4
;@ aerospace ﬁw\p\py

Article

Experimental Study of Suppressing the Thermoacoustic
Instabilities in a Rijke Tube Using Microsecond
Discharge Plasma

Jiangge Deng (9, Ting Li *>*, Jinkui Wang > and Chicheng Gao 1

School of Energy and Power Engineering, Beihang University, Beijing 100191, China

National Key Laboratory of Science and Technology Aero-Engine Aero-Thermodynamics, Beihang University,
Beijing 100191, China

*  Correspondence: 1li1329@buaa.edu.cn

Abstract: Thermoacoustic instabilities occur when heat release is coupled with pressure fluctua-
tion, which may cause performance degradation of the combustor and serious structural damage.
This study focued on an active control method using discharge plasma and showed experimentally
that discharge plasma can make a difference in controlling the thermoacoustic instabilities in a Rijke
tube. A vertically placed Rijke tube thermoacoustic system using induction heating tungsten mesh
as a heat source was built. The results show that the high repetition rate discharge can effectively
suppress the thermoacoustic oscillations in the Rijke tube and that they will not re-occur for some
time. Additionally, their effectiveness depended more on average power than energy per pulse.
Combining the collected pressure, schlieren data, and theoretical analysis, it can be suggested that
the plasma discharge could heat the inlet airflow, which could influence the heat exchange and then
could break thermo-acoustic coupling, and its high-frequency pressure perturbation might increase

check for the dissipation of the energy of sound.
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Thermoacoustic (THA) instability is a common phenomenon in all types of com-
doi.org/10.3390/ aerospace9120836

bustors of propulsion systems, such as liquid rocket engines [1], ramjet engines [2], and
Academic Editor: Dan Zhao areo-engine afterbuners [3], as well as in combustors of power generation systems, such
as boilers, industrial furnaces, and ground gas turbines. THA instabilities often are ac-
companied by a large amplitude of pressure, velocity, and temperature fluctuations cor-
responding to certain frequencies, which may result in system-performance degradation,
engine-component fatigue, flame blow-off, or other detrimental damages. Specifically, it
Publisher’s Note: MDPIstays neutral  has been discovered that the combustors based on lean premixed pre-vaporized (LPP)
with regard to jurisdictional claims in - combustion technology, which has been applied in ground-based gas turbines and aero
published maps and institutional affil-  engines to increase the combustion efficiency and reduce emissions, are susceptible to THA
iations. instability [4-6]. Therefore, for improving the combustion-equipment performances and

extending the stable operation boundary, it is vital to understand the mechanism and
further develop the active-control approaches.

In laboratory, the Rijke tube provides an elementary system for studying THA
instabilities [7,8]. It is an open-ended tube with a heat source that generally adopts an elec-
trical heating wire or a flame. THA instabilities will occur under certain conditions based
on Rayleigh’s criterion [8]. In general, the tube is designed with a high length—diameter
conditions of the Creative Commons _ Fatio s0 it can be simplified to be an acoustic 1-D model, which is more appropriate to
Attribution (CC BY) license (https://  €Stablish the THA instability model and undertake a theoritical analysis. The passive-
creativecommons.org/licenses /by / and active-control strategies for suppressing THA oscillations in a Rijke tube have been
40/). extensively studied over the past decades [7,9-11]. Various types of equipment, such as
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Helmholtz resonators, perforated liners, quarter-and half-wave tubes, and baffles were
widely applied, which were considered as the passive control, and its effectiveness has been
verified [10,12-14]. Due to the narrowband characteristics of the above equipment, these
passive-control strategies may be inappropriate to respond to the dynamic changes of work-
ing conditions and the multiple modes of instabilities in the combustor.
Therefore, active-control strategies and some tunable dampers [15,16] are more attrac-
tive. At the same time, more modern model-based active controls were developed, such
as proportional integral derivation and its dericed configurations [17,18], linear-quadratic-
Gaussian optimal control. In addition, secondary air or fuel injection [19,20] and pusle-fuel
injection [21] were used in the active control. One of the main challenges of the above
active control methods is the selection of a proper, robust, and durable actuator with a good
frequency response in aero-engine applications. A promising acutator can be realized by
the discharge plasma, which has been successfully integrated into a combustor [22].

