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Abstract 1 

Resonant pulse combustors, one of the deflagration-based pressure gain combustion devices, can 2 

significantly increase thermal efficiency in gas turbine engines. This experimental study investigates 3 

the stability characteristics of a newly designed actively valved resonant pulse combustor, capable of 4 

sustained operation and meaningful stagnation pressure gain. The resonant pulse combustor was fired 5 

with liquid gasoline fuel while ion and pressure sensors captured the temporally-resolved heat release 6 

and chamber pressure. First, experimental results were used to demonstrate the general operating 7 

principle of the combustor. Then, the stability characteristics of the device were investigated through 8 

frequency domain analysis of the ion probe and pressure signal traces. A low frequency oscillation 9 

(also observed in steady flames and passively-valved resonant pulse combustors), was observed as the 10 

device was brought near to its blowout limit. Finally, an index was defined to predict the stability 11 

characteristics of the resonant pulse combustor by quantifying the competition between low frequency 12 

oscillations and combustion-driven resonance. Experimental results demonstrated the ability of this 13 

index to provide early prediction of a blowout event for this device.  14 

Keywords: Pressure gain combustion; stability; low frequency oscillation; blowout 15 
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1.  Introduction 22 

Over the past decades, numerous research efforts have been devoted to the investigation of resonant 23 

pulse combustors (RPC), including the groups of Roberts [1, 2], Paxson [3, 4], Gutmark [5-7], and 24 

Miller [8, 9]. The primary objective of these efforts has been to enable a significant increase in gas 25 

turbine efficiency by replacing the constant pressure steady combustor found in conventional engines 26 

with a pulse resonant combustor. RPCs operate in a quasi-isochoric combustion mode where fast, 27 

periodic deflagrations are coupled with acoustic waves, thereby generating a stagnation pressure gain. 28 

These devices have exhibited improved thermal efficiency, heat release rate, and pollutant emission 29 

performance, compared with conventional steady combustors [10-12]; for this reason, they have been 30 

widely employed in domestic and industrial heating applications [13, 14]. Beyond these applications, 31 

previous studies have demonstrated that replacing the conventional isobaric combustor found in gas 32 

turbine engines with an RPC can significantly increase their thermodynamics efficiency [15-17]. In 33 

addition, the simple design of the deflagration-based RPC makes it much easier to integrate with 34 

conventional gas turbine components than the alternative detonation-based pressure gain combustor 35 

[18-21]. Detonation devices typically exhibit significant thermal loadings, vibrations, and challenges 36 

with detonation initiation, none of which are significant issues for RPCs [22].  37 

The fundamental condition for resonant operation to occur within an RPC may be described 38 

mathematically by the following equation, provided by Zinn [23]. 39 

∫ ∫ 𝑝!(𝑥, 𝑡)	𝑞!̇"∀ (𝑥, 𝑡)	𝑑𝑡	𝑑∀	> 	∫ ∫ ∑ 𝐿$(𝑥, 𝑡)	𝑑𝑡	𝑑∀$"∀                         (1) 40 

where p’ and q’ denote the instant, unsteady pressure and unsteady heat release rate per unit volume, 41 

and Li is the ith dissipation process. These quantities are integrated over the volume of the combustor 42 

" and the period of a single cycle t. As defined, this highlights the necessity for unsteady heat release 43 
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to occur in phase with unsteady pressure oscillations, so that these oscillations are driven, and the 44 

generation of mechanical energy arising from in-phase heat release is greater than the sum of the 45 

dissipative forces. For the purposes of this work, blowout is defined here as a set of conditions in which 46 

this inequality is no longer satisfied and resonant operation is terminated, considering that the pressure 47 

gain can be only achieved when the RPC operates with resonant combustion. The left side portion of 48 

this equation is used in the definition of Rayleigh efficiency, a measure of the coupling between 49 

unsteady heat release and pressure oscillations [24-26]. When Rayleigh efficiency is low, the 50 

combustion heat release and acoustic wave couple poorly. Moreover, the fuel/air ratio is also an 51 

important parameter for determining the stability of an RPC. Like steady flames, pulse combustion 52 

operation approaches the blowout limit as the fuel/air ratio is reduced to be small enough. Below a 53 

threshold fuel supply rate, low frequency oscillation appears, and then governs the combustion 54 

dynamics of the system. This low frequency oscillation significantly degrades operation performance, 55 

e.g., the heat release rate, emission performance, and noise level of RPCs [10, 27, 28], and steady 56 

flames [29, 30]. 57 

Various research efforts have examined the stability characteristics of steady flames, such as those of 58 

jet flames [31, 32] and swirl flames [33, 34]. Low frequency oscillation, which dramatically weakens 59 

combustion intensity and causes sudden intermittent change in OH* chemiluminescence, is attributed 60 

to local extinction [35-37]. The intensity of low frequency oscillation has been measured to quantify 61 

the stability of the combustion system and predict lean blowout (LBO), to averting safety issues in real 62 

combustion devices [36, 38].  63 

Recently, a new constant volume combustion chamber (CVCC) concept was proposed and developed 64 

by Bellenoue et al. for air-breathing propulsion application [39, 40]. Similar to the RPCs, the CVCCs 65 
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operate in an isochoric (or quasi-isochoric) combustion mode through cyclic operation to enhance the 66 

thermodynamic efficiency. The main difference is that in the CVCC, fuel/air injection is actively 67 

controlled and a spark plug is used to ignite the mixture in each cycle, while in the RPC, fuel is flowing 68 

continuously and fuel/air mixture is ignited automatically by the hot burnt gas of the previous cycle or 69 

the hot combustion chamber wall. According to the recent studies performed by Michalski et al.[41, 70 

