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Theoretical and experimental investigations of a gaseous fuel burning reverse vortex
combustor have been conducted. A generalized method based on numerical solution of the
conservation and transport equations for multi-component, chemically reactive turbulent
system was utilized. Selected models of turbulent transposition provide adequate
description of the working processes in similar combustion systems with strongly swirling
flows. Obtained results and recommendations can be used for the reverse vortex combustor
operation modes and geometry optimization, perspective combustors for propulsion and
power generation design and engineering.

I. Introduction

heoretical investigations of working processes in vortex combustors with highly turbulent flows of air, fuel, and

products of their reactions are not simple [1-4]. Due to intensive development and achieved progress in
numerical solutions of the fluid dynamics and chemical kinetics equations it is now possible to model the main
physical and chemical processes inside combustors that are difficult to study experimentally. That could
dramatically reduce expenses required for research and development of perspective combustors.

The development of a new generation of combustion chambers should be based on better understanding of the
physical and chemical processes of turbulent combustion in highly recalculating flows and ability of such
combustors modeling taking in account complicity of their 3D geometry and variety of operation modes.

A reverse vortex combustor (RVC), in which aerodynamics dramatically differs from conventional direct vortex
combustors has been developed on the basis of the Applied Plasma Technologies recent patent applications [5-7]
and preliminary tests have been conducted. Full-scale atmospheric pressure model tests proved the concept’s
advantages as follows: highly efficient internal mixing of fuel and oxidizer, stable combustion with dramatically
extended flammability limits, simple air swirler and fuel injectors, no cooling of the combustor walls, simple
combustor design, cheaper materials for combustor fabrication, opportunity to feed fuel through the liner walls,
simple conversion into the multi-fuel and multi-zone combustor.

Working processes in the novel reverse vortex combustor are similar to that in Ranque-Hilsh vortex tubes [8]
used for gas-dynamic cooling. Recent attempts to simulate these phenomena using CFD were claimed to be
successful [9], but careful investigation of the obtained results shows that the authors were able to simulate
significant decrease of thermodynamic temperature only, but not the stagnation temperature decrease that takes
place in a real device. We believe that success could be achieved on the basis of two-equation turbulence model
improvement which allows calculation of the Reynolds stress or velocity co-variations as far as turbulent flows by
employment of the differential transportation equations [10, 11]. Unfortunately, the effect of specific terms on the
numerical stability of calculation is not known. That’s why verification of these terms and more precise definition of
the models empirical constants by the mathematical means and physical tests on RVC are required.
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The objectives of current research are experimental and numerical definition of the RVC parameters and
comparison of the parameters prediction for different turbulence models.

Il.  Mathematical Modeling

For modeling of physical and chemical processes inside the RVC a generalized method based on numerical
solution of the combined conservation and transport equations for multi-component chemically reactive turbulent
system was employed. This method provides a procedure of the sequential numerical integration of the differential
equations which describe reacting viscous gas flows. A 3D model of stationary and non-stationary reacting flows [1-
4, 12] has been utilized which allows to predict plasma-chemical influence and optimize parameters of the
combustors taking into consideration mixing, turbulence, radiation and combustion features.

Modeling of physical and chemical processes in the reverse vortex combustor is based on solution of the well-
known system of the differential equations of mass, impulse and energy conservation for the multi-component,
turbulent, chemically reacting system [1-3] in the following way:

- the mass conservation equation
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- the momentum conservation equation
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- the continuity equation for species m
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- the internal energy equation
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- the turbulent kinetic energy transport equation
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- the dissipation rate of the turbulent kinetic energy transport equation
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The above mentioned equations are written down in the vectorial form for which operator
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and the fluid velocity vector

u=u(x,y,z,i+v(x,y,z,t) j+wx,y,z,bKk,
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where i, j, k are the unit vectors in the X, Y, z directions.

In these equations t is the time; p, the mass density of the mixture; p°, the source term due to the spray of

liquid; p, the fluid pressure; k, the turbulent kinetic energy; o, the viscous stress tensor; F¥, the rate of rise in
momentum; g, the specific body force; py, , the mass density of species m; D, the diffusion coefficient; Ry,,S,,

the source terms due to chemistry and dispersed phase; |, the specific internal energy; J, the heat flux vector;

Q°€Q°, the source terms due to chemical heat release and spray interactions; s, the coefficient of viscosity;

C. .C. .C. ,Pr Pr., constants; wSs , the source term due to interaction with the spray.
1 2 3

We have to note, that in circulating flows turbulence viscosity factor is anisotropic. That’s why application of a
standard k—e- turbulence model could be not efficient. For that cases an RNG k—g- model could be applied [13].
The RNG-based k—e- turbulence model is derived from the instantaneous Navier-Stokes equations, using a
mathematical technique called "renormalization group" (RNG) methods. For strongly recirculating flows, in devices
similar to cyclones, an appropriate Reynolds stress model should be selected [1, 11].

