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A Reverse Vortex Combustor, in which aerodynamics dramatically differ from the
conventional direct vortex combustor has been developed and preliminary testing has been
done. A laser Doppler velocimetry system was used to measure the mean axial and swirl
velocity components and their respective fluctuations in the "Tornado" combustor under
cold, non-reacting, isothermal conditions. For modeling of the aerodynamical processes
inside the combustor a generalized method was used based on numerical solution of the
combined conservation and transport equations for turbulent system. Comparison between
experimental data and computed predictions using different turbulence models has been
completed.

I. Introduction
NVIRONMENTAL and efficiency challenges and obstacles in using gaseous and liquid fuels, require
modification of combustion processes, novel combustor designs, and the employment of low-emissions,

effective flame stabilization devices. A new method of flame stabilization inside the reverse vortex flow provides
the basis to build a prototype of the very effective combustion chamber named the "Tornado" combustor. Such a
device, the aerodynamics of which dramatically differs from the conventional direct vortex combustor has been
developed and preliminary tests have been completed, based on Applied Plasma Technologies (APT) recent patent
applications1-3. Full-scale atmospheric pressure model tests proved the concept’s advantages as follows4: highly
efficient internal mixing of fuel and oxidizer, stable combustion with dramatically extended flammability limits,
simple air swirler and fuel injectors, no necessity to cool the combustor walls, simple combustor design, cheaper
materials for combustor fabrication, opportunity to feed fuel through the liner walls, and simple conversion into the
multi-fuel and multi-zone combustor.

The main idea of the reverse-vortex stabilization is to establish a flame (or plasma jet) along the axis of a
cylindrical combustion chamber in the opposite direction of the incoming air which is strongly swirling and flowing
along the chamber walls. In this case, the cold gas cannot move to the inner, reverse flow zone before it loses the
main part of its rotational speed. Hence, initially the cold gas flows along the wall to the closed end of the
cylindrical vessel, and turbulent micro-volumes of this cold gas, which lost their kinetic energy near the wall,
migrate radially towards the centre. As a result, the cold gas comes into the hot zone from all sides, except the outlet
side, and no significant recirculation zone is formed.
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Scaling efforts to evaluate advantages of this concept resulted in a Reverse Vortex Combustor (RVC)4. A
complete atmospheric pressure combustor system, ID = 145 mm, internal volume of 4 liters (about one gallon) has
been designed, manufactured and preliminary tests have been completed on natural gas with air flow up to 20 gram
per second. It demonstrated extremely wide range of operation parameters with lean flameouts by 0.03, maximum
wall temperature of about 240°C at the exhaust gases temperature point of about 1400°C.

While prototype combustion tests provided encouragement for this concept additional work is necessary to
understand and optimize the combustion conditions. This has led to detailed study of a flow structure with the help
of the laser Doppler technique. The Laser Doppler velocimetry (LDV) system is a widely accepted tool for fluid
dynamic investigations in gases and liquids. It is a non-intrusive principle and directional sensitivity makes it very
suitable for applications with reversing flow, chemically reacting or high-temperature media, where physical sensors
are difficult or impossible to use. In this work, single-component laser Doppler velocimetry system was used to
measure the mean axial and swirl velocity components and their respective fluctuations in the "Tornado" combustor.
Due to the non-availability of a two-component LDV system, the axial and swirl velocity components could not be
measured simultaneously. As a result, these were measured sequentially in different experimental runs under
nominally identical conditions.

II. Mathematical Model
For modeling of physical processes inside the Tornado cold combustor a generalized method has been used,

based on numerical solution of the combined conservation and transport equations for turbulent system5-9. This
method provides a procedure of the sequential numerical integration of the 3D-differential equations that describe
viscous gas flows.

The equation for conservation of mass, or continuity equation, can be written as follows:

mSv
t

=⋅∇+
∂
∂

)( rρρ
.

This equation is the general form of the mass conservation equation and is valid for incompressible as well as
compressible flows. The sourcemS is the mass added to the continuous phase from the dispersed second phase and
any user-defined sources.

