SCIENTIFIC RESEARCH AND EDUCATION IN THE AIR FORCE-AFASES 2016

A NUMERICAL ANALYSIS OF COMBUSTION PROCESS IN AN
AXISYMMETRIC COMBUSTION CHAMBER

Alexandru DUMITRACHE*, Florin FRUNZULICA™

*Institute of Mathematical Statistics and Applied Mathematics, Bucharest, Romania
. (alexandru.dumitrache@ima.ro)
Politehnica University, Bucharest, Romania (ffrunzi@yahoo.com)

DOI: 10.19062/2247-3173.2016.18.1.59

Abstract: Combustion phenomenon is one of the most important problems involved in
different industries, such as gas turbines, combustion chamber, melting of metals, etc. In this
paper, combustion process of methane downstream of an axisymmetric sudden expansion in a
circular pipe with a constant wall temperature has been studied. The conservation equations of
mass, momentum, energy, and species as well as additional equations due to turbulence modeling
have been numerically solved. The standard k-& model and eddy dissipation combustion model
has been used to simulate the turbulence and combustion phenomenon, respectively. Properties of
gaseous mixture have been computed using the ideal gas equation of state. The governing
equations have been discretized using a finite volume approach and power law scheme and the
resulting set of algebraic equations has been solved simultaneously using the SIMPLER algorithm
on a non-uniform staggered grid system. The numerical results have been compared with the
other’s numerical results and experimental data.
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1. INTRODUCTION

The design of combustion chambers is of great importance. The geometry of these
chambers may change gradually or suddenly. When the fluid path is changed abruptly,
flow parameters, flow characteristics and the heat transfer rate are altered consequently.
On the other hand, turbulent flows through axisymmetric sudden expansions are
influenced by many parameters. Among these are inlet geometry, inlet flow Reynolds
number, expansion ratio, step height, inlet turbulence intensity and inlet boundary
condition. The interaction between turbulence and combustion is very important in the
design of combustion chamber. Combustion phenomenon and the important design
parameters are governed by this interaction.

Numerical simulation is becoming a powerful means in understanding combustion
process and designing or optimizing combustion systems. The mathematical modeling of
turbulent combustion has been outlined by Magnussen et al. [1]. They have developed the
eddy dissipation concept for modeling of combustion. Turbulent non-reacting flows have
been briefly studied by Ramous [2]. He, later, developed a mathematical model to study
turbulent, confined, swirling flows under reacting non-premixed condition [3]. It is
observed that the dimensions of the recirculation zone are larger for non-premixed
reacting flows than for incompressible conditions. This seems to be caused by the heat
released from the chemical reaction, which affects the density, centrifugal forces and
radial pressure gradient.
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Two fast-chemistry models, the eddy dissipation concept (EDC) and the conserved
scalar (CS) approach, have been analyzed [4]. In this work turbulence is simulated by
three types of k - & models. The equations are discretized using a hybrid scheme and the
SIMPLE algorithm is employed to solve the resulting algebraic equations.

Ohtsuka has performed the numerical study of reacting and non-reacting flows using
the Reynolds stress differential [5]. He has modeled mixing of air and helium and also the
combustion of propane.

In this work, combustion of methane in turbulent flow is studied. It is assumed that the
fuel and air enter the cylindrical chamber with abrupt expansion as confined coaxial jets.

2. GOVERNING EQUATIONS

The combustion chamber geometry under study is shown schematically in Fig. 1. This
geometry consists of two confined, coaxial jets; the inner jet contains pure fuel (methane)
and the outer jet contains air. It is assumed here that the methane and air react by means
of a one-step overall and irreversible chemical reaction rather than through a multitude of
elementary reaction steps. It is assumed that the flow is statistically stationary and
axisymmetric.
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FIG. 1. Schematic of flow geometry and solution domain

The hydrodynamic equations governing the statistical stationary, axisymmetric,
turbulent flow field in the geometry shown in Fig.1 can be written as:

-Continuity

2 (pu)+L(rpv) =0 1)