42], the combustion instabilities are mainly related to the cycle-to-cycle hysteresis, ignition timing, the 71 

injection velocity of fuel/air gases, overall equivalence ratio, and the residual time of fuel/air gases.  72 

The stability of resonant pulse combustion has also been investigated. Li et al. [43, 44] studied the 73 

stability properties of a passively valved RPC with gaseous fuel by measuring the ion current and the 74 

dynamic pressure signal produced by combustion heat release. They observed that low frequency 75 

oscillations appeared, and dominated the combustion driven resonance, when the blowout limit was 76 

approached. They noted that the mechanism of the low frequency oscillation was similar to that of a 77 

steady combustion system [37], and at near blowout conditions, the separately injected air and fuel 78 

resulted in a very “lean” local condition which could cause local extinction due to the short mixing 79 

time in the recharging process. It should noted that there was no measurement of the equivalence ratio 80 

in their work. Another possible reason could be global fire extinction, i.e., a complete extinction 81 

occurring sporadically in a single cycle with reignition in the next, which is similar to cycle-to-cycle 82 

hysteresis in the CVCC [41, 42]. This is possible because the combustion chamber wall is sufficiently 83 

hot (up to 1200 K) to enable reignition. By referring to the steady flames, several indexes including 84 

the stability to instability ratio, were defined and used to quantify near blowout characteristics and 85 

predict the blowout events of their RPC early. 86 
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An actively valved RPC [45, 46] has recently been developed by this group; it features an actively-87 

driven rotary ball valve that replaces conventional reeds, or flappers, used as valves in passively valved 88 

RPCs. This ball-type RPC minimizes the difficulty in producing a robust design and makes it possible 89 

to maintain operational duration on the order of days, which could easily be extended with future 90 

design optimization. Although the authors have performed studies to investigate the general 91 

performance of the newly designed RPC [45, 46], its fundamentals are not yet fully understood. 92 

Furthermore, as discussed above, the stability properties could significantly affect operational 93 

performance, and a thorough investigation of the stability characteristics of the actively valved RPC 94 

is necessary. 95 

The focus of the present study is the investigation and quantification of stability characteristics of the 96 

actively valved RPC. To achieve this, ion and pressure signals produced by intermittent combustion 97 

events in the combustion chamber were recorded for a wide range of operational conditions. Results 98 

were used first to describe general operational properties of the RPC. Following the previously noted 99 

studies for stability characteristics of steady flames and RPCs, a PSD ratio (which measures the ratio 100 

of the PSD of the valve frequency over the PSD of low frequency), was defined to quantify the stability 101 

characteristics of the actively valved RPC. Disturbances with a sudden increase or decrease in the 102 

forced air injection flow rate were introduced to test the stability of the RPC, and the application of 103 

PSD ratio in predicting the blowout of an RPC is discussed. 104 

 105 

2.  Experimental methods 106 

2.1 Apparatus and instrumentation  107 
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An overview of the experimental setup, based on previous work [45, 46], is shown in Fig 1. The 108 

apparatus consists of a Helmholtz-type RPC, a fuel/air supply system, a DC motor with the required 109 

interface and controls to drive the ball valve, and sufficient instrumentation to characterize the 110 

performance of the combustor.  111 

 112 

 113 

Figure 1: Experimental system. 114 

 115 

Forced air injection is necessary to initiate the RPC, since air entrainment is weak when resonant 116 

combustion and self-aspiration have not been achieved. The forced air injection nozzle features a 117 

diameter of 6.35 mm and is placed 100 mm in the upstream of the RPC inlet. Liquid gasoline (Saudi 118 

Aramco FACE-I), used to fuel the combustor, was stored in the two double-ended tanks (3.78 Liters 119 

for each) connected to a regulated nitrogen source with constant pressure of 550000 Pa. The auto 120 

ignition temperature of gasoline is 247-280 ℃. The Saudi Aramco gasoline consists of normal 121 

paraffins, iso-paraffins, and cyclo-paraffins [47] with a stoichiometric fuel/air ratio of 1/14.7. Other 122 

specifications of the Saudi Aramco gasoline are referred to the work by Badra et al. [48]. By using a 123 

stainless-steel nozzle with four small slits arranged evenly on top, the pressurized liquid fuel was 124 
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atomized and injected into the combustion chamber. A spark plug mounted on the combustion chamber 125 

wall ignited the air/fuel mixture at the start-up stage.  126 

Liquid fuel flow rate was monitored by a Coriolis mass flow meter (Quantim® series) and forced air 127 

injection was controlled by a thermal mass flow controller (Brooks Instrument). The mass flow 128 

controller and meter have a manufacture-stated accuracy of ±1% of the set point value and ±0.5% of 129 

the measured rate respectively.  130 

An absolute magnetic encoder (US Digital MA3) was coupled directly to the valve-driven shaft to 131 

record the precise valve position. Dynamic pressure in the combustion chamber was recorded with a 132 

water-cooled absolute pressure sensor (Kistler 4049A), paired with an amplifier (Kistler 4665). 133 