Conservation of momentum in an inertial reference frame is described by5:
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where p is the static pressure,stτ is the stress tensor,grρ and F
r

are the gravitational body force and external body

forces, respectively.F
r

contains other model-dependent source terms such as user-defined sources.
The stress tensorstτ is given by

Ivvv T
st

rrr ⋅∇−∇+∇=
3
2

)[(µτ ,

where µ is the molecular viscosity,I is the unit tensor, and the second term on the right hand side is the effect of

volume dilation.
Additional transport equations are also solved when the flow is turbulent.
For cold aerodynamic prediction the RNG-basedk-ε -turbulence model was used. This model is derived from the

instantaneous Navier-Stokes equations, using a mathematical technique called "renormalization group'' (RNG)
methods10. The analytical derivation results in a model with constants different from those in the standardk-ε -
model, and additional terms and functions in the transport equations for turbulence kinetic energyk and its
dissipation rateε.

Transport equations for the RNGk-ε-model have a similar form to the standardk-ε-model:
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In these equations, kG represents the generation of turbulence kinetic energy due to the mean velocity gradients,

bG is the generation of turbulence kinetic energy due to buoyancy,MY represents the contribution of the fluctuating

dilatation in compressible turbulence to the overall dissipation rate. The quantitieskα and εα are the inverse

effective Prandtl numbers fork andε, respectively, and kS and εS are user-defined source terms.

The main difference between the RNG and standardk-ε -models lies in the additional term in theε equation
given by
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where εη /Sk= , 38.40 =η , 012.0=β .

The scale elimination procedure in the RNG theory results in a differential equation for turbulent viscosity:
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where

,/ µµν eff= .100≈νC

This equation is integrated to obtain an accurate description of how the effective turbulent transport varies with
the effective Reynolds number (or eddy scale), allowing the model to better handle low-Reynolds-number and near-
wall flows.

Turbulence, in general, is affected by rotation or swirl in the mean flow. The RNG model provides an option to
account for the effects of swirl or rotation by modifying the turbulent viscosity appropriately. The modification takes
the following functional form:

),,(0 ε
αµµ k

f stt Ω= ,

where 0tµ is the value of turbulent viscosity calculated without the swirl modification.Ω is a characteristic swirl

number, and sα is a swirl constant that assumes different values depending on whether the flow is swirl-dominated
or only mildly swirling.

In comparison with the standardk-ε -model, the smaller destruction ofε augments, reducingk and, eventually,
the effective viscosity. As a result, in rapidly strained flows, the RNG model yields a lower turbulent viscosity than
the standardk-ε -model. Thus, the RNG model is more responsive to the effects of rapid strain and streamline
curvature than the standardk-ε -model, which explains the superior performance of the RNG model for certain
classes of flows.

Turbulent flows in “Tornado” combustor are characterized by eddies with a wide range of length and time
scales. The largest eddies are typically comparable in size to the characteristic length of the mean flow. The smallest
scales are responsible for the dissipation of turbulence kinetic energy. Therefore in some cases for definition of
instantaneous velocities inside “Tornado” and its comparison with LDV data the large eddy simulation (LES) model
has been used.



American Institute of Aeronautics and Astronautics
4

It is assumed that momentum, mass, energy, and other passive scalars are transported mostly by large eddies.
Large eddies are more problem-dependent; small eddies are less dependent on the geometry, tend to be more
isotropic, and are consequently more universal.

A filtered variable (denoted by an overbar) is defined by

∫ ′′′=
D
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where D is the fluid domain, andG is the filter function that determines the scale of the resolved eddies.
Filtering the Navier-Stokes equations for LES modeling can be written in the following form
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where ijσ is the stress tensor due to molecular viscosity defined by
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and ijτ is the subgrid-scale stress defined by

jijiij uuuu ρρτ −= .

The subgrid-scale stresses resulting from the filtering operation are unknown, and require modeling. The
subgrid-scale turbulence models employ the Boussinesq hypothesis11 as in the RANS models, computing subgrid-
scale turbulent stresses from

ijtijkkij Sµδττ 2
3
1 −=− ,

where tµ is the subgrid-scale turbulent viscosity, andijS is the rate-of-strain tensor for the resolved scale defined
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For tµ determination the dynamic Smagorinsky-Lilly12-14 model was used. In this model, the eddy-viscosity is
modeled by

SLSt
2ρµ = ,

where SL is the mixing length for subgrid scales, and ijij SSS 2= .

