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This work describes the methodology and progress towards numerical simulation of an
active valve resonant pulse combustor. The study is being conducted using a reacting, large
eddy simulation with dynamic mesh capability to handle the valve motion. To date results
have not reached full resonant operation but preliminary analysis suggest that the simulation
is moving towards a resonant state. Pressure oscillations within the simulated combustor are
shown to shift in phase towards resonance for each of the three most recently completed cycles.
Phasing of reverse flow into the exit plane of the combustor is consistent with the wave structure
of resonant operation and the location and phasing of heat release is also shifting towards the
expectations for resonance. Future work will include validating the simulated operation with
experimental results, calculation of the device Rayleigh efficiency, and analysis of the cycle to
cycle flame re-ignition.

I. Introduction

Resonant pulse combustor (RPC) driven pressure gain combustion systems have shown strong potential for practical
implementations of a pressure gain combustion gas turbine engine [1–4]. With their innate simplicity and relatively

benign exhaust flow, these thermo-acoustic devices exhibit several advantages over their wave rotor and detonation
based pressure gain concept counterparts. While these advantages remove many challenges associate with coupling the
pressure gain system with conventional gas turbine turbomachinery, a significant gap in understanding exist regarding the
appropriate design approach of RPCs for these applications. Historically, RPC based pressure gain combustion systems
have utilized either passive mechanical valves or valveless type RPC devices, each with their own inherent limitations.
A novel, actively valved resonant pulse combustor developed by the authors [5] has addressed the key challenge of
passive mechanical valve durability identified by Paxson [2] as being unique to RPC pressure gain applications. Despite
the advantages provided by this active valve technology, the experimentally measured pressure gain performance of
this device is lower than that obtained for a comparable passively valved device [6]. Furthermore, the same study
experimentally demonstrated that a minor change in geometry resulted in a meaningful increase in produced stagnation
pressure gain. Thereby suggesting that further development has the potential to bring the pressure gain performance of
the actively valved device to levels at or above those observed for the passively valved device while also highlighting the
lack of understanding of design parameters related to pressure gain performance.

RPCs operate with a complex coupling between turbulent fluid mechanics, chemistry, and acoustics with the
operational characteristics heavily influenced by device geometry. Confounding development difficulty, experimental
measurement of key characteristics is exceedingly difficult. RPC operation is dictated by combustion driven unsteady
heat release coupling with acoustic waves. This principal of operation was first described by Lord Rayleigh [7] and the
device Rayleigh efficiency has been identified as a key performance metric[8]. Computation of the Rayleigh efficiency
of a RPC provides a mathematical representation of the coupling between unsteady heat release and pressure wave
and describes the conditions for which this heat release encourages these fluctuations. This is desirable as a device’s
Rayleigh efficiency provides a quantification of its ability to produce a usable pressure gain [8, 9]. While Rayleigh
efficiency is useful for RPC development, it is difficult or impossible to measure experimentally in most configuration
and has not yet been measured in an active valve device. The challenge in measurement of Rayleigh efficiency for an
experimental RPC device lies largely in the requirement that unsteady volumetric heat release be recorded, a quantity
that is extremely difficult or impossible to measure experimentally without significant optical access.
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Beyond Rayleigh efficiency, similar challenges extend to most quantitative information describing physical
phenomenon occurring within the combustor, especially details of the reacting flow field. Detailed explanations of
physics as they relate to device performance and design are exceedingly difficult with experimental measurement alone.
As such, accurate numerical simulation of the novel actively valved RPC device has the potential to provide tremendous
insight into the operational characteristics and allow for direct computation of the device’s Rayleigh efficiency to allow
comparison with other RPC devices in the literature. This study will accomplish this with a high resolution reacting LES
with dynamic mesh motion to simulated the valve operation. Simulation results will be validated against experimental
data.