Electronic thermal drift compensation was applied to the dynamic pressure transducer signal to 134 

maintain measurement fidelity at elevated temperatures (1200-1800 degrees C) during resonant 135 

operation. The presence of a combustion front was detected with an ion probe mounted in the same 136 

plane of the pressure transducer. Fundamentals of the chemi-ionization in flames and the ion sensing 137 

method can be found in previous studies [49, 50]. All instruments were recorded using a high-speed 138 

data acquisition device (NI PCIe-6363). All errors and uncertainties associated with the 16-Bit data 139 

acquisition system and analog to digital conversion are assumed to be negligible. The maximum 140 

deviation pressure of the Kistler pressure sensor is less than ±0.3% of full-scale output (FSO). The 141 

uncertainties and response time of the encoder (US Digital MA3, 2.6 kHz sampling rate), the dynamic 142 

pressure sensor (Kistler 4049A, 60 kHz bandwidth) and the amplifier (Kistler 4665, 90KHz bandwidth) 143 

are corresponded to that are specified by the manufacturers. The homemade ion sensor is deemed to 144 

have the similar uncertainty with that in Ref. [43, 44]. A detailed description of the instrumentation 145 

system is found in [45, 46].  146 
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 147 

  148 

 149 

Figure 2: Combustor head section of the actively valved resonant pulse combustor. 150 

 151 

2.2 Actively valved resonant pulse combustor (RPC) 152 

As shown in Fig. 2, the actively valved RPC consisted of a rotating ball-type inlet valve, installed 153 

upstream of the combustion chamber. The ball valve, with a diameter of 46 mm, was fabricated from 154 

404 stainless steel. A through-hole was included in the ball center so that ambient air could pass 155 

through when the ball rotated to the position at which the through hole and the combustor head inlet 156 

were co-axial. The steel ball was enclosed within a brass valve seat mounted in the combustor head. 157 

Ball rotation was driven by an 8-mm diameter shaft coupled to a DC motor. The fuel/air mixture was 158 

injected into the combustion chamber through the ten passages arranged in front of the combustor 159 

chamber as shown in the picture. According to the high-speed chemiluminescence results by Anand et 160 

al. [51], the flame always covers the near wall region where the ion probe is mounted. This guarantees 161 

that the ion probe is able to measure the chemical reaction resulted ion signal regardless of the fuel 162 

flow rate. The inner diameter and the length of the combustion chamber were 63.5 mm and 120 mm, 163 

respectively; the diameter and length of the exhaust tubes were 32.5 mm and 360 mm, respectively. 164 
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 165 

2.3 RPC initiation 166 

To start the RPC and to achieve steady state resonant operation, the following steps are taken by:  167 

1. Turning on the DC motor and setting the valve rotational frequency to the range of 250 Hz to 168 

300 Hz. Turning on the forced air injection and setting the flow rate (𝑄%) around 3 g/s. 169 

2. Switching on the spark plug and keeping it on. Increasing the fuel flow rate with a step change 170 

of 10% of the targeted operating condition. At this stage, the combustion events (non-resonant) are 171 

observed and, in turn, the combustor is being heated. 172 

3. Once the combustion chamber and the tailpipe of the RPC are sufficiently heated, as 173 

determined by a visual observation of red to orange thermal radiation from the combustion chamber 174 

wall, setting the fuel flow rate to the targeted operating condition and the forced air injection. Adjusting 175 

the valve frequency until resonant operation is achieved. The red to orange thermal radiation from the 176 

combustion chamber wall corresponds to a temperature of 795-800 ℃. At this stage, spark plug 177 

ignition is not required, and the RPC is self-sustained by the residual hot gases or the heat transfer 178 

from the hot combustion chamber wall. 179 

The whole warming-up process usually takes 5-10 minutes. At the point when resonant operation is 180 

achieved, the dynamic pressure fluctuations of the combustion chamber, which are monitored in real 181 

time, show well-shaped and periodical traces (seen Fig. 3). For the most stable resonant cases, one is 182 

able to turn off the forced air injection and allow the RPC to run in self-aspirating mode, while the 183 

non-resonant cases fail without forced air injection. All the experiments were performed in a laboratory 184 

with a fixed room temperature of 20 ℃. 185 
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In the current RPC, the total air flow rate injected into the combustion chamber consists of two parts, 186 

namely, the air due to forced air injection and the air by self-aspiration due to the pressure difference 187 

between the combustion chamber and atmosphere. With the current setup, it is difficult to determine 188 

the exact amount of each part. 189 

Since the ball valve is rotating, the air induced by the forced air injection is allowed to enter combustion 190 

chamber only when the valve is open. The calculation of this part of air requires the time dependent 191 

velocity distribution at the ball valve inlet. With the velocity distribution and valve area that is shown 192 

in Fig. 3 (b), forced air resulted air injection can be determined. However, the current setup lacks the 193 

velocity distribution information. It is also not currently possible to infer the amount of self-aspirated 194 

air directly because the aspiration process is controlled by much more complicated physics, which at 195 

least includes combustion heat release, turbulence and thermal instability, and so forth [52]. 196 