The Reynolds stress model (RSM) involves calculation of the individual Reynolds stresses u;u j using

differential transport equations. The individual Reynolds stresses are then used to obtain closure of the Reynolds-
averaged momentum equation. The exact form of the Reynolds stress transport equations may be derived by taking
moments of the exact momentum equation. This is a process wherein the exact momentum equations are multiplied
by a fluctuating property, the product then being Reynolds-averaged.

The source of chemical species m due to reaction Ry, is computed as the sum of the reaction sources over the k

reactions

Rm :szk*
k

where Ry, is the rate of creation (destruction) of species m during reaction k.
Combustion in gaseous phase is modeled as two-step chemical reactions:

CH;+ 1.5 0, - CO +2 H,0,
CO +0.5 0, ¢ CO..

Reaction rate is calculated considering both the Arrhenius, and Magnussen and Hjertager models:

Rmk =mGMmT’Bk AkH[Cj]Vlik exp(- Ey / RT), Rk = Ap%xim,
i Vimk

where vy is the stoichiometric coefficient; M, the molecular weight of species m; Sy, the temperature
exponent; Ay, the pre-exponential factor; C i the molar concentration of each species j; Vljk’ the concentration

exponent; E , the activation energy; R, the gas constant; A, empirical constant; X, , the mass fraction of chemical

species m.

The reaction rate is taken to be the smaller of two these expressions. This chemistry- turbulence approach is used
because there are regions within the reverse vortex combustor where the turbulent mixing rate is faster than the
chemical kinetics (low temperature regions in the vicinity of the fire tube walls, axial and radial inlets).

The boundary conditions in the axial and radial inlets, symmetry axes, walls and outlet from a RVC were set in
accordance with the conditions for carrying out physical experiments and recommendations for modeling the
turbulent burning processes. The method for the system solution, the finite difference scheme and the solution
stability analysis are explained in detail in [2-4, 12, 13].
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I11.  Test Design and Preliminary Calculations

A. Experimental Setup

A full-scale atmospheric pressure model of the reverse vortex combustor is shown in Fig. 1. It has an internal
diameter of 145 mm and length of 240 mm. Air comes into combustor through the swirler with tangential channels,
located in the area of exit nozzle, which diameter in experiments was varied from 39 to 130 mm. Gaseous fuel was
fed through two orifices at the bottom of the RVC,
which were located symmetrically to the combustor
axis on diameters respectively 62, 92 and 124 mm.
A special nozzle for gaseous fuel injection was
utilized for central fuel feeding. The flexible
combustor design provided fast and simple
replacement of the carbon steel shell on quartz
tubing for the process visualization. Air flow rate
through combustor was smoothly regulated from 0
to 20 g/s. Both air and fuel regulations provided
wide range of the combustor operation modes with
equivalence ratios from 0.05 to 0.95. Measurements
of the combustor walls and the exhaust gases
temperature were conducted by six type K
thermocouples, and special assembly of six
thermocouples located downstream the flow in the

nozzle’s cross section (Fig. 2).
No one of the combustor parts, including nozzle
had specially organized cooling. Fuel and air mixing
Figure 1. Reverse vortex combustor in operation. took place in the central part of the combustor due to
spatial and spiral flow after the air U-turn in the
bottom area. These flow lines could be clearly seen
in Fig.3. As appeared, the exit nozzle ID defines the combustion zone OD. The visible combustion zone external
diameter is close to the nozzle internal diameter. This requires appropriate location of the fuel injectors and their
parameters to provide effective mixing and efficient chemical reacting. Similar method of the propellants mixing
and burning process organization appears effective both from the point of view fuel combustion completeness, and
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Figure 2. The scheme of wall and exit temperature measurements in the RVC.

low walls temperature of all RVC elements. The experimental data of the combustion chamber walls temperature
obtained under varying of equivalence ratios are shown in Fig. 4. The first series (left figure) corresponds to fuel
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flow rate 0.147—0.43 g/s, and the second (right figure) — to flow rate 0.226—1.007 g/s. It is evident that the maximum
temperatures take place at the exit nozzle area and do not exceed 370 °C that testifies to effective cooling
organization of all the RVC parts.