II. Numerical Formulation

A. Governing equations
The numerical simulation utilizes a reacting, Large Eddy Simulation (LES) solver to explicitly resolve large scale

turbulent flame structures. The LES solver is a fully explicit, unstructured, compressible code built using the OpenFOAM
library [10]. To limit numerical dissipation, the advection term is computed using the Harten-Lax-van Leer with contact
(HLLC) scheme [11] with a low dissipation extension to all Mach numbers using the HLLCL scheme developed by
Ktamura et al. [12] and explicit time advancement that utilizes a 4-step Runge-Kutta time integration scheme [13].
Species transport is included with variable heat capacities and sub-grid thermal and molecular fluxes modeled using
an eddy diffusion assumption with constant sub-grid Prandtl (0.9) and Schmidt (0.9) numbers. In effort to reduce
computational cost, boundary conditions at each wall utilize law-of-the-wall formulations. Inlets and outlets are modeled
with approximate non-reflecting boundary conditions. Fuel and air inlets are modeled as total pressure inlets. The LES
solves the compressible Navier Stokes equations with species transport and continuity are given as

∂w̄ww

∂t
+ ∇ · F̄FF = s̄ss (1)

where w̄ is the vector of gaseous conservative variables, F̄ is the flux tensor composed of viscous, inviscid and
subgrid scale components and s̄ is the vector of source terms neglecting body forces. Each of which are given by:
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ρ̄ũuu
ρ̄Ẽ
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In equation 2, ρ̄ is the density, ũuu is the vector of velocity components, E is the total non-chemical energy, and Ỹk
are the species mass fractions. Included in equation 3 is the viscous τ stress tensor, the diffusive heat flux j, and the
diffusive flux of species i Ji . In equation 4, Û̄ωT and Û̄ωk are the reaction rate and heat release terms resulting from
combustion of the gaseous mixture. The reaction rate is modeled by a 2-step irreversible Arrhenius law for ethylene
given by Westbrook et al. [14].

B. RPC model
The 3-dimensional simulated geometry is a direct representation of the novel actively valved RPC technology

developed experimentally by Lisanti et al.[15]. Dimensions of this device, as exist in the simulated geometry, are
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given in figure 1. With the inclusion of the rotating valve, only one plane of symmetry exists for a practical reduction
in computational expense. This plane of symmetry exists down the centerline of the device as represented by the
2-dimensional drawing.
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Fig. 1 Active valve resonant pulse combustor dimensioned drawing.

In order to capture the active valve RPC operation, the rotating fluid domain inside of the "ball-type" valve is
modeled with solid body dynamics and an Arbitrary Coupled Mesh Interface (ACMI). The rotating dynamic mesh is
detailed in figure 2 in which the entire computational domain is shown normal to the plane of symmetry. Extreme
unsteadiness and the existence of periodic reverse flow into the combustor exhaust tube necessitate modeling of the
domain surrounding the combustor exit plane. As shown in figure 2, 20 times the diameter of the exhaust tube was
modeled in the direction parallel to that of flow leaving the combustor and 25 times the same diameter in the direction
perpendicular to this flow. The exterior of this domain surrounding the combustor exhaust tube is modeled as open
atmosphere with non-reflecting boundary conditions.
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Fig. 2 Active valve resonant pulse combustor computational domain layout.
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The domain is described with a unstructured hex-dominant mesh with grids ranging from 10M to 50M cells
depending on resolution. As shown in figure 3 A, critical portions of the domain, including the combustion chamber,
can be described nearly in entirety with hex type cells.
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Fig. 3 Active valve resonant pulse combustor computational domain.

Another critical aspect of RPC operation is the total ignition delay time of the fuel, a characteristic that may be
strongly influenced by the fuel injection characteristics. In the active valve RPC configuration fuel is injected through
(4x) 0.7 mm ports located at 90 degree asymmetrically spaced ports, the location of which is described in figure 3 B. If
effort to model modulations in the fuel injection process resulting from the unsteady pressure fluctuations within the
combustor, the domain behind these fuel injection points as located inside the fuel injector is also modeled. The full
domain with symmetry plane is described in figure 3 C.