 197 

 198 

3.  Results and discussion  199 

Experiments were performed under a wide range of conditions, including varied valve frequencies (𝑓&), 200 

fuel flow rate (𝑄'), and forced air injection flow rate (𝑄%); ion and dynamic pressure signals were also 201 

recorded for analysis. The beginning of this section describes the general operating characteristics of 202 

the RPC in the context of operational stability.  203 

 204 

3.1 Operational principles of the RPC 205 

Figure 3 shows time traces of the ion and pressure signals of the RPC, operating at 𝑓&	= 270 Hz, 𝑄% =206 

6	g/s, and 𝑄' = 70 g/min. Data recording lasted for 6.5 seconds during the experiment. A data set of 207 
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0.5 seconds is shown in Fig. 3 (a), and a slice with four cycles is in the enlarged portion of the figure 208 

(Fig. 3 (b)). In Fig. 3 (a) and (b), pressure (gray line) and ion probe signals (red line) are shown to 209 

examine the coupling of combustion heat release and acoustic wave. In Fig. 3 (b), the green-shaded 210 

zone indicates a one-cycle section. P0 is the atmospheric pressure (assumed to be 100000 Pa) that is 211 

used to normalize the measured dynamic pressure (P) in the combustion chamber. 212 

 213 

 Figure 3: Time traces of ion signal (red line) and pressure signal (gray line) measured in RPC 214 

combustion chamber, and the valve area (black dashed line). 215 

 216 

The operational principle of the present RPC is similar to conventional RPCs whose operation includes 217 

four fundamental phases [10, 11]. As discussed in the Sec. 2.1, the valve position was recorded by an 218 

absolute magnetic encoder. Based on the valve position information, the valve area function, which is 219 

defined as the opening area of the valve, was calculated and added into Fig. 3 (b) (black dashed line). 220 

The peak value of the curve indicates the valve is fully open, while the minimum value indicates the 221 

(a)

(b)
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valve is fully closed. Since some processes, such as recharging and purging, could be occurring at the 222 

same time, the precise starting time and duration of each step are difficult to be determined but the 223 

rough range can be estimated through the combined examination of the pressure signal trace, ion signal 224 

trace, and valve area. According to Fig. 3 (b), the operation sequences conformed to the following 225 

steps, 226 

1. Recharge and compress: The pressure inside of the combustion chamber dropped to lower than that 227 

of the atmosphere; meanwhile, the ball valve fully opened to allow for charging fresh air/fuel mixtures. 228 

The inertia of the incoming fresh air/fuel resulted in compression of the fresh mixture. The pressure 229 

inside the combustion chamber then started to increase. 230 

2. Auto-ignition and combustion: The ball valve closed; The fresh air/fuel mixture ignited by the 231 

residual hot product of the previous cycle to initiate the heat release event indicated by the steep change 232 

in ion probe signal; The pressure inside the combustion chamber increased dramatically.  233 

3. Expansion and exhaustion: The ball valve closed then reopened; Combustion products expanded 234 

and traveled to the combustor exit; The pressure inside the combustion chamber dropped. 235 

4. Purge and recharge: The combustion chamber pressure was low, and the valve was at the open 236 

position, fresh air/fuel began to be entrained in the combustor; The operation cycle completed, and a 237 

new cycle began. 238 

 239 

In the present RPC, spark plug ignition and forced air injection were needed only for start-up. Once 240 

resonant combustion was achieved, the steps above automatically repeated, and the operation was 241 

sustained by self-aspiration and auto-ignition. The periodic combustion heat release drove acoustic 242 

pressure waves propagating in the combustion chamber. With this unsteady process, gas expansion 243 
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caused by heat release was constrained (semi-constant volume process), producing a rise in stagnation 244 

pressure as demonstrated in our previous study [53], and extracting the work of expansion to the initial 245 

pressure [54]. 246 

 247 

 248 

Figure 4: Operational limits of the RPC with various forced air injection of 𝑄%	= 0	𝑔/𝑠, 3	𝑔/𝑠, 249 

6	𝑔/𝑠, and 9	𝑔/𝑠. 250 

 251 

The operational limits of the RPC for different forced air injection flow rates Qa are shown in Fig. 4. 252 

The air flow rate Qa mentioned in Fig. 4 are the forced air injection, which is the total air coming from 253 

the forced air injector that is mounted in front of the combustor as shown in Fig. 1.  254 

 255 

A maximum fuel flow rate of 72 g/min could be achieved with the current experimental setup, above 256 

which no experimental data are available. Fig. 4 consisted of three regions, the operational region, the 257 

blowout region, and low/high frequency limit region. As shown in Fig. 4, the operating mode of the 258 