B. Preliminary Theoretical Results

Achieved promising experimental data and their comparison
with the computation 3D-CFD modeling results even for the
simplest combustion design showed significant discrepancy for
the major selected flow models.

Fig. 5 presents preliminary calculation results of the flow
axial velocity profiles (the upper bound is 11 m/s, the maximum
negative value - 7 m/s) in the meridian cross section of the
RVC for the air flow rate 12 g/s employing different turbulence
models: a) k-¢ turbulence model; b) RNG k-g¢ model; c)
Reynolds Stress Model (RSM). Visible difference proves
significant dependence of the flow structure and vortex
formation parameters on the calculation model selection.

Conducted calculations showed significant influence of the
air circulation degree (air was fed through four tangential
channels) and its input velocity, RVC geometry, place of the
fuel feeding. Spatial distribution of the components
concentration and temperature changes dramatically depending

Figure 3. Visualization of the swirling on turbulence degree and the reagents mixing quality.

reacting flow in RVC. Turbulence, as a mechanism of the moles mixing, determines

contact between molecules of the gaseous fuel and oxidizer,

affects on the flame propagation velocity and heat transfer enhancement. More over, it defines chaotic mixing of the

gaseous moles which leads to appearance of continuous and irregular pulsations of velocity, temperature and the
reagents concentration in all flow point.
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Figure 4. Dependence of the wall temperature
on equivalence ratio.

Figure 5. Contours of cold flow axial velocity in 3D model of the reverse vortex combustor.
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Fig. 6 shows the temperature contours of the reverse vortex (RV) flow in the case of gaseous fuel diffusion
combustion (total combustion zone temperature is about 2200 K) with fuel feeding through two symmetric holes on
the ID = 62 mm for equivalence ratio 0.43 and simplest Eddy-Dissipation combustion model employing different
turbulence models: a) k-¢ (Fig. 6a) and RSM (Fig. 6b). The RSM model provides the closest to experimental data
results for the walls temperature and exhaust gases temperature fields. Nevertheless, the discrepancy between the
measured data and CFD analyses was more than 20 % for near stoichiometric combustion modes. The main reason
of so high level of error could be in significant spatial variation of the propellants characteristics inside the RVC. It
could be also related to difficulties in calculation of the non-linear velocities of chemical reactions and influence of
turbulence which is much stronger in RV flow. We have also to note that standard k-¢ turbulence model gives the
worst results in our case.

Figure 6. Temperature
contours in axial cross-
section of the reverse
vortex combustor.

a) b)

Kinetic energy of turbulence in case of RVC has the upper bounds in the areas of tangential air input, central fuel
feeding, near walls and in the combustor’s center, where the velocity component gradients are significant. Such a
kinetic energy distribution in the central vortex zone could be explained by the centrifugal effect influence and the
turbulent diffusion. The values of turbulent pulsations are mainly depending on initial level of the velocity
pulsations in the entry cross sections.

Temperature distribution is an evidence of a complex aerodynamic flow structure inside the RVC. Fig. 7 shows
comparison of the actual and predicted (dotted and firm lines) radial gas temperature contours at the combustors
outlet. Actual temperatures have been measured simultaneously by six thermocouples located on radiuses —17, -7, 2,
11, 19 and 26 mm (see Fig. 2). Fuel was fed into the combustor through two co-axial holes on radiuses of 46 mm.
Predicted data were obtained for the k-¢ and RNG k-¢ turbulence models and gaseous fuel diffusion combustion

2200 1600
« 2000 v 1400
g v
5 1800 S 1200
© g
o 1600 —@ 5 1000
o o
§ 1400 £ 800
= [

1200 600

20 -10 0 10 20 30 -20 -10 0 10 20 30
Radius, mm Radius, mm
a) b)

1400
X
g 1200 o Figure 7. Radial contours of
2 1000 | N ] temperature in the reverse
o $ s vortex combustor exit:
E 800 7 RNG k-g; ———k-¢;

600 0 - eXperlment.