C. Numerical uncertainty
All terms in the governing equations are computed using second order accurate schemes and the time integration is

3rd order accurate. As results obtained to date are still preliminary, no complete analysis of the grid resolution and
potential influence on the results has been completed. Simulation results presented in this study were computed on
a grid with 9 million cells. A rudimentary scaling analysis suggests the primary zones of interest, the combustion
chamber and mixing regions, are resolved to just below the Taylor microscale. Once simulated resonant operation has
been established the influence of grid size will be evaluated with grids extending to 50 million cells. Additionally, the
influence of reduced chemistry and the selected combustion model will be investigated.

III. Preliminary results
To date, the numerical model of the active valve RPC has completed seven cycles at 270 Hz, or 0.026 milliseconds

of physical time, but has not yet reached limit cycle operation. Furthermore, while the pressure oscillations within the
combustion chamber of the device are approaching the magnitude of those observed during experimental operation,
the phasing of these oscillations is not yet indicative of resonant operation. Active valve RPCs have experimentally
demonstrated three modes of operation as described in the study by Lisanti et al. [15], though it is not well understood
how the transitions to resonance occurs. It is thought that resonance will be established as the simulated operation
continues to evolve in time, results from the most recently simulated cycles supports this.
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While there are physical indications that a resonant wave structure is developing, the simulated operation from the
final cycle included in this discussion may be described primarily as non-resonant pulsed operation. In this mode the
peak in pressure oscillations occurs in phase with the opening of the active valve. Given the low number of complete
simulated cycles, it is expected that the device operation has not yet had time to achieve stable resonance. Previous
studies simulating the operation of a passive valve RPC required as many as 8-12 cycles before limit cycle operation was
achieved [16]. It was thought possible that fewer cycles would be required in the active valve simulation as the forced
modulation of air from the inlet valve motion makes starting of the experimental version of the device trivial when
compared to valveless or passive valve RPCs. This appears to not be the case without better attention to the simulation
initialization.

The simulated operation trend moving towards resonant operation is shown in figure 4. In this chart, the cycle
averaged pressure trace from an experimental validation case is compared with pressure probes from the same axial
location for the three most recent complete simulated cycles. For each of the final three cycles a similar trend is
observed, all characteristic of non-resonant pulsed operation. However, the later cycles exhibit a lower amplitude
pressure oscillation magnitude with the minimum point shifting in phase towards earlier in the cycle. This shift is
thought to be an indication that the combustor operation is moving away from a non-resonant pulsed mode and towards
full resonant operation as described by the experimental pressure trace.
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Fig. 4 Pressure probes from simulated operation comparison with experimental cycle averaged pressure trace.

Another characteristic feature of resonant RPC operation is the reverse flow that occurs at the exit plane of the
exhaust tube [17] on a per cycle basis. This phenomenon is driven by the oscillating pressure within the combustion
chamber of the device, the momentum of exhaust products leaving the exit plane results in an over-expansion of the
combustion chamber, this brings the pressure in the combustion chamber below that of the surrounding resulting in
reserves flow into the exhaust tube as shown in figure 5. It is possible that this phenomenon may also be observed
in non-resonant pulsed RPC operation, but the phasing of the reverse flow demonstrated in figure 5 suggests that the
correct wave structure for full resonance is being established.
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Fig. 5 Temperature contours and non-scaled velocity vectors at the exit plane of the RPC exhaust tube with
phasing indicated by letter placement on the combustion chamber pressure curve.