-Axial momentum component
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where,
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-Scalar equation
The scalar variables k (turbulent kinetic energy), & (turbulent dissipation rate), H
(specific total enthalpy), Y: (mass fraction of fuel) and Y, (mass fraction of species m)
satisfy the following equation (substitute generic variable ¢):
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where, the source term, S, for Yn and H is zero and for Y [1], k, ¢, are as follows:
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and the constants for the turbulence model [6] and combustion model [1] are:

C,=1.44, C, =1.92, C, =0.09,0, =1.0, 5, =13, oy =1.0, A=4.0, B=0.5, S = 4.0 (11)

Remark: A and B are model constants [1] which depend on both the structure of the flame
and the reaction between the fuel and oxygen; Y;, Y, and Ye, are the mass fraction of fuel,

oxygen and products; S is the stoichiometric mass ratio of oxygen to fuel.
-Chemical reaction equation:
The overall reaction can be written as:

CH4+2(0,+3.76N;, ) —» CO, + 2H,0+ 2x3.76N, (12)

The mean density of mixture is calculated from the ideal gas equation of state:
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Ng Y.
p= p/RTZM'_ (13)

i=1

where, R, Ns, and M; are the universal gas constant, the number of species and the
molecular mass of specie i, respectively.
The specific heat at constant pressure for the mixture is computed as:

Ns
Cpp = D_YiCp;, Cp; :Mi(ai +bT +¢T2 +d,T3 +eiT4) (14)
i=1 i

in which, Cp. is the specific heat of the specie i and a; ,b;i ,c; ,d; ,and e; are constants for

each specie that can be determined from tabulated data [7].
The temperature of gas, T, is obtained from:

T =(H-Y{Hg)/Cp, (15)
where, Hg is the enthalpy of combustion.

3. BOUNDARY CONDITIONS

To solve the governing equations, boundary conditions must be applied to the inlet,
outlet, solid walls and centerline of the solution domain.

A brief description of these boundary conditions is as follows.

Two flows were assumed to have zero radial velocities at the inlet and enter the
combustion chamber with uniform but different axial velocities and temperatures. The

inlet turbulence Kinetic energy and its dissipation are taken as k=1?u® and
£=C k" /0.03l, respectively, in which | is the inlet turbulence intensity and | is either

the radius of the fuel inlet flow, or annular height of the air inlet flow. The flow is
assumed to leave the combustion chamber with zero axial gradients of flow quantities. At
the solid walls, the no slip condition for normal velocity component was applied while the
wall function [6, 8] was employed to calculate the tangential velocity near the wall and
heat transfer rates. At the combustion chamber centerline, radial velocity component is
zero, and the radial gradients of other flow quantities are zero because of symmetry.

4. NUMERICAL PROCEDURE

The conservation equations for mass, axial and radial momentum, energy, species,
kinetic energy of turbulence and its dissipation rate, are discretized using the finite
volume method and the power law scheme [9]. For this purpose, the computational
domain is considered as a non-uniform staggered grid, which covers the whole solution
domain.

The grid has a higher node concentration at the annulus-mixing layer between the fuel
and the air stream, in the recirculation zone near the inlet and near the wall where steep
gradients of the flow variables are expected. The values of scalar variables are calculated
at the grid nodes, while the axial and radial velocity components are calculated at the grid
midpoints in order to have a conservative finite-difference algorithm.
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The resulting algebraic equations are coupled and are simultaneously solved by Tri-
Diagonal Matrices Algorithm (TDMA). The SIMPLER algorithm is used to introduce
pressure gradient in the momentum equations.

In order to prevent the divergence of non-linear equations, the suitable under
relaxation factors are used.

Because of intensive influence of temperature and pressure changes on density, the
density is assumed to be constant at the first 500 iterations to prevent divergence. Then
the resulting flow variables are taken as initial quantities to solve equations
simultaneously. Therefore the equations are solved iteratively until a prescribed
convergence criterion is achieved.

The criterion for convergence of numerical solution was that the total normalized
residual is less than 107, This convergence was achieved in about 1800 iterations.

