the
initial and boundary conditions the data on the measured parameters of turbulence was used. Inlet flow
of benzene-air mixture had the temperature of 412 K, velocity of 150 m/s at atmospheric pressure and

air excess factor of ¢ =1.5
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Fig 2 scheme of the calculation combined with the temperature distribution in the symmetry plane of

the channel.
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Fig 3 Temperature profile plotted along the central line of the rectangular channel.

Scheme of the calculation can be seen in Fig. 2. The calculation was performed using an unsteady
method with accumulation of average temperature in time. Initial approach was the steady flow of cold
mixture and after “ignition” the calculation was prolonged until stabilization of average temperature
field. “Ignition” of mixture was performed enabling temporary the heat source located in the reverse

flow zone.



Comparing the calculated and experimental temperature profiles shown in Fig. 3 one can see the good
agreement of the calculated and measured size of the reverse flow zone, position of the maximal and

minimal temperature, and it is possible to say that generally the simulation is correct.

3.3. Calculation of the Combustion Chamber of the Air-breathing Engine

Calculation of the combustion chamber of the engine was conducted to determine the heat loads acting
on the chamber’s walls and estimate the emission of pollutants. After the series of calculation the
recommendations on the optimisation of the geometry and working process necessary to reduce the
emission of the pollutants were worked out.

Geometry of the model repeated even the small features of the design (Fig. 4). Setting the boundary
conditions the specifics of air and fuel supply were accounted. Parameters of the flow in swirling head
of the frontal system were calculated in the same run. Generally, for the chamber the air and fuel flow
were set. Spectra of the particles formed in the decay of the liquid film and the other initial parameters
of the spray were taken from the experimental data. The field of each fraction of the spray was
calculated on the independent Lagrange mesh formed by the particle trajectories in each fraction. Such
number of trajectories was selected so that they uniformly and with appropriate density were filling the
volume of presence of each fraction.

In particular, the example below shows the calculation for the inlet temperature of 744 K, inlet
pressure of 20 Bar, air flow of 1.2 kg/s and fuel consumption of 0.025 kg/s. The size of droplets was
set in the range from 1.2 to 100 micron for 20 fractions. Each fraction was started from 30 points
located at the conventional place of decay of the liquid film formed by the centrifugal sprayer with
swirled internal flow. Start velocity of the reference trajectories was varied both by magnitude and
inclination relative to sprayer’s axis. The interaction between fractions was neglected as well as the
influence of the radiation on the temperature of the droplets. Numerical mesh (Fig. 2.2) had 209542

cells. Time necessary for this run comprised 62 hours on the computer with Athlon XP 1900+.
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Fig. 4 Scheme of the chamber’s sector Fig. 5 Trace of the mesh in axial section
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Fig. 6 Trace of one set of the reference trajectories Fig. 7 Temperature distribution in set of the sections
used in the calculation

Fig. 8 Distribution of the gaseous kerosene in Fig. 9 Distribution of the heat flows at the exit walls
central section

Series of figures 6-9 shows the results achieved. Fig. 6 shows the set of reference trajectories of
evaporation kerosene droplets for 20 fractions emitted with one of the velocities. The end of the
trajectory corresponds to the total evaporation of the droplet. Accordingly, the distribution of the
gaseous kerosene can be seen in Fig. 8. Temperature distribution in the segment of annular chamber
can be seen in Fig. 7, where the penetration of diluting clean air jets can be observed. Fig. 9 shows the
calculated heat loads on the walls of the chamber. Where the temperature is high the peaks can be
observed in the place of local stagnation of the flow near the fracture of the contour.

Estimation of the emitted pollutants at the exit of the chamber provides the basis for optimisation of
the fuel and air supply from the point of view of the reduction of harmful emissions, nevertheless,

preserving the high combustion completeness. Results of such calculations are in good agreement with
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the emission characteristics of the similar devices [17]. In particular, calculated index of emission of

nitrogen oxides is in the range from 14 to 30 g/kgg

Conclusion

The method of calculation of the reacting gas-spray mixture is in satisfactory agreement with the
experimental data and can be used in the development of different purpose combustion chambers. The
method provides for the local, integral and emission characteristics of combustion chambers. If it
would become necessary, it is possible to add the models of decay/coagulation, influence of radiative

heat flows, apply more complex reaction mechanisms, etc. to achieve better results.
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