Concerning the application of plasma in combustion, plasma-assisted ignition (PAI)
and combustion (PAC) are the hot topics of research [23-25]. Less focus was placed on their
positive role in mitigating combustion instabilities. Lacoste et al. [26] found that THA insta-
blities in a lean swirl-stablized flame could be mitigated by applying nanosecond repetitive
plasma (NRP). Resently, Siyin Zhou et al. [27] established a rocket-combustion model and
a plasma model, numerically capturing the self-excited oscillations and investigating the
influence of quasi-DC discharge plasma on the high-frequency THA instabilities. Guo [28]
experimentally investigated the influence of discharge plasma in the self-excited pulse
combustor. In the above two studies, it was discovered that the THA oscillations could
be reduced when discharge plasma was used. In our previous study, the model-based
closed-loop phase shift control strategy proved that the discharge plasma can be considered
as the actuator of the control signals [29], but the effectiveness of the control was not as
good as expected.

An experimental study of using the microsecond discharge plasma for suppressing
the THA oscillations in the Rijke tube was done with various working conditions in an
attempt to provide sufficient data to support further improvements for the control sys-
tem and equipment and to provide ideas for a practical new thermoacoustic instability
control method.

2. Theoretical Background

The stability behavior of a Rijke tube can often be analyzed from two
perspectives [30,31]: (1) by energy equation; (2) by acoustic field matrix.

2.1. Energy Analysis in the Rijke Tube

When thermoacoutic instabilities occurred, the thermal and acoustic fields were
strongly coupled. Acoustic energy is gained from the unsteady heat release, and it is
lost from the tube ends by radiation and the acoustic boundary layer on the tube wall.
Thermoacoustic energy converted from the heat to nth acoustic mode in one cycle of
oscillation can be calculated using this equation [9]:

(’)/ — 1)5 /L /T ’o
AE = d dt 1
n,added YPo 0 X 0 Pnd ( )

where S is the cross-sectional area of the Rijke tube, L is the length, and 7 is the cycle period.
g’ is the rate of unsteady heat addition per unit volume. p,, is the pressure fluctuation of
the nth eigenmode. By using the nth acoustic mode in Equation (1), and integrating it into
a control volume in a cycle of oscillations, the acoustic energy of nth mode during one cycle
can be found [30]:
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where c is the speed of sound; A is the amplitude; w, = nma/L is the nth eigenfrequency;
kn = wy/ais the wavenumber; Qy is the time-averaged heat addition rate; [, is the position
of heat source; m is the mass flow rate; and ¢, is the phase delay of the heat-transfer
function corresponding to the nth mode. The loss of acoustic energy during one cycle of
oscillation can be calculated with these equations [32]:

AE, ;= " polILA2
T 2V2 r/wn
1 wypoS*A2

AEn,md = E e

(Vv+ (r=1)vx) ®)

4)

Further considering a non-linearity, the non-linear energy addition is modeled by K.I.
Matveev [30]: .
¥ —17Qn(a)A, .
AE = kul 5
n,nonl v n Sm( n g) ( )
The saturated amplitude of the pressure flucutation of THA oscillation can be deter-
mined from the energy balance equation:

AEn,added + AEn,nonl = AEn,md + AEn,bl (6)

Equation (6) can be used as a criterion for stablity. The amplitude of p; of the nth
mode grows if the acoustic energy gain is more than loss, and it will decrease if the energy
gain is smaller than the loss.

2.2. Acoustic Field in the Rijke Tube

As shown in Figure 1, the entire Rijke tube is divided into two regions: region 1 from
the inlet to the heat source (x € (0,l;)) and region 2 from the heat source to the outlet
(x € (Ig, L)). The acoustic waves travel along the tube, and the fluctuations of pressure and
velocity in the tube can be expressed by the following equation:

P1,(x,t) _ Aeik(xflg)fiwt_|_Bfik(xflg)7i¢ut,.