SL is computed using

),Kmin( 3/1VCdL SS =
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where K is the von Karman constant,d is the distance to the closest wall,SC is the Smagorinsky constant, andV

is the volume of the computational cell.
In the dynamic Smagorinsky-Lilly15 model constant, SC , is dynamically computed based on the information

provided by the resolved scales of motion. TheSC obtained using the dynamic Smagorinsky-Lilly model varies in

time and space over a fairly wide range.
The boundary conditions in the axial and tangential 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 processes. The method for the system solution, the finite difference scheme and the solution stability
analysis are explained in references9-15.

III. Experimental Setup for the LDV Measurements
A full-scale atmospheric pressure model of the "Tornado" combustor has length of 240 mm. Air comes into

combustor through the swirler with tangential channels, located in the area of the exit port, the diameter of which
was varied from 62 to 102 mm in the
experiments. The flexible combustor design
provided fast and simple replacement of the
carbon steel shell with quartz tubing for the LDV
process visualization.

Since the laser Doppler technique uses the
scattered light from particles in the flow to
measure the flow velocities, particles need to be
injected into the flow. A commercial “fluidized
bed particle generator” was used for this purpose
to inject titanium dioxide particles in the air
stream of the “Tornado” combustor. The LDV
system consists of the following components:
Laser, Detector, and Optics Module (designated
in the text by “LDV probe”), and Digital Burst
Processor (Fig. 1-2).

The laser has a wavelength of 685 nm and a
power of 50 mW (25 mW for each of the two
beams). The Burst Processor contains the
electronics to process the signals from the LDV
probe. It is controlled from a desktop personal
computer (PC) via commercial LDV software,
and the processed data is transferred to the PC. A
350-mm focal length lens is connected to the front
end of the LDV probe. It outputs two laser beams
that are 50 mm apart at the exit of the lens. To
enable the measurement of the direction of the
velocity component, the frequency of one of the
beams is shifted by 40 MHz by the Bragg cell in
its path. The measurement volume (the location at
which the instantaneous velocity is measured)
formed by the region of intersection of the two
laser beams is an elongated ellipsoid 3.8-mm in
length with minor axes of 0.3 mm and 0.1 mm.

For all the measurements performed, the 3.8-
mm long major axis was always aligned parallel
to the radial direction (Fig. 3). The velocity data
from a given location consists of a series of
instantaneous values:u1, u2, …, un, which are
recorded at discrete timest1, t2, …, tn. These data
can then be used to calculate such items as the

Figure 1. Experimental setup showing the plasma chamber,
the LDV probe, the particle generator, and the traversing
mechanism.

Figure 2. A close-up of the plasma chamber with the laser
beam on.
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time-averaged mean velocity, the root mean square velocity fluctuation, and the probability density function of the
velocity component.

During low-flow LDV measurements (Fig. 3) air from the blower was injected at the normal “air inlet port”.
Particles were injected from the “fuel inlet port”. The air flow rate through the particle injection port is 17 standard
liters per minute for all cases. The static pressure at the air inlet port due to the blower was 4 inches of water, that
corresponds to an inlet air flow rate of 2.15 g/s. Even at very low flow rates, a vortex flow inside the quartz chamber
has been observed. . In this geometry a flow rate of less than 1 cfm seems to be enough to establish a vortex flow.

During high-flow LDV measurements (Fig. 4) air from the blower was injected at the normal “air inlet port”.
Particles were injected from the “fuel inlet port # 3”. This port is along the centerline. The air flow rate through the
particle injection port is 16 standard liters per minute for all cases. The static pressure at the air inlet port due to the
blower was 2 psig, that corresponds to an inlet air flow rate of 8.1 g/s.