RPC depended on forced air injection, fuel flow rate, and valve frequency.  259 

 260 
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Beyond the low/high frequency limits, the RPC still runs with resonant combustion before blowout 261 

occurs. At this region, the RPC operation is featured with significantly reduced amplitude of the 262 

recorded pressure and ion signal traces. The ion signal and dynamic pressure traces look very similar 263 

to that of the near blowout case that is shown later (Fig. 5 (a) and (b)), respectively. Further increasing 264 

or decreasing the valve frequency eventually leads to complete blowout. 265 

 266 

Figure 4 shows that for a given valve frequency, increasing forced air injection increased the fuel flow 267 

rate at blowout, reducing the size of the operational region. This is probably because increasing forced 268 

air injection results in a lower fuel/air ratio condition. However, for a given fuel flow rate, increasing 269 

forced air injection widens the range of the valve frequencies where the RPC normally operates. The 270 

reason that the RPC is able to operate across a broader valve frequency range as the forced air injection 271 

is increased is not clear at this stage. Many complex physical and chemical mechanisms control the 272 

operation of the RPC (fuel evaporation, fuel/air mixing, autoignition, acoustics), and these cannot be 273 

decorrelated with the current experimental setup. 274 

 275 

3.2 Stability characteristics of the RPC 276 

A case set was selected for the RPC, running at fixed 𝑓&	= 270 Hz and 𝑄% =	6 g/s, but gradually 277 

decreased 𝑄'. By decreasing 𝑄', the blowout limit was approached, and the operation became unstable. 278 

For the given 𝑓&	= 270 Hz and 𝑄%	= 6 g/s, the blowout limit of the RPC was approximately 𝑄'	= 40±279 

1 g/min. 280 

Time traces of the ion and pressure signals are shown in Fig. 5. Figures 5 (a-1) and (b-1) show the 281 

results of a case that is identical to Fig. 3 ( 𝑓&	= 270 Hz, 𝑄% = 6	g/s, and 𝑄' = 70 g/min). It can be seen 282 
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in Figs. 5 (a-1) and (b-1) that, with a sufficient fuel supply 𝑄'	= 70 g/min, the RPC could operate 283 

stably, producing strong ion and pressure signals. By reducing the fuel flow rate to 56 g/min ((a-2) and 284 

(b-2)), the intensity of both the ion and pressure signals significantly decreased, indicating a likely 285 

weakened combustion heat release rate because the two signals were measurements of the chemi-ions 286 

and acoustics that were generated by combustion heat release. 287 

By further decreasing the fuel flow rate to 44 g/min (close to the blowout limit), the amplitude of the 288 

ion and pressure signals did not change notably, but low frequency oscillations did appear. For example, 289 

Fig. 5 (b-3) shows that there were 23 outstanding low-frequency peaks in the one-second pressure 290 

signal-based time domain, indicating that low frequency oscillation (frequency of around 23 Hz) 291 

played a significant role at near blowout. Similar but inconspicuous low frequency oscillation was also 292 

observed in the ion signal.  Moreover, the lowest pressure found in Fig. 5 (b-3) is higher than that of 293 

Fig. 5 (b-1) and (b-2). This indicates that the pressure difference between the combustion chamber and 294 

the atmosphere is decreased, resulting in a poorer purging of combustion products and recharging of 295 

fresh air. This could cause local extinction or global misfire due to cycle-to-cycle hysteresis as found 296 

in the CVCC by Michalski et al.  [41, 42].  297 

 298 

    299 

(a-1)                                                            (b-1) 300 
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      301 

(a-2)                                                             (b-2) 302 

     303 

(a-3)                                                              (b-3) 304 

 305 

Figure 5: Time traces of ion signal with fuel flow rate of (a-1): 𝑄'	= 70 g/min; (a-2): 𝑄'	= 56 306 

g/min; (a-3) 𝑄'= 44 g/min. Pressure signal at (b-1): 𝑄'	= 70 g/min; (b-2) 𝑄'	= 56 g/min; (b-3) 𝑄'	= 307 

44g/min. 308 

 309 

  310 

(a-1)                                                       (b-1) 311 
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  312 

(a-2)                                                     (b-2) 313 

  314 

(a-3)                                                        (b-3) 315 

Figure 6: Normalized power spectrum density (PSD) of ion signal with fuel flow rates of (a-1): 𝑄'	= 316 

70 g/min, (a-2): 𝑄'	= 56 g/min, (a-3): 𝑄'	= 44g/min; pressure signal at (b-1): 𝑄'	= 70 g/min, (b-2): 317 

𝑄'	= 56 g/min, (b-3): 𝑄'	= 44g/min. 318 

 319 

The discrete Fourier transform (DFT) of the ion and pressure signal was computed to obtain power 320 

spectrum densities (PSD), as shown in Fig. 6. As described above, each data recording lasted for 6.5 321 

seconds. The data recorded in the 6.5 seconds was used to compute DFT. Since the maximum valve 322 

frequency of the current RPC was below 300 Hz, restricting the frequency range to 0-600 Hz was 323 

considered sufficient for analyzing results and adding clarity by excluding less important information. 324 
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For convenience of comparison, all PSDs were normalized by the curve's maximum, which was most 325 

often the PSD of the valve frequency component, excluding near blowout cases. 326 