5. RESULTS AND DISCUSSIONS

The geometrical and dynamical parameters of the combustion chamber and the flows
have been chosen as to be comparable with those in [10]. The length, L, of the
combustion chamber is 1.7 m, and the radius, R, is 0.06115 m. The inner radii of the fuel,
Ri, and air, R,, inlets are 0.0295 m and 0.0465 m, respectively. The fuel and air mass flow
rates are 7.2 gr/s and 137.0 gr/s, which yield an air/fuel velocity ratio of approximately
20:1. The temperatures of combustion chamber walls, Ty, fuel inlet, T;, and air inlet, T,,
are 500K, 300K and 600K, respectively.

To ensure the precision of computations, the numerical procedure has been thoroughly
checked.

First, the sensitivity analysis has been done. The proper choice of grid size has been
examined in [11]; solutions have been performed with different grid densities and grid
points to ensure a grid-independent solution. The axial velocity at the centerline of
combustion chamber (central velocity) for two different grid points (80x60, 200x120)
has been compared. It has been observed that the difference between them is less than
5%. Then, it was found that a grid consisting of 200x 120 points is sufficient in providing
a grid-independent solution.

Typical fluid flow and streamlines are shown in Fig. 2a, b. Two recirculation zones
are observed; one, appears at the centerline immediately downstream of the fuel inlet
which was produced due to high momentum flux ratio of the air and fuel flows and
resulting in flame stabilization, the other, appears near the outer wall because of the
sudden expansion. Figure 3 shows the results for a grid with 1700 x 140 nodes (1=7%)

using Fluent solver.
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FIG. 2. (a) Fluid flow near the inlet of combustion chamber; (b) Streamlines near the inlet of
combustion chamber
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FIG. 3. Results for a grid with 1700 x 140 nodes (1=7%) using Fluent solver: (a) Fluid flow;
(b)Streamlines and isothermal contours; (c) Isothermal contours — full chamber; (d) Mass participations of
components in combustion chamber (CHy4, O,, CO,, H,0, Hy)

Moreover the published experimental and numerical results [4, 10] have been used to
verify the correctness of the numerical procedure. In Fig. 4, the temperature profiles at
different sections of combustion chamber are compared with EDC model results [4] and
experimental results [10]. It is observed that the results of this study are in good
agreement with experimental data.
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FIG. 4. Temperature profiles at different sections of combustion chamber

Also it is observed that, increasing turbulence intensity decreases the dimensions of
recirculating zone. The central velocity at different conditions are compared with each

other in Fig. 5:
(1) using the existing model and 1= 7%,
(2) using the existing model and 1=17%,
(3) using the existing model without combustion (cold flow),
(4) using the EDC model
(5) using the FLUENT model EDC, and
(5) using experimental data.
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FIG. 5. Central velocity at different conditions (two different turbulence intensities)

It is observed that, the existing model is more effective in prediction of recirculation
zone than the EDC model. Also the axial velocity profiles for cold flow (without
combustion) and hot flow (with combustion) at different axial sections of combustion
chamber are compared with experimental data (Figure 6). It is observed that the flow is
expanded due to high temperature caused by combustion reaction. Numerical results are
in good agreement with experimental data especially at downstream of recirculation zone.
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FIG. 6. Velocity profiles at different sections of combustion chamber

CONCLUSIONS

The model can predict the velocity, pressure, temperature, fuel mass fraction, mixing
mass fraction and combustion products mass fraction distributions. Using these
distributions, one can estimate the critical values of the above properties. As an example,
using the pre-mentioned conditions, the maximum temperature of the combustion
products turns out to be approx. 2000K. Because of high temperatures caused by
combustion reaction, fluid flow is expanded. Increasing the turbulence intensity decreases
the dimensions of recirculation zone.

