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This letter presents a numerical model for combustion stabilization with plasma actuators.

Recently, we demonstrated that serpentine actuators induce complex neighboring flow structures

due to pinching and spreading effects suitable for rapid flow mixing. Here, the influence of

serpentine plasma actuator is numerically investigated on inner and outer recirculation zones of a

gas turbine combustor. Beyond benchmarking with reported experimental data, we show that the

swirl generated by the serpentine plasma actuators creates local low velocity regions stabilizing the

flame. Such simple flow-mixing device does not need any moving parts, hence may be useful in the

any combustors. VC 2011 American Institute of Physics. [doi:10.1063/1.3615292]

The topic of plasma assisted combustion (PAC) has

been investigated in recent years.1 Leonov and Yarantsev2

reported that there are at least four possible mechanisms of

PAC such as momentum transfer in electric and magnetic

fields. Our recent publications3,4 numerically predicted and

experimentally demonstrated that the serpentine dielectric

barrier discharge (DBD) actuator instills inherent three-

dimensional flow instabilities that can influence beyond the

flow boundary layer. It not only induces rapid transitional

mixing but also extracts momentum from an upstream flow

injecting it into the bulk fluid. In the present study, we intro-

duce these electrically driven serpentine actuators4 to

improve flame stability by inducing recirculation regions for

a class of gas turbine combustors. We anticipate that these

actuators will advance the state-of-the-art for flow mixing.

Applications include bluff bodies and passive swirl genera-

tors for combustors.5–7

The effect of electric fields on flames has been shown to

improve flame stabilization of lean mixtures. Schmidt et al.8

showed millisecond pulsed plasma has an overall effect of

slowing gas-flow speed in the flame replicating a virtual

bluff body. Chintala et al.9 presented the results of RF dis-

charge experiments in premixed combustible mixtures and

demonstrated flame stabilization. Anikin et al.10 presented

that a pulsed nanosecond barrier discharge allows a twofold

increase of the blow-off velocity consuming less than 1%

from the burner power. In summary, it has been shown

through experiments that plasma can improve flame stabili-

zation and sufficiently increase combustion efficiency.

This letter focuses on the improvement of flame stabiliza-

tion through serpentine plasma actuators. Figure 1 shows

schematic of a gas turbine combustor from Weigand et al.11

that as been modified with serpentine plasma actuators on the

front and back walls. The actuators are installed at y¼642.5

mm and z¼ 10 mm. Here, the electrodes which are separated

by a dielectric do not contain any mechanical parts and can

be surface compliant. Appropriate designing of such plasma

actuators can help three-dimensional flow mixing.3,4 The

combustor setup shown in Figure 1 is for counter-flow elec-

trode arrangement which induces plasma force opposing the

flow direction. The geometry of the serpentine actuator is also

described in the inlay of Figure 1. The width of the electrodes

and the gap between electrodes were fixed at 2 mm. Details

of this serpentine actuator can be found in our previous publi-

cation.4 The thick purple arrows show the plasma force vec-

tors against the incoming fresh air. In contrast, for the case of

co-flow serpentine, the actuators have been rotated 180� to

actuate the incoming fresh air in the same axial (z) direction.

There are two air nozzles (central and annular)11 swirling air

in the same direction. The incoming co-swirling air (O2) is

supplied from a plenum through the annular (Di¼ 17 mm;

outer Do¼ 25 mm) and central (D¼ 15 mm) nozzles. The

non-swirling methane fuel (CH4) is injected through 72 chan-

nels (0.5� 0.5 mm2) into the combustion chamber between

two air nozzles. The combustion chamber had a square sec-

tion of 85� 85 mm2 and a height of 110 mm. The chamber is

connected by a top plate to the central exit at 40 mm. We

numerically test the system prescribed as “flame A” in Ref.

11 for stable combustion as our benchmark case to show the

effect of serpentine plasma actuators. We also explore how

FIG. 1. (Color) Schematic of the gas turbine combustor with serpentine

plasma actuators.a)Electronic mail: roy@ufl.edu.
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the serpentine distribution of plasma force may stabilize non-

premixed turbulent combustion.