Region1: { ! (x, 1) = L (Aek(slo) =it _ pik(x—lg)—iar) @)
. . pz/(x,f) — Cetk(x—lg)—iwt + Dfik(xflg)fiwt,.
Region 2. { le(x, t) _ é(ceik(xflg)fiwt _ Dfik(xflg)fiwt) 8

A, B, C, and D are the complex amplitudes of the acoustic travelling waves in the tube.
They are connected by the following boundary and initial conditions:

1.  The boundary conditions at open ends are described by the reflection coefficients Rg

and Rp, defined by
Ae Mz — RoBelkls atx =0
Detk(L=lg) — RLCe’ik(L’lx) atx =L ©)
2. At the position of heat source, the pressure is continuous, so p,l = plz atx =1g:
A+B=C+D (10)

3. At the position of heat source, there is a velocity jump that can be qualified by [33]:

C-D A-B
ﬁC - pC - (7_1)pc2 (11)
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And acorrding to the n — 7 model [34] for the unsteady heat release, the Q in
Equation (11) can be written:

cn

(v—1)

Then, the four Equations (9)-(11) can be written into a matrix:

(A — B)el“T (12)

A 0
B 0
D 0
with: , .
e—lklg _Roelklg 0 0
0 0 RLefik(Lflg) _eik(Lflg)
R = 14
() 1 1 -1 1 (14)
14+ ne T —(1+4 ne'wr) ~1 1
The eigenvalue () is the solution of det R(Q}) = 0:
Q=w+i (15)

w indicates the frequencies of eigenmodes, and J indicates the growth rate. There will be
instability if § > 0 and stable if 5 < 0.

— —
Microphone Vertical tube Microphone

Region 2

x=l; — Heat source i ] Heat source

Region 1 J ‘

x=0 ~
_
—

Plasma actuator

Figure 1. Schematic diagram of acoustic field in a Rijke tube.

Under the theoretical background concerning the Rijke tube’s stability, the strategies
that might be used in THA oscillation suppression in the Rijke tube could be (1) breaking the
thermoacoustic coupling, thus decreasing the acoustic energy; (2) increasing the dissipation
of acoustic energy; and (3) changing the acoustic boundary conditions.

3. Experiments Setup

The schematic drawing of the Rijke tube THA oscillation system and the control device
we built is shown in Figure 2. The Rijke tube was vertically placed, and a quadrate tube
with a size of 55 mm x 55 mm x 800 mm was used in experiments. The heat source used
was a tungsten mesh that was inductively heated by an electromagnetic (EM) heating
device. The maximum power of the EM heating device was 2 kW, which was enough to
stimulate the THA oscillations. The purpose of the study is to establish if the discharge
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can suppress THA oscillations in a Rijke tube; thus, one of the important parameter of the
Rijke tube THA oscillation system, the heat source locaition, is kept fixed near the location
x/L = 0.25, where the most favourable position for the excitation of THA oscillations is.

Rijke tube

Electromagnetic heating equipment

Tungsten mesh

Tungsten electrode

Pulse discharge equipment

Figure 2. The Rijke tube (THA oscillation system).

The microsecond discharge device was invented by the Institute of Electrical Engineer-
ing of the CAS (Chinese Academy of Sciences). The operating abilities of this discharge
device are as follows: 0~30 kV output voltage range; 0~500 W working power range;
0~5 kHz pulse repetition rate; 8 ps pulse width; and 0.5 ps rise time. More information
about the discharge device such as the working voltage, the current waveforms, and the
pressure perturbations will be introduced in the Section 4.

The data-acquisition equipment contained a microphone and high-speed schlieren.
The microphone used was the BSWA-MPA401 piezoelectric sensor with an acquisition
frequency up to 70 kHz. The mircophone was placed at loction x/L = 0.8 to record down-
stream pressure data. The high-speed schlieren was used to diagnose the thermal effects by
the discharge plasma. The optical components included a 100 mm diameter, a 1000 mm
focal length planoconvex lens, a 50.8 mm diameter, a 1000 mm focal length aplanatic lens,
and a 589 + 10 nm wavelength LED light source and cutoff blade. These components were
connected by a 30 mm cage system and a barrel. The high-speed CMOS camera with a
frame rate of 20,000 fps at a full resolution of 1024 x 1024 pixels was used and coupled
with a Nikon lense (150 mm) to record images.

Using the above Rijke tube configuration and data-acquisition approaches, the experi-
ments of applying mirco-second discharge plasma to suppress THA oscillations in a Rijke
tube were performed at room temperature and pressure.