IV. Comparison Between Experimental and Calculated Data
The flow structure features inside the Tornado Combustor for cold flow under both low and high flow using the

LDV system have been studied. The distributions of the mean axial and swirl velocity components and their
fluctuations at three combustor cross-sections (X = 5, 50 and 110 mm from the beginning of optical section as
indicated in Figures 3 and 4) have been obtained. According to the experimental data, the velocity component
distribution on the chamber radius is non-uniform. For input to the CFD computations the calculations of the inlet
ring channel with four tangential air orifices have been previously conducted and the resulting air flow rate
distribution through individual orifices was determined.

A. Flow Structure Investigation at Low Air Flow Conditions
Experimental measurements of mean velocities and RMS of velocity fluctuations are averages over a time period

of 300 seconds. Thus they represent the influences over eddies sizes ranging from small scales to large scales.
In most cases for aerodynamics “Tornado” prediction RNG k-ε-turbulence steady state model with swirl

dominated flow, segregated solver for steady formulation, SIMPLE method for pressure-velocity coupling, and
second order upwind discretization scheme for density, momentum, turbulence kinetic energy, turbulence
dissipation rate and energy were used.

Contours of the CFD-predicted mean axial velocity, turbulence kinetic energy, and velocity vectors near the
combustor exit region are shown in Fig. 5. It is obvious that the presence of a vortex system inside the “Tornado”
combustor causes the recirculating flow at the nozzle exit region. The velocity contours at the chamber exit are
extremely non uniform thereby causing large shears in air flow.

Experimental and calculated mean axial and swirl velocities distribution at theX distance of 25, 50 and 115 mm
are shown in Fig. 6-7. Using both the steady RNGk-ε-model and transient LES calculations gives good quantitative
conformity with experimental data. Note, that for Large Eddy Simulation we used: Smagorinsky-Lilly dynamic

X

X = 0

Air Injection
Particle Injection

R
Horizontal Measurement Plane

Figure 3. Definition sketch for coordinate system
at air flow rate 2.15 g/s.

X

X = 0

Air Injection
Particle Injection

R
Horizontal Measurement Plane

EXHAUST

PORT # 3

Direction of Positive Axial Velocity, U

Direction of Positive Swirl Velocity,
W

View from PORT # 3 towards EXHAUST

CLOSED

Figure 4. Definition sketch for coordinate system
at air flow rate 8.1 g/s.
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model, discretization: density – second order upwind, momentum – bounded central differencing, energy – second
order upwind, and pressure-velocity coupling – SIMPLEC.
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c)
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Figure 6. Experimental and calculated
mean axial velocities distribution.

Figure 5. Contours of mean axial
velocities (a), m/s, turbulence kinetic
energy (b), m2/s2, and velocity vectors
(c) at combustor exit region, m/s.
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mean swirl velocities distribution.

Figure 8. Experimental and calculated
turbulence kinetic energy distribution.
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The experimental profile of mean swirl velocity for the low flow rate case has a large region with zero mean
swirl velocity, indicating that the vortex is oscillating radially. It causes instability in the vortex position inside the
combustor, and large difficulties for mathematical modeling of turbulent fluctuation parameters.

The experimental turbulence kinetic energy can be calculated as

)(
2

1 222 wvuk ′+′+′= ,

therefore there is the possibility to compare thek from CFD steady RNGk-ε-model predictions to measuredk.
Since during the experiments thev′ fluctuations were not measured, and since the measurements have shown

that the magnitudes ofu′ and w′ are of the same order, we assumed that 2/)( wuv ′+′=′ , and then calculated the
experimentalk.

Since the vortex centerline is oscillating radially at the low flow rate of 2.15 g/s (as inferred from the LDV
experimental data on Fig. 7), this will contribute to larger velocity fluctuations (u′ , and w′ ) as compared to the case
in which the vortex axis is stable. Since for the CFD case the vortex centerline is fixed at radiusr = 0, one would
expect the measuredk to be higher than the steady statek predicted by CFD. This fact agrees with data in Fig. 8,
where comparison between experimental and calculated turbulence kinetic energy profiles is illustrated.