To reduce the numerical complexity, we employ first-

principles calculation of the plasma body force distribution

from our recent study4 computed using our in-house parallel-

ized modular multiscale ionized gas (MIG) flow code. The

effect of plasma actuation is incorporated into the Navier-

Stokes flow equations through the time-averaged electric

force density, Fj ¼ 1
m ½R

m
i¼1eðN � nÞEj�, where j¼ x,y,z direc-

tion, e is the elementary charge, E is the electric field, N is

the ion number density and n is the electron number density,

and m¼ 40 is the number of time stations in a cycle used for

time-averaging. A commercial flow solver, FLUENT, is

used for combustion simulation where Fj force is incorpo-

rated as a source term in the momentum equations via user

defined functions (UDF). The numerical model of reacting

flows is governed by the averaged conservation equations5

for mass fraction, momentum, chemical species, and energy.

For unity Lewis number, a one-step global reaction mecha-

nism is used for methane/air combustion. The single irrevers-

ible reaction equation is described as CH4 þ 2O2 ! CO2 þ
2H2O. The eddy-dissipation model that provides a turbu-

lence-chemistry interaction is chosen for calculating the sin-

gle step heat release mechanism.

The computational domain is 85� 85� 110 mm3 for

the reacting flows. A three-dimensional hexahedral mesh of

110� 110� 125 cells is created for the combustion cham-

ber. The mesh quality is maintained within the maximum as-

pect ratio of 10 and the skewness less than 0.5. The cell size

close to the flame base is ranged from 0.8 to 0.1 mm, which

is sufficient to resolve the turbulence length scales. For the

benchmark case, we impose the experimental data11 corre-

sponding to Reynolds number of 58 000 at the inlet boundary

(z¼ 1.5 mm) and assume zero gauge pressure at the exit. All

other boundaries are assumed to be no-slip wall condition.

For the cases of plasma assisted combustion, we test three

cases which are (1) baseline with no plasma, (2) co-flow ser-

pentine plasma actuation, and (3) counter-flow serpentine

plasma actuation. The serpentine plasma force distribution

obtained from our prior publication4 is interpolated into Nav-

ier-Stokes solver as UDF of local body source terms. It has

been experimentally proved that the averaged power con-

sumption of the serpentine plasma actuator is �4.8 W.4 In

this letter, the employed plasma force density is on the order

of hundreds of kN/m3. Such plasma force may be obtained

by using hundreds of watts. While dielectric barrier dis-

charge actuators may not be sufficiently strong for this aug-

mentation, local high-frequency (100 kHz) nanosecond pulse

surface discharge may be a possible solution.12

For the benchmark case, Figure 2 shows the comparison

of experiment11 (left) and simulation (right) of time-aver-

aged velocity vector plots at the central plane (x¼ 0) of the

combustion chamber. Here, we can see very similar flow

characteristics of the inner recirculation zone (IRZ) at the

center and the outer recirculation zone (ORZ) near the wall

in both experiment and simulation. The velocity vectors col-

ored by black represent positive axial velocity, while the

negative axial velocities are displayed in red. For this type of

confined swirl flame, IRZ ensures the mixing of the fuel with

air, while ORZ mixes hot burned products into reactants near

the flame base. Both experiment and simulation have almost

the same jet angle of maximum mean velocity of �26� with

respect to the axial centerline. Also, the center of recircula-

tion regions are located at the same height of z¼ 22.5 mm

for both IRZ and ORZ.

Figure 3 shows the comparison of experiment11 (dots)

and simulation (solid lines) of time-averaged velocity com-

ponents from the center (y¼ 0) to the wall (y¼ 42.5 mm) at

z¼ 5. The numerical results of velocity components are in

good agreement with previously reported experimental

data.11 At z¼ 5 mm, the positive maximum peak of 37 m/s

and the negative minimum peak of �23 m/s in the axial ve-

locity denote the inflow of the fresh gas and the inner recir-

culation zone, respectively. The simulated highest time-

averaged axial velocity is close to the experimental data of

38 m/s. The radial velocity is negative for y > 20 mm repre-

senting the size of the ORZ. The maximum peak of the mean

radial velocity in the IRZ is almost twice the size of that in

the ORZ. For the tangential velocity, it seems rather flat

(�11.5 m/s) in the ORZ. In the IRZ, we can see two humps

reflecting the swirling air from annular and central nozzles.