4. Properties of Plasma Discharge

Plasma, which is the forth state of the matter, provides unprecedented opportunity for
combustion and flow control, owing to its unique capability in producing actice species,
adding local energy, and modifying the gas properties. In general, when the plasma flow
control and plasma-assisted combustion are talked about, their active species production,
energy addition, and velocity perturbation are mainly considered. In the Rijke tube, a
strong thermoacoustic coupling exists, so the acoustic effects of plasma may make a dif-
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ference. In determining the effects of the plasma, besides the measurement of electrical
characteristics, their velocity effects, and thermal effects, their pressure perturbation mea-
surement was also performed. Regarding the electrical characteristics of this discharge
device, the measurement results are shown in the following three figures. The current
waveform can almost stay the same at different discharge repetition rates, as seen in
Figure 3a, which proves that this discharge device can output a stable driving. Then, energy
per pulse and the average power were calculated and presented in Figure 3b. The energy
per pulse decreased, but the average power increased when the repetition frequency was
changed. Although the averaged power of the discharge is about the order of tens of
watts, which is much smaller compared to heating power (~kW), it is clear from Figure 4
that its instantaneous power was so high that its thermal effect on the inlet stream should
not be ienored.

— 500Hz
—— 1000Hz o0
—— 1500Hz

2000Hz

—e— Averaged Power [20

Current(A)
Power(W)
Energy Per Pulse(m/)

10 —e— Energy Per Pulse | .
-0 10 20 30 40 50 500 1000 1500 2000 2500 3000 3500 4000
Time(us) Frequency(Hz)
(@) (b)
Figure 3. (a) Current waveform; (b) average power and energy per pulse at different discharge
frequencies.
20 . . ; 40 - 100
—— \oltage
—— Current
—— Power 180
15| 130
160
10} 120
{40
£ B
= 2
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o &

10 20 30 40 50
Time({us)

Figure 4. Discharge waveform.

Yvonne Sutton [35] studied the plasma acoustic in her PHD work, and it was revealed
that the sound pressure level increases when the electrode spacing becomes larger. Here,
we searched for a suitable electrode spacing and kept it constant. In our experiment, elec-
trodes were set at the inlet of the Rijke tube so that the microphone needed to be placed
inside the tube during the measurement, and the acoustic perturbation of the discharge
propagating along the tube was obtained. The typical pressure perturbation waveforms
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at different discharge frequencies were measured, analyzed using fast Fourier transform,
and compared, and the results are shown in Figure 5. It can be seen that (1) the ampli-
tude of the pressure perturbation did not vary significantly with the discharge frequency;
(2) after the FFT analysis, the oscillations of higher harmonic frequencies were excited; and
(3) the amplitudes at a high frequency band of 4000 Hz discharge were much bigger than
others. Actually, we think that its acoustic characteristics have a strong relationship with the
plasma arc stability itself because the arc might go to an instable state, with the discharge
frequency increasing.

—— 3000Hz
—— 3500Hz
—— 4000Hz

o

w

IS

Amplitude(Pa)
w

N

Discharge Pressure Amplitude(Pa)

—— 3000Hz
s —— 3500Hz
—— 4000Hz

-

o

N

0 1 2 3 5 0 200 400 600 800 1000 1200
Time(s) Frequency(Hz)

(a) (b)
Figure 5. (a) Pressure perturbation waveform and (b) FFT results at different discharge frequencies.

Some frames (images after 500 pulses) of schlieren videos are presented in Figure 6,
which showed their thermal effects but did not provide any quantitative information. The
little velocity perturbation of discharge plasma was simply observed visually in a chambre
filled with somke, which could be ignored when compared with the flow velocity in Rijke
tube. These two effects need to be measured with more accurate means, but this is not
possible under our current experimental conditions.

(a) 1000 Hz (b) 2000 Hz (c) 3000 Hz (d) 4000 Hz

Figure 6. High-speed schlieren imaging of PDD at differet repetition rate.

5. Results and Analysis
5.1. Control Results

Experiments were performed to see if the plasma could affect the THA oscillations.
Some of the pressure data are shown in Figure 7, whose heating power used about 1.37 kW
(analogue display 550). When the EM heating device was starting up, strong thermoacoustic
oscillations were instantly generated in the Rijke tube. The saturated amplitude of pressure
fluctuation detected was about 120 Pa . Several seconds after opening the heating device,
the discharge plasma with different operating frequencies was applied. From (a), (b) in
Figure 7, discharge with low-repetition frequencies, in other words, discharge with low
average power, could not supress THA oscillations in the Rijke tube. Only the discharge
frequency (average power) was high enough; the THA oscillations could be mitigated
and would not re-occur in a certain period. The following could be inferred: (1) the
discharge plasma can suppress THA oscillations in a Rijke tube; (2) for a defined case
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of THA oscillation, discharge with sufficiently high frequency or high average power is
needed; and (3) the effectiveness of discharge depends more on its average power.