 327 

Figure 6 shows that with a sufficient fuel supply, e.g., 𝑄' =	70 g/min, dominant PSD peaks were 328 

located at the valve frequency component for both ion and pressure signals. In the ion signal curve 329 

(Fig. 6 (a-1)), other peaks at 135 Hz, 405 Hz, and 540 Hz appeared. These were the so called sub- and 330 

super-harmonics of the signal, which were not observed in the passively valved RPC of Li et al. [43, 331 

44]. However, no outstanding harmonic components were seen in the pressure signal results (Fig. 6 332 

(b-1)). As seen in Fig. 6 (a-2), decreasing the fuel flow rate to 𝑄' =	56 g/min resulted in increased 333 

relative importance of the harmonics compared to the valve component, especially at 135 Hz. 334 

Meanwhile, background noise became important compared to valve frequency intensity. No obvious 335 

change was observed in the pressure signal, except the slightly intensified frequency components near 336 

the distinct valve frequency component. 337 

By further decreasing fuel flow rate to near blowout (𝑄' =	44 g/min), noticeable changes are observed 338 

in Fig. 6 (a-3) and (b-3). The first change was the significantly intensified importance of the low 339 

frequency oscillation compared to the valve component, especially for the ion signal. For example, in 340 

Fig. 6 (a-3), a low frequency component at 26.7 Hz was dominant over the valve frequency, indicating 341 

that the RPC was highly unstable. However, for the pressure signal (Fig. 6 (b-3)), the low frequency 342 

components were comparable to valve frequency, but weaker. The difference between the results from 343 

the ion signal and the pressure signal may be because the pressure signal was a measure of global heat 344 

release intensity, while the ion signal was a measure of local combustion heat release [43]. Therefore, 345 
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the ion signal was more sensitive to low frequency oscillations, which may have resulted from local 346 

extinction, or global misfire at near blowout conditions. 347 

 348 

3.3 Quantifying stability characteristics of the RPC 349 

As discussed in Section 3.2, low frequency oscillation was intensified, and the combustion-driven 350 

resonance was weakened when approaching the blowout limit. The correlation between low frequency 351 

and instability correlation has been seen in steady flames [36] and passively valved RPCs [43]. 352 

A PSD ratio is defined as: 353 

𝑃𝑆𝐷	𝑟𝑎𝑡𝑖𝑜 =
∫ (+,-!)
!"#$%
!"&$%

/'

∫ (+,-!)
%'
' /'

                                                        (3) 354 

where 𝑓  is the frequency and 𝑓&  is the valve frequency of the RPC. 𝑃𝑆𝐷'  is the PSD value at a 355 

frequency of 𝑓. Here, Eq. (3)’s numerator represents the intensity of combustion-driven resonance, 356 

and its denominator is the intensity of low frequency oscillation. The dominant low frequency 357 

instability depends on the configuration of the combustion devices. For example, Zhao et al. [55] found 358 

that the low frequency is around 1-5 Hz. According to Figs. 6 (a-3) and (b-3), the low frequency 359 

oscillation intensity peaked at 26.7 Hz and 23.7 Hz, which were around 25 Hz. As a result, the 360 

frequency components in the range of 0-50 Hz were treated as low frequency oscillation. The 361 

combustion-driven resonance was believed to stabilize RPC operation, while the low frequency 362 

oscillation caused destabilization. Its definition implies that the PSD ratio measured a ratio of factors 363 

that stabilized the system to those that destabilized it. The PSD ratios of ion and pressure signals were 364 

then obtained by calculating Eq. (3), using the PSD of ion and pressure signals, respectively. 365 

Figure 7 shows the measured PSD ratios of ion and pressure signal as a function of the fuel flow rate 366 

for a valve frequency of  𝑓&	= 270 Hz and forced air injection 𝑄%	= 6 g/s. It was found that the PSD 367 
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ratio decreased quickly with less 𝑄'	until 𝑄'	= 54 g/min, for which the PSD ratio based on the ion 368 

signal was around 0.7, and the PSD ratio based on pressure signal was about 4.0. As noted earlier, the 369 

PSD ratio measured the competition between stability and instability, so, the PSD ratio value based on 370 

the ion signal below one indicated that the low frequency oscillation intensity starts to dominate over 371 

the combustion-driven resonance intensity, and that RPC operation is transiting from stability to 372 

instability. Reducing the fuel supply further would make the low frequency oscillation the controlling 373 

factor of the RPC operation and put the RPC in danger of blowout. However, the PSD ratio based on 374 

pressure signal was several times larger than the PSD ratio based on the ion signal, even close to 375 

blowout. These observations agreed with the work of Li et al. [43], for a passively valved RPC firing 376 

gaseous fuel. 377 

However, the PSD ratio increased when the fuel flow rate increased to 66 g/min, above which the PSD 378 

ratio dropped. This indicated that above 𝑄'	= 66 g/min, further increasing the fuel flow rate could push 379 

the RPC to operate away from the globally favorable fuel/air ratio condition, at which the combustion-380 

driven resonance was deemed to be strongest and RPC operation most stable. As a result, the operating 381 

RPC became less stable at these conditions with globally too-high fuel/air ratio. 382 

 383 

 384 

 385 
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        387 

(a)                                                                               (b) 388 