-20 -10 0 10 20 30
Radius, mm
c)
6

American Institute of Aeronautics and Astronautics



assumption. Fig. 7a reflects the combustion chamber mode with equivalence ratio 0.67, Fig. 7b — 0.38, and Fig. 7c —
0.29.

Experiments clearly demonstrate a reverse flow zone in a near axis area of the outlet nozzle. This zone becomes
more visible while running RVC on the lean mixture operation modes. Radial temperature contours have significant
uniformity in those cases. Difference between maximum and minimum temperature values reaches 200 and more
degrees. This could be explained by exhaust gases dilution with an ambient air injection into the pre-axis zone.
Numerical simulation on the basis of standard k-¢ turbulence model provides relatively uniform outlet temperature
profile with maximum on the axis. That conflicts with the experiments. An improved RNG k-¢ turbulence model
gives more realistic results, however for near stoichiometric mixtures, qualitative discrepancy remains significant.

IV. Theoretical Investigations

C. Mathematical Model Selection

Preliminary calculations have shown significant dependence of the RVC working process parameters from
turbulence and burning model characteristics. Besides, presence of the backflow in the exit nozzle area, which was
confirmed experimentally and theoretically, does not allow accurate prediction of concentration, temperatures and
velocities distribution in the area of gas exhaust into atmosphere in case of using only inside chamber difference
mesh. The combustion products are considerably diluted with air, which is injected from atmosphere, and, therefore,
the flow structure inside the combustor additionally depends on characteristics of the flow and mixing processes
outside the exhaust nozzle. Therefore, a computational three-dimensional mesh was modified. In addition to the
primary mesh the new region was added after the combustor’s exit nozzle. That has allowed the processes
consideration, which accompany rotating flows in the combustor exit.

With the purpose of the most realistic turbulence model selection some calculations of the combustion
parameters in RVC were conducted for the follows conditions: equivalence ratio ¢ = 0.66, that corresponds to air
flow rate of 14.41 g/s and gaseous fuel flow rate of 0.695 g/s, for fuel feeding through two orifices on 92 mm
diameter (Fig. 8). Three models of turbulence were applied - standard k-¢ model, RNG k-g model, and RSM model.
In burning methane-air calculations a generalized finite rate model was used. This approach is based on solution of
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Figure 8. Contours of static temperature in the RVC axial cross-section.
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the transport equations for the species mass fractions with chemical reaction mechanism. The reaction rates, which
appear as the source terms in the species transport equations are computed from Arrhenius finite rate (FR)
expressions, or from the eddy-dissipation model (EDC) with detailed chemical kinetics incorporated in turbulent
flames. Notice, that models of this type are suitable for a wide range of applications, including premixed, partially
premixed, and non-premixed turbulent combustion. In the RVC case most frequently for comparative calculations
the eddy-dissipation model was used. Reaction rates were assumed to be controlled by the turbulence, so expensive
Arrhenius chemical kinetic calculations can be avoided. The model is computationally cheap and only two-step
heat-release mechanisms for methane combustion were required.

The contours of static temperature in RVC axial cross-section for three considered turbulence models using ED
combustion model with standard wall functions are indicated in Fig. 8. It is obvious, that standard k-¢ model does
not allow adequately describe a swirled air jet distribution in the cylindrical combustor wall region. It is washed
away very fast, and depth of its active penetration into the RCV near-wall layers does not exceed half of the liner’s
length. Significant wall temperatures at the combustor’s bottom area (1800-1900 K) contradict with experimental
data (see Fig. 4). Besides, the air backflows at the axial part of the exit nozzle do not exist at all. That does not
correspond to actual aerodynamic structure. The RNG k-g and RSM models give more realistic flow structure that
qualitatively conterminous to experiment. In both cases the swirling air stream reaches the combustor’s bottom and
participates in further forming of the central whirlwind with diameter compared to the exit nozzle diameter.
Temperature distribution in the nozzle exit is modified in correspondence with a mixing particularity at the
downstream calculation region (right parts of the figures).

The aerodynamic flow structure parameters calculated by three above mentioned turbulence models are very
different. Dependences of temperature and velocity magnitude from the RVC length in Fig. 9 illustrate this point. It
can be seen that the k-& model gives considerably higher axial temperatures and velocities of the working substance
in comparison with other models. The model does not also show continuation of the fuel burning within the
combustor limits for some operation modes that was observed while tests. Thus, the simplest model can be
eliminated from the consequent analysis.

a——— RSM — RNG k-e = RSM — RNG k-e
2000 N ~\ 2
MEZRENERE Ny
g 1500 A . El /
@ // \\ —~ 52
(] ©
g1000 1 N\ g /
) \ 2 10 i
F 500 \J S 0vu
r ] /rg
0 > 0 -
03 02 01 0 -01 -02 -03 -04 63 02 01 O -01 -02 -03 -04

z-coordinate, m z-coordinate, m

Figure 9. Dependences of temperature and velocity magnitude
from the combustor length.

