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Abstract. Features of numerical simulation of multicomponent reactive mixture flows using the OpenFOAM package
reactingCentralFoam solver are considered. The specifics of the construction of the project on the basis of the calculation
of the combustion of the oxygen-hydrogen mixture for the conditions of the experimental setup "Penn State Pre-burner
Combustor" are discussed. The results of computations of the main parameters of the combustion process are given, the
efficiency of the applied solver is shown.

INTRODUCTION

The computational gas dynamics is widely used in the design process of different technical devices, allowing to
use difficult physical and mathematical models. In addition, the results of computations can be applied to the
interpretation and better understanding of the operation of experimental installations. The mixing of fuel and air, self-
ignition and flame stabilization are thus critical processes to understand and control different kind of devices: fuel-
injectors, turbofan engines, supersonic combustion ramjets and scramjets.

The OpenFOAM library allows to use a set of the solvers realizing specific models for turbulent flows [1]. The
OpenFOAM library on the structure and flexibility can be quite selected as a basic code for simulation of compressible
reacting gas flows in combustion chambers for different engines [2-4]. The family of solvers was developed for
simulation of flows in a wide range of Mach numbers in ISPRAS [5]. In particular, the solver reactingCentralFoam
was developed for computation of flow for reacting mixture. The goal of this study is computation and assessment
simulation’s results of the known test example "Penn State Pre-burner Combustor" [6].

DESCRIPTION OF THE EXPERIMENTAL SETUP

Experimental chamber assembly, shown in Fig. 1 and 2, consists of preliminary burners, a coaxial injector, a main
combustion chamber, a chamber for measuring the wall and heat flow temperature, and a water-cooled nozzle. The
oxidizer (oxygen) is fed into the combustion chamber through the inner tube of a coaxial injector with a diameter of
5.26 mm and recessed by 0.43 mm relative to the combustion chamber face. The annular hydrogen supply has an
internal diameter of 6.30 mm and an outer diameter of 7.49 mm. In the inlet section of the oxygen tube are known:
pressure 5.85 MPa, temperature 711 K, mass flow rate 0.0904 kg / s, mass concentration of the mixture - oxygen
0.945, water 0.055. In the inlet section of the fuel ring: pressure 6.5 MPa, temperature 800 K, flow rate 0.0331 kg /s,
mass concentration of the mixture - hydrogen 0.402, water 0.598. The measured pressure in the main chamber was
5.17 MPa or 750 psia.
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MATHEMATICAL FORMULATION AND PARAMETERS OF A NUMERICAL
MODEL

The system of equations

The gas flow mixture is described by the continuity equations, momentum and energy equations written for
compressible, viscous, heat-conducting, reacting gas with k- SST turbulence model and also continuity equations
for each components of mixture. The system of equations is shorted by an equation of state for ideal gases, the caloric
equation, formulas for computation of viscosity, heat conduction, a heat capacity. All numerical computations are
performed using second-order accurate numerical schemes in space. The model of chemical kinetics using 9
components and 23 chemical reactions is applied to a case with burning hydrogen and oxygen [7].

The reaction rates are determined by laminar finite-rate model [8, 9].
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Here we used the conventional notation. Here p is the density, u; is the velocity, P is the pressure, T is the
temperature, h is the enthalpy, 7;; is the Reynolds stress tensor, Y,, is the mass fraction for the m™ fluid component,
K is the specific kinetic energy, w,, are the species reaction rates, i , U, are molecular and turbulent viscosities, k
and w are kinetic turbulent energy and the dissipation per unit turbulence kinetic energy for k-o SST turbulence
model, S;; is the strain-stress tensor, N is the number of components in mixture.

Boundary conditions

The simulation is run in axisymmetric 2D setting. For modeling in an axisymmetric 2D setting, a sector with a
small central angle of 1° is considered. In this case, on the side faces within the OpenFOAM package, one can define
boundary conditions of the "wedge" type that do not require specific values, and do not specify boundary conditions
on the symmetry axis.
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Initial conditions

To simulate the ignition process, following [6], it is assumed that the main chamber and the injectors with fuel and
oxidizer adjacent to it are initially filled with nitrogen at a temperature of 1500 K. The remaining two-thirds of the
length of the injectors are filled with fuel, oxidizer in the proportions specified in the input sections, and also have a
temperature of the inlet cross-sections. Such initial conditions provide a relatively "smooth" ignition process without
significant oscillations. The Chemkin format of file were used to set up kinetics of the reactions.

Numerical schemes and solvers

The Gauss scalarScheme was used for approximation of convective terms, the Gauss linear scheme was used for
approximation of diffusion terms, the Gauss linear corrected scheme was used approximation of laplacian term. To
solve linear system equations the PBiCG method with DILU preconditioner was used for pressure, U, h, k, omega
values. The tolerance was set to 1e-12. The resulting equations for velocity and pressure coupling were solved by the
iterative PIMPLE algorithm with nCorrectors equal to 2.