Figure 7: PSD ratio based on (a) ion signal or (b) pressure signal as a function of fuel flow rate for a 389 

fixed valve frequency of 270 Hz and forced air injection of 6 g/s. 390 

 391 

Disturbances appear from time to time in actual applications (aviation engines and stationary gas 392 

turbines). Operation at near blowout conditions may not withstand these disturbances and unwanted 393 

shutdowns can occur. To test the stability of the RPC operating at different fuel flow rates, two 394 

disturbances were introduced. The disturbances were created by introducing a sudden decrease or 395 

increase in the forced air injection. The flow rate change ceased within a millisecond.  396 

Ideal disturbances for testing purposes are those that are independent of targeted operational conditions, 397 

otherwise it would be difficult to determine whether the resulting consequences originated from the 398 

imposed disturbance or the changed operating conditions. However, it is a challenge to find a 399 

disturbance entirely independent of the operating conditions. Here, the targeted inputs were valve 400 

frequency, forced air injection, and fuel flow rate. The disturbances exercised in this work were 401 

through forced air injection, thereby directly changing the fuel/air ratio. However, the disturbances 402 

should be strong enough to influence RPC stability. As a compromise, they were small, but strong 403 

enough to reduce the influence of a departure from the intended operating conditions. For these 404 
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purposes, the first step was to choose the disturbances, and the first trial was to impose a sudden change 405 

of 0.5 g/s in 𝑄% on the near blowout case (𝑄'	= 42 g/min). Testing the most vulnerable, near blowout 406 

case, was believed to accurately identify a sufficient disturbance making the least departure from the 407 

operational condition. The test was repeated 20 times; the disturbance that extinguished the near 408 

blowout case 20 times was chosen. Otherwise, the disturbance was strengthened by adding another 0.5 409 

g/s to the sudden change in 𝑄%  and the process was repeated until the suitable disturbance was 410 

identified. 411 

The selected disturbance was then imposed on the RPC operating at targeted conditions to test its 412 

operational stability. For each fuel flow rate, the test was repeated 20 times. The test procedure 413 

followed these steps, 414 

1. Start the RPC. 415 

2. Run the RPC at targeted operation conditions (valve frequency, forced air injection, and 416 

fuel flow rate).  417 

3. Impose the disturbance on the RPC.  418 

4. Record experimental results, as flame failures or survivals. 419 

5. Repeat steps one to four 20 times to replicate the exact operating conditions. 420 

6. Repeat steps one to five for all targeted operating conditions. 421 

 422 

This disturbance experiment required continuous operation for a long period of time, which is not 423 

possible for passively valved RPCs that use vulnerable reed valves and suffer catastrophic mechanical 424 

failure after minutes of operation. This issue was resolved with the present, actively valved RPC, 425 

because the robust ball valve allowed for days of continuous operation, and the combustor retained 426 
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sufficient heat in the combustion chamber wall to enable the RPC to be reignited easily once the 427 

condition was returned to the operational region. After imposing disturbance, the RPC operation fails 428 

and can not be re-established if the fuel and air supply rate is unchanged. However, within a limited 429 

period of time after imposing the disturbance, by increasing the fuel flow rate to those required for 430 

stable operation, the stable resonance combustion can be re-established automatically by the hot 431 

combustion chamber wall. 432 

For the RPC operating at 𝑓& =	270 Hz and 𝑄% =	6 g/s, the two disturbances were (1) the sudden 433 

increase of forced air injection from 6 g/s to 7.5 g/s and (2) the sudden decrease from 6 g/s to 4 g/s, 434 

respectively. With the introduction of the disturbances, the RPC either fails immediately and can not 435 

return to resonant combustion or keep operating with resonant combustion without any change if the 436 

operation is stable enough. The survival rate (defined as the ratio of the flame survivals to the total 437 

number of tests), is shown in Fig. 8. It was found that, with sufficient fuel flow rate (𝑄'	> 56 g/min), 438 

the survival rate was 100%, indicating that the RPC operation was robust. On the contrary, at near 439 

blowout fuel flow rates (𝑄'	< 48 g/min), the survival rate was nearly zero, meaning that the system 440 

was very unstable because it was unable to withstand disturbances. Since the disturbances were to 441 

increase or decrease 𝑄%, the global fuel-to-air ratio was changed when the disturbances were imposed 442 

on the RPC. As a result, the steep drop in the survival rate curve for sudden increase disturbance shifted 443 

slightly to the right, to match a higher fuel flow rate, compared to the sudden decrease disturbance. 444 

However, the steep drop of the survival rate for both disturbances was roughly in the range of 48-54 445 

g/min; this is the transition region from stability to instability. Referring to Fig. 7, it was discovered 446 

that a critical ion signal-based PSD, with a value of one, and pressure signal-based PSD ratio of 4.0, 447 

was also located in the transition range. According to this discussion on the PSD ratio, it is reasonable 448 
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to infer that this is not a random coincidence, but evidence that the PSD ratio could be an appropriate 449 

parameter to quantify the system’s stability and predict the RPC’s blowout. 450 

 451 

 452 

Figure 8: RPC survival rate as a function of fuel flow rate. Blue line is sudden increase of forced 453 

air injection 𝑄% from 6.0 g/s to 7.5 g/s. Black line is sudden decrease of 𝑄%	from 6.0 g/s to 4.0 g/s. 454 