Comparison of the calculated and measured radial temperature contours at the reverse vortex combustor exit
(Fig. 10) testifies adequacy of various combustion models. As a result, combination of the RSM turbulence model
and the eddy dissipation combustion model can be considered as the most acceptable. In RVC most gaseous fuels
are fast burning, and the overall rate of reaction is controlled by turbulent mixing. Employment of the more
complicated models, as eddy dissipation with finite rate model (ED+FR) and EDC with chemical kinetics does not
increase calculation accuracy, but requires more detailed development of the chemical equations scheme.
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D. Theoretical Results and comparison with visualization data

The combustion chamber operation mode has a dominant influence on the flow aerodynamic structure and the
gaseous fuel combustion process. Fig. 11 presents contours of the oxygen mass fraction in the RVC cross-section for
three equivalence ratios ¢ = 0.935, 0.495, and 0.349. In all cases the air flow rate was 17.8 g/s and fuel was fed
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Figure 10. Radial contours of temperature in the reverse vortex combustor exit.

through two orifices symmetrically located on a diameter of 62 mm on the combustor bottom. The RSM turbulence
model and the eddy dissipation methane-air, two step kinetic model were used for calculations. It could be seen that
in accordance to a fuel-air mixture dilution the fuel burning out is completed within the combustor volume limits.
Significant oxygen mass fractions in sections, which immediately follow exhaust nozzle, testify this fact. For
practically stoichiometric mixture (¢ = 0.935) fuel has no enough time to finish chemical reacting completely inside
the combustor, and burns down in atmosphere. For all calculated modes areas were observed along the combustor
walls (cylindrical part, bottom and exit nozzle) with high oxygen mass fractions. This fact explains effective walls
cooling, which was clearly observed in experiments.
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Figure 11. Contours of oxygen mass fraction in the RVC cross-section.
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Fig. 12 presents pictures of the flow structure in reverse vortex combustor for three modes (a, b, c) of its work
appropriate to Fig. 11 modes. Very good qualitative correlation of experimental and calculated data on form,
diameter and length of burning fuel front in the RVC for different equivalence ratio is evident.

Figure 12. Combustion processes visualization
in RVC.

It is interesting to monitor the fuel feeding location influence on the working process characteristics and flow
structure in RVC. Fig. 13 shows contours of static temperature in the RVC axial cross-section for three different
variants of fuel feeding: through two symmetric orifices located on diameters of 124 and 62 mm accordingly, and
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through the central nozzle. Calculations were performed by the RSM turbulence model and the eddy dissipation
methane-air two-step kinetics model for the air flow rate of 17.56 g/s and fuel flow rate of 0.366 g/s. The highest
stability of the burning process is peculiar for the central fuel injection. In experiments with fuel feeding through the
central nozzle the torch blow-out was observed in very lean mixtures zone with equivalence ratio ¢ = 0.053-0.059,
that testifies about not sufficient mixing processes quality. The calculations confirm this fact: the maximum gas
temperatures are observed downstream, closer to the combustor exit.

Dependences of temperature and velocity magnitude from the combustor length are shown in Fig. 14. Maximum
axial gas temperatures (near 2000 K) can be reached at the distance of 35-40 mm from the exit nozzle cross-section.
Further sharp decrease is caused by the fuel burning outside the combustor.
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Figure 14. Dependences of temperature and velocity magnitude
from the combustor length.

The most rational is the fuel injection through two orifices, symmetrically located on the diameter of 124 mm. In
this case effective mixing of the injected fuel with swirling air flow and active fuel burning out take place. The
flame front surface is also the biggest among tested versions.

V. Conclusion

Conducted experimental and theoretical investigations demonstrated the modeling opportunity for the complex
aerodynamic flows with chemical reactions in reverse vortex combustors, revealed weak sides of the existing
turbulence and combustion models for parameters prediction and determined the main directions for computation
models and the reverse vortex combustor improvements.
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