REFERENCES

[1] B. F. Magnussen and B. H. Hjertager, On mathematical modeling of turbulent combustion with special
emphasis on soot formation and combustion, Sixteenth Symposium (International) on Combustion, The
Combustion Institute, pp. 719-729, 1978;

[2] J. I. Ramos, Turbulent non-reacting swirling flows, Technical Notes, AIAA J, pp. 846-847, 1983;

[3] J. I. Ramos, Numerical solution of non-premixed reactive flows in a swirl combustor model, Eng.
Comput., vol. 1, pp. 173-182, 1984;

[4] J. Nisbet, L. Davidson and E. Olsson, Analysis of two fast-chemistry combustion models and turbulence
modeling in variable density flow, Computation Fluid Dynamics Conf., vol. 1, pp. 557-563, 1992;

[5] M. Ohtsuka, Numerical Analysis of swirling non-reacting and reacting flows by the Reynolds stress
differential methode, Int. J. Heat Mass Transfer, vol. 38, pp. 331-337, 1995;

[6] B. E. Launder and D.B. Spalding, The Numerical computation of turbulent flows, Comp. Meth. Appl.
Mech. Eng., vol. 3, pp. 269-289, 1974;

[7]1 Y. A. Cengel and M. A. Boles, Thermodynamics an engineering approach, Second Edition, McGrow-
Hill, New York, 1989.

[8] C. L. V. Jayatilleke, The Influence of Prandtl number and surface roughness on resistance of the laminar
sublayer to momentum and heat transfer, Progr. Heat Mass Transfer, vol. 1, pp. 193-329. 1969.

[9] S. V. Patankar, Numerical heat transfer and fluid flow, McGraw-Hill, Washington,1980.

[10] F. K. Owen, L. J. Spaddacini, and C. T. Bowman, Rept. EPA-600/2-76-247a, Washington, 1976.

[11] M. Mirmoosavi, Numerical investigation of combustion in cylindrical tube, M. Sc. Thesis, Dep of
Mechanical Eng., Shahid Bahonar University of Kerman, 1998.

440



	Alin-Andrei CIORUŢA, Bogdan CIORUŢA
	Keywords: Environmental Informatics, population dynamics, growth models
	1. INTRODUCTION
	FIG. 2. Mathematical models as a relation between real and mathematical world
	FIG. 3. The generalized logistic curve and its derivative models [11]
	concluSions
	REFERENCES
	Alin-Andrei CIORUŢA, Bogdan CIORUŢA
	Keywords: Environmental Informatics, population dynamics, growth models
	1. INTRODUCTION
	FIG. 2. Mathematical models as a relation between real and mathematical world
	FIG. 3. The generalized logistic curve and its derivative models [11]
	concluSions
	REFERENCES
	Alin-Andrei CIORUŢA, Bogdan CIORUŢA
	Keywords: Environmental Informatics, population dynamics, growth models
	1. INTRODUCTION
	FIG. 2. Mathematical models as a relation between real and mathematical world
	FIG. 3. The generalized logistic curve and its derivative models [11]
	concluSions
	REFERENCES
	REFERENCES
	[2] Fred Block: The Tenacity of the Free Market Ideology, Uhttps://www.youtube.com/watch?v=Qw4M8t1cuJoU, accessed March 1, 2016, 19:24
	[4] Gareth Dale, “Karl Polanyi: Diagnosing Liberal Extremism”, E-International Relations, 7 December 2015, Uhttp://www.e-ir.info/2015/12/07/karl-polanyi-diagnosing-liberal-extremism/U, accessed March 6, 2016, 17:52
	[9] Nuno Miguel Cardoso Machado, Karl Polanyi and the New Economic Sociology: Notes on the Concept of (Dis)embeddedness, Translated by João Paulo Moreira, CCSS Annual Review, Issue No.3, 2011, Uhttps://rccsar.revues.org/309U, accessed March 1, 2016, 2...
	[40] Onur Ozlu, Iraqi Economic ”Reconstruction and Development, Center for Strategic and International Studies”, Washington, (2006): 13-16
	[48] Immanuel Wallerstein, The Development of an Intellectual Position, 2000?, Uhttp://iwallerstein.com/intellectual-itinerary/U, accessed March 6, 2016, 17:39

	[53]Introduction speech of the NWO, George H W Bush from 9 11 90 (speech), Uhttps://www.youtube.com/watch?v=lzzVHXSJl9sU, accesses March 5, 2016, 12:32
	[55] Introduction speech of the NWO, George H W Bush from 9 11 90 (speech), Uhttps://www.youtube.com/watch?v=lzzVHXSJl9sU, accesses March 5, 2016, 12:32