150 150
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£ -50 g —50
< <
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_150 -150
—-200
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Figure 7. Pressure data when discharge was applied at different repetition rates (heating power:
1.37 kW).

The results of all the experimental groups (variable heating power) are represented in
the Figure 8. The time it took to suppress THA oscillations at different discharge frequencies
was recorded as a judgment of effectiveness. The symbols on the grid nodes represent the
success or failure of this experiment, and the points outside the grid nodes represent the
actual time spent of the successful control. It is clearer: (1) only if the discharge were applied
with sufficient high-repetition frequency and enough operation time could it mitigate THA
oscillations in the Rijke tube; (2) with the heating power increased, the discharge frequency
needed to suppress THA oscillations became higher; and (3) the dicharge with higher
repetition frequency needed less time to suppress the oscillations, i.e., to be more effective.
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Figure 8. Experimental groups at different heating powers (every grid nodes represent an actual
work setting , e.g., (3000 Hz, 10 s) means that the discharge device worked at 3000 Hz repetition rate
for 10 s).

5.2. Acoustic Characterisctics in the Rijke Tube during Plasma Operating

In order to know what happend to the thermoacoustic oscillations when plasma were
applied, the pressure signals were analyzed further. FFT and power spectral density (PSD)
analysis were firstly used to see their spectrum characteristics. From the FFT result in
Figure 9 and the PSD result in Figure 10, it is clear that oscillations lost their defined
frequencies, but chaos oscillations were without particular frequencies instead. From the
result of short-time FFT analysis shown in Figure 11, the pressure field in the Rijke tube
showed a strong nonlinearity during the discharge. It is thought that the chaos, the non-
linearity, and the non-resonant oscillations introduced huge acoustic dissipation. Because
of the higher dissipation of the high-harmonic oscillations and the nonlinear oscillations,
the dissipation of sound energy was bigger than its gain, which decided that the amplitude
of oscillation would decrease.

After the above analysis, although the plasma discharge could increase the dissipa-
tion of the sound energy in THA oscillations, the oscillations could still be re-established
after the end of the plasma discharge if the THA coupling was not broken. However, the
re-occurrence of THA oscillations was not observed in the experiments. Regarding this
point, the average temperature at the upstream of the heat source was simply measured
by thermocouple. The average temperature had a increase during the discharge. Con-
sidering the properties of discharge plasma introduced in Section 4, it is believed that
their thermal effect is the reason. The plasma arc instantaneously heated the inlet gas,
which affected the heat transfer between the heat source and the mainstream and broke the
thermoacoustic coupling.
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Figure 11. STFT results of the pressure signal in Figure 7e (5000 Hz discharge at 1.44 kW
heating power).
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6. Discussion and Conclusions

In the present work, the Rijke tubes using the induction heating tungsten mesh
as a heat source with active control were built. The electrical, acoustic, and dynamical
characteristics of the discharge plasma actuators were experimentally measured at room
temperature and pressure. It was demonstrated in experiments that the discharge plasma
can suppress THA oscillations in a Rijke tube. In experiments, it is found that discharge
with higher repetition frequency (higher average power) is required for suppressing THA
oscillations with higher heating power. The FFT analysis of pressure fluctuation shows
that when plasma is operating, the amplitude of the higher harmonic frequencies increases
and the pressure shows non-linearity. The plasma suppression of THA oscillations may be
due to the following two factors: (1) transferring energy from major eigenmodes to higher
harmonic and other incoherent frequencies thann the acoustic loss increased; (2) abruptly
heating the inlet airflow influence the heat exchange and the thermo-acoustic coupling.

In this study using microsecond pulse discharge plasma to suppress THA oscillations,
we found that the thermal effects of plasma of both of their pressure perturbations make
a difference. As promising actuators for active control, the discharge plasma actuators
can be applied in high-temperature and high-pressure environments. Moreover, plasma
can assist burning in the combustor after ingenious design. In the future, the use of
different distributions of discharge electrodes, combining multiple plasma actuators, higher
repetition rate discharge devices (nanosecond repetitively pulsed), more theoretical work,
and experiments with more accurate diagnosis in real combustors, may be necessary.
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