 455 

To verify the validity of using the PSD ratio to quantify RPC stability and provide a metric for early 456 

blowout prediction, a direct comparison between the survival rates and the PSD ratios is presented in 457 

Fig. 9. Figures 9 (a) and (b) show the PSD ratios of ion and pressure signals, respectively. In Figs. 9 458 

(a-1) and (b-1), where 𝑓&	= 270 Hz and 𝑄%	= 6 g/s, critical PSD ratios of 1.0 (ion signal) and 4.0 459 

(pressure signal) correspond roughly to the minimum fuel flow amount, for which survival rate was 460 

100%, and a further decreasing fuel flow rate led to a steep drop in the survival rate.  461 

 462 

 463 

 464 

 465 
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 466 

(a-1)                                                                   (b-1) 467 

   468 

(a-2)                                                                     (b-2)  469 

    470 

(a-3)                                                                   (b-3)  471 

Figure 9: Survival rate (blue and black lines) and PSD ratio (red lines) as a function of fuel flow 472 

rate. (a-1) and (b-1) for fv = 270 Hz, and Qa = 6 g/s; (a-2) and (b-2) for fv = 260 Hz, and Qa = 7 g/s; (a-473 

3) and (b-3) for fv = 250 Hz, and Qa = 8 g/s. Red lines are PSD ratios of ion signal (a-1, 2, 3) and 474 

pressure signal (b-1, 2, 3). 475 

 476 
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To ensure that the validity of the PSD ratio in predicting blowout was not restricted to a specific 477 

operating condition, two more cases were tested; these two additional cases were selected to cover the 478 

widest part of the operational regions of Fig. 4.  479 

Since the RPC operation at fv = 250 Hz, and Qa = 8 g/s was insensitive to the disturbance of 480 

decreasing forced air injection, which always corresponds to a survival rate of 100%, the results for 481 

decreasing forced air injection is not shown in (a-3) and (b-3). In other words, in the most extreme 482 

scenario, by suddenly reducing Qa from 8 g/s to 0 g/s, no failure was observed in the 20 repeats, even 483 

in the near blowout cases (Qf = 46g/min). This was mainly because at these conditions: (1) The fuel 484 

supply was sufficient, even for the near blowout case, so that the combustion-driven resonance was 485 

powerful enough to maintain stability. (2) For a given Qf, the fuel/air ratio at Qa = 8 g/s was much 486 

smaller than that at Qa = 6 g/s and Qa = 7g/s. Thus, the disturbance from suddenly decreasing forced 487 

air injection resulted in a more favorable fuel/air ratio condition that stabilized the RPC operation.  488 

The results shown in Figs. 9 (a-2), (b-2), (a-3) and (b-3) agreed well with Figs. 9 (a-1) and (b-1). The 489 

conclusion observed from Fig. 9 is that decreasing the fuel flow rate below a critical value 490 

(corresponding to PSD ratios of 1.0 and 4.0, based on the ion and pressure signals, respectively), made 491 

the RPC unstable and susceptible to blowout, due to small disturbances. Figure 9 also demonstrates 492 

that it is possible to use the PSD ratio as a convenient and inexpensive early on-site prediction of 493 

blowout in the actively valved RPC.  494 

As discussed, the operational principle of the current RPC was identical to the conventional RPCs, 495 

except that the ball valve open\close movement was actively controlled. Therefore, using the PSD ratio 496 

to quantify stability characteristics and predict blowout was likely to be valid for conventional RPCs. 497 

However, the critical values of the PSD ratios observed here may not be universal. 498 
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 499 

 500 

4. Concluding remarks 501 

In the present work, ion sensing and pressure sampling were performed on a newly designed 502 

actively valved resonant pulse combustor (RPC) to clarify its stability characteristics. The general 503 

operating principle of the RPC was demonstrated and found to be similar to conventional RPCs. With 504 

a robust rotary ball valve, the current RPC sustained operation for an extended time and operated 505 

across a wide range of conditions. However, by sufficiently decreasing the fuel flow rate close to the 506 

blowout limit, low frequency oscillations appeared and dominated over the combustion-driven 507 

resonance that stabilized the RPC. The low frequency oscillation of the RPC can be attributed to the 508 

combustion instabilities that occur when the fuel/air ratio is small enough to creates near blowout 509 

condition or the cycle-to-cycle hysteresis that are found in the CVCs. By considering the competition 510 

between combustion-driven resonance and low frequency oscillations, a PSD ratio was defined to 511 

quantify stability characteristics and provide a metric for early prediction of the RPC’s blowout. 512 

Critical PSD ratios of 1.0 (ion signal) and 4.0 (pressure signal) correlated well with the fuel flow rate 513 

below which the operation was in danger of blowout. These critical PSD ratios were found to be valid 514 

for three distinct operational conditions, covering a large fraction of the RPC’s operational region.  515 

In conclusion, inexpensive and convenient ion probes and pressure sensors can be used to perform 516 

on-site quantification of RPC stability and to allow early detection of blowout. 517 
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