Computational mesh

For this task, it is required to build a substantially irregular mesh. So in the field of connection of the fuel injector
and the main chamber, the injector thickness is of the order of 1 mm and the speed is transonic, while in the main
chamber with a diameter of about 38 mm the velocities are essentially subsonic. On the other hand, near the wall of
the main chamber, it is required to provide a sufficiently small cell size in the normal direction to the wall to ensure
sufficient accuracy of heat flow calculation. As a tool for constructing a computational grid, the Gmsh mesh generator
was chosen, which allows to build 3D grids both with the help of a script in a specialized language and interactively.
Figure 3 shows the calculated mesh in the area of the injector and main chamber connection. In the computations, a
grid with 26300 cells was used, with the criterion y* for the top wall in the main chamber not exceeding the value of
0.6, which is a very good indicator.
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FIGURE 3. Fragment of the computational mesh

Process of computations

The computations were performed on the UniHUB cluster of the ISP RAS using 12-36 cores. The time step was
set so that the Courant number did not exceed 0.25. The establishment process required computations in the course of
60 ms model time. The continuation of the computation to 100 ms did not reveal any changes in the spatial distribution
of variables.
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RESULTS OF COMPUTATIONS AND DISCUSSION

The value of pressure in the main chamber was 5.22 MPa as a result of computations. This value differs less than
0.1% of the measured pressure. The maximum computed temperature is slightly more than 3500 K that corresponds
to all earlier carried out computations.

The temperature distribution is shown on Fig. 4. The Mass concentration of OH is shown on Fig. 5. It can be seen
that the largest gradients are in the vicinity of the coaxial injector between the oxygen and fuel pre burners.
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The temperature field distribution is shown in Fig. 6. It can be seen that the region of high temperatures increases
with the displacement of nitrogen.
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FIGURE 6. The process of ignition. The temperature (K) for a) t=1 ms, b) t=10 ms, ¢) t=100 ms

Figure 7 shows the steady-state distribution of the absolute value of the velocity. The maximum speed is observed
in the narrow part of the fuel injector. A refined mesh is extremely necessary here, since the coarse mesh in this part
led to a strong smearing of the fuel velocity and, as a consequence, to a complete cessation of combustion.
Computations also show not only the presence of a recirculation zone at the top wall of the main chamber, but also
the presence of a small recirculation zone between injectors with fuel and an oxidizer, which is small in size but
significant for the formation of combustion.
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FIGURE 7. The distribution of the steady-state absolute value of the velocity

Figures 8 and 9 show the steady-state field concentrations of OH and H,O. Their values agree well with the same

distributions from [10-12].
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FIGURE 8. The steady-state distribution of the mass concentration of OH

FIGURE 9. The steady-state distribution of the mass concentration of H.O

CONCLUSION

In the present work, the Penn State test case with combustion chamber has been simulated with the use of the

URANS equations. The goal of the simulations has been the measured temperature in the staged hydrogen—oxygen
Combustor operating at 750 psia. The current numerical results agree well with the experimental data and the CFD
results of other groups [6, 10-12].

Thus, it is possible to draw a conclusion that the solver reactingCentralFoam can be used to simulation of

compressible reacting flows.

B W N —

REFERENCES

H. G. Weller, G. Tabor, H. Jasak, and C. Fureby, Computers in Physics 12(6), 620 -631 (1998).

H. Jasak, H. G. Welle, and N. Nordin, SAE paper n. 2004-01-0110.

C. Fureby, Phil. Trans. R. Soc. A 367, 2957 (2009).

M. Chapuis, C. Fureby, E. Fedina, N. Alin, and J. Tegnér, “Les modeling of combustion applications using
openFOAM,” in V European Conference on Computational Fluid Dynamics ECCOMAS CFD (2010), pp. 1-20.
M. Kraposhin, A. Bovtrikova, and S. Strijhak, Procedia Computer Science 66, 43-52 (2015).
doi: 10.1016/j.procs.2015.11.007

W. Marshall, S. Pal, and R. Santoro, AIAA Paper 2005-3572 (2005).

M. P. Burke, M. Chaos, Y. Ju, F. L. Dryer, and S. J. Klippenstein, Int. J. Chem. Kinet., 1-31 (2011).
doi: 10.1002/kin.20603

J. Waranatz, U. Maas, and R. W. Dibble, Combustion Physical and Chemical Fundamentals, Modelling and
Simulation, Experiments, Pollution Formation (Springer-Verlag, Berlin, Heidelberg, 2001).

030093-6


https://doi.org/10.1063/1.168744
https://doi.org/10.1098/rsta.2008.0271
https://doi.org/10.1016/j.procs.2015.11.007
https://doi.org/10.1002/kin.20603

9. T.Poinsot and D. Veynante, Theoretical and Numerical Combustion (Edwards, 2005), 538 p.

10. M. Invigorito, D. Cardillo and G. Ranuzzi, “Application of OpenFOAM for Rocket Design,” in 9th
OpenFOAM® Workshop, (Zagreb, Croatia, 2014), pp. 1-15.

11. L. Chenzhou and C. L. Merkle, AIAA Paper 2010-371 (2010).

12.  S. Thakur et al., AIAA Paper 2012-3744 (2012).

030093-7