FIG. 2. (Color) Comparison of experiment and simulation of time-averaged

velocity vectors colored by axial velocity; negative axial velocities are dis-

played in red.

FIG. 3. Radial profiles of time-averaged axial, radial, and tangential veloc-

ity distributions at z¼ 5 mm.
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Our simulated tangential velocity captures the trends of these

two humps well in the IRZ.

Figure 4 describes velocity vector and temperature con-

tour plots for co-flow (left) and counter-flow (right) serpen-

tine plasma actuation on the side walls (y¼642.5 mm;

z¼ 10 mm) of the combustion chamber. For the co-flow ser-

pentine plasma actuator, it pinches and spreads fresh air in

the vicinity of troughs and crests, respectively. Such plasma

actuation (or disturbance) enhances mixing of the surround-

ing fuel with air. In comparison to baseline (or benchmark)

case shown in Figure 2, the size of the IRZ (y¼630 mm;

z¼ 70 mm) of the co-flow serpentine case is much bigger

than baseline case. Furthermore, the bigger IRZ means the

wider low velocity region to stabilize the flame at the center.

Conversely, if the IRZ becomes too small, it may cause com-

bustion instability. For the counter-flow serpentine case, two

large ORZ are created near the walls to mix the cold incom-

ing fresh air with hot burned gas. Apparently, the size of the

ORZ (y¼620 to 642.5 mm; z¼ 50 mm) of counter-flow

serpentine is wider than the baseline and co-flow serpentine

cases. However, the large ORZ from the walls may squeeze

the size of the IRZ at the center. So the combustion may

become unstable due to less residence time to anchor the

flame at the base. Figure 5 plots radial profiles of velocity

and temperature components for the cases of baseline, co-

flow serpentine, and counter-flow serpentine at z¼ 15 mm.

At z¼ 15 mm, both co-flow serpentine and counter-flow ser-

pentine have considerable changes in the velocities. For the

co-flow serpentine, the axial velocity in the IRZ is much

lower than other cases indicating that more residence time is

available. Specially, the counter-flow serpentine produces

the strongest swirl (i.e., tangential velocity) in the IRZ, while

the co-flow serpentine leads to the largest swirl in the ORZ.

All three cases exhibit similar trends which start the high-

est temperature then decrease the lowest temperature and then

rise to 1600 K. The low temperature region (y¼ 5�25 mm)

reflects the incoming cold swirl air, while the high tempera-

ture region is mainly due to the enhancement of flow mixing.

For the co-flow serpentine, the wider IRZ is able to increase

the residence time in the low temperature region (i.e., cold

fresh air). In contrast, for the counter-flow serpentine, the

larger ORZ mixes hot products into reactants and then

increase the combustion temperature. However, the increasing

ORZ near the walls may squeeze the size of IRZ at the center.

In conclusion, numerical studies of three-dimensional

plasma assisted reacting flows are performed. Numerical

results for the benchmark case compared well with experi-

mental data. For the cases of co-flow and counter-flow ser-

pentine, our results demonstrate that serpentine actuators can

significantly influence the combustion process by creating a

large IRZ/ORZ enhancing the mixing of the surrounding fuel

with air. The co-flow serpentine actuator creates larger IRZ

than the baseline (no plasma) case predicting better flame

stabilization. Such low power flow-mixing devices may be

useful for the replacement of the air swirlers. This research

may benefit the design of plasma assisted gas turbine com-

bustor. Experiment is on the way to validate our numerical

results of plasma assisted combustion.
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FIG. 4. (Color) Velocity vector plots of co-flow serpentine (left) and coun-

ter-flow serpentine (right) plasma actuation.

FIG. 5. (Color) Radial profiles of time-averaged axial, radial, and tangential

velocity distributions for the baseline, co-flow serpentine and counter-flow

serpentine at locations of z¼ 15 mm.
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