It is interesting to examine the velocity fluctuation variations inside the “Tornado” combustor. In Figs. 9-10,
comparisons between experimental and calculated RMS fluctuations in axial and swirl velocities are presented.

LES provides the approach in which large eddies are explicitly computed in a time-dependent simulation using
the "filtered" Navier-Stokes equations. Therefore only larger eddies need be resolved. Statistics of the time-varying
flow fields such as time-averages and RMS values of the velocity components can be collected during the transient
simulation. Note, that the use of dynamic Smagorinsky-Lilly model assumes local equilibrium of sub-grid scales,
scale similarity between the smallest resolved scales and the sub-grid scales.
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Figure 9. Experimental and
calculated RMS axial velocities
for the low flow case.
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If r is the combustor chamber radius (r = 72.5 mm),Wmax is the peak mean swirl velocity slightly away from the
wall, andt is the time a fluid particle will take for one revolution, then max2 tWr ≈π . For air flow rate of 2.15 g/s,
Wmax is around 4 m/s and. This gives approximatelyt = 0.11 seconds. Therefore CFD LES simulation time of 0.3
seconds corresponds to about 3 revolutions of the vortex, and 0.1 second corresponds to less than 1 revolution of the
air vortex. This explains why the results for the RMS axial and swirl velocity fluctuations for 0.3 seconds-
calculation period are so much better than that for the calculation period of 0.1seconds. Since the vortex is moving
radially, in order to get reasonable values of RMS velocity fluctuations, it is necessary that the total simulation time
be equal to at least several rotational cycles.

B. Flow Structure Investigation at High Air Flow Conditions
For steady and transient aerodynamics “Tornado” combustor prediction at the high air flow conditions (8.1 g/s)

the RNG k-ε-turbulence model with swirl dominated flow, and Large Eddy Simulation with Smagorinsky-Lilly
dynamic model were used.

Note that due to the lack of data close to the combustor walls, there are very few (or no) measurements in the
regions where one expects large positive velocities.

Experimental and calculated (using steady RNGk-ε-model) mean axial and swirl velocities on aX distance of 50
and 115 mm are presented in Fig. 11-12. CFD calculations give more extensive inverse flow at paraxial exit nozzle
area in comparison with experiment.

As shown by the swirl velocity component distributions in Fig. 12, note that for the high flow rate case, the
central air vortex is better defined.

Experimental and calculated RMS axial velocities are shown in Fig. 13. The measured and predicted values are
of the same order of magnitude. This is a measure of the qualitative reliability of the mathematical turbulence
model for the Tornado Combustor.

Figure 10. Experimental and
calculated RMS swirl velocities
for the low flow case.
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Figure 11. Experimental and calculated mean axial velocities for the high flow case.

Figure 12. Experimental and calculated mean swirl velocities for the high flow case.

Figure 13. Experimental and calculated RMS axial velocity fluctuations.
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C. Probability Density Function (PDF) of the Instantaneous Axial and Swirl Velocity Components
In Figs. 14-15 experimental probability density functions of the instantaneous axial and swirl velocities are

presented. Note that dUUP )( is the probability that the instantaneous axial velocity component lies betweenU and

)( dUU + , and dWWP )( is the probability that the instantaneous swirl velocity component lies betweenW and

)( dWW + . These figures show very different character of axial and swirl velocities fluctuations near the centerline

at low and high air flow conditions. At low flow conditions the PDFs are trimodal indicating that the vortex
centerline is fluctuating radially.
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V. Conclusion
We have conducted experimental and theoretical investigations demonstrating the modeling opportunity for the

complex aerodynamic flows without chemical reactions in the “Tornado” reverse vortex combustor. This exercise
has revealed the weak sides of the existing turbulence models and has also shown the main directions for improving
the mathematical model. If further funding for this work becomes available, we plan to extend the experimental and
CFD simulations to the case of a Tornado Combustor with combustion (reacting non-isothermal flow).

Figure 14. Probability density function of the instantaneous axial velocity component
near the centerline at X = 115 mm for the low and high flow rate cases.

Figure 15. Probability density function of the instantaneous swirl velocity component
near the centerline at X = 115 mm for the low and high flow rate cases.
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