Figures 5-A through F present temperature contours and non-scaled velocity vectors at the exit plane of the RPC
exhaust with their temporally resolved phase indicated by the relative location of their label on the pressure curve
provided above. In the first image, figure 5-A, flow is observed reversing into the exhaust tube despite the increasing
pressure within the combustion chamber. In the next image the cooler flow from the surrounding is still moving into the
exhaust tube, however, the increasing pressure in the combustion chamber has begun to again push exhaust products
towards the exit plane. This is shown by the velocity vectors upstream of the exhaust plane in figure 5-B. Once the
pressure oscillations within the combustion chamber reach their peak, the products traveling towards the exit plane
of the exhaust tube overcome the momentum of the cold, reverse flow and begin pushing the cold air back into the
surrounding. This occurs in figure 5-C through E, where the pressure oscillations are simultaneously dropping back
below the surrounding. Then, in figure 5-F, the combustor is again over-expanded and the reverse flow begins again to
travel into the exhaust tube. Further context is provided by a study of the phase resolved flow behind an passive valve
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RPC conducted by Geng et al. [17]. Comparison of the reverse flow phasing shown in figure 5 with that demonstrated
in the combined experimental and numerical study by Geng et. al [17] suggest that the correct wave structure has been
established for full resonant operation in the active valve RPC numerical simulation.

Despite indications of the correct wave structure within the combustor, as demonstrated by the pressure rise in figure
4, the phase of the majority of heat release is not correct for resonant operation. Figure 6 shows slices of the temperature
contour field as well as three dimensional ethylene mass fraction and heat release contours for the sixth complete
simulated cycle. These results illustrate the physical location of the majority of heat release and fuel distribution as it
relates to the temperature field within the simulated combusetor.

Fig. 6 Slices of the temperature field with 3D contours of heat release rate (green) and ethylene mass fraction
(gray) for sixth cycle of operation.
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Fig. 7 Slices of the temperature field with 3D contours of heat release rate (green) and ethylene mass fraction
(gray) for seventh cycle of operation.

As shown in figure 6 the majority of heat release in the current state of simulated operation is occurring near the
point of fuel injection. This is shown in figure 6-B where the valve is open and green contours indicate significant heat
release occurring as fresh air from the inlet interfaces with hot fuel that is continuously injected and building up while
the valve is closed. The effect of this is shown in figure 6-C as the heat release from the reactions at the fuel inlet quickly
raises the pressure inside the combustor and blows a significant quantity of fuel out the air inlet. Beyond the undesirable
loss of fuel through the inlet, this also limits the quantity of fresh air which is drawn into the system. It is likely that
this occurred because the combustor was initialized with air and previous cycles exhibited meaningful heat release
while the valve was closed and the continuously injected fuel reacted with the air remaining from the combustors initial
state. Wall temperatures observed during experimental operation suggest that the majority of heat release occurs at the
entrance of the converging section between the combustion chamber and the exhaust tube, suggesting that for resonant
operation the fuel should not burn at the point of injection but rather be carried and mixed with the inlet air into the
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combustion chamber.
Evidence that the phase of heat release will likely shift in later cycles is provided in figure 7. As the valve opens,

shown in figure 7-B, heat release again occurs at the interface of the fresh air moving through the valve and hot fuel but
the magnitude of this heat release is sufficiently low such that no meaningful quantity of fuel is blow out of the inlet.
This should allow the point of fuel injection to maintain a lower temperature, thus putting the subsequent cycle in a
position such that the heat release timing may be even further delayed.

It is likely that the entirety of the inlet section will need to cool sufficiently before resonance may be fully established.
Once the majority of heat release begins to occur in the correct phase, the amplification of pressure oscillations should
increase the velocity of fresh air thereby also increasing the total air mass flux and reducing the residence time near the
point of fuel injection. This should, in turn, further modify the total ignition delay time, a critical parameter in resonant
operation.

IV. Future work
When complete, results obtained through this study will accomplish (3) tasks in working towards the development of

actively valved RPC technology for pressure gain gas turbine applications. First the numerical model will be validated
against a set of experimental results obtained with gaseous ethylene fuel with cycle averaged measurements of unsteady
heat release timing and dynamic pressure, obtained at the locations specified by the ion probe and pressure transducer
in figure 1. This comparison will provide confidence in the ability of the selected numerical formulation, boundary
conditions, and mesh to capture key physical phenomenon. Secondly, we will seek insight into an unanswered question
within the RPC community. Mainly, which is the mechanism by-which cycle to cycle re-ignition occurs within the
resonant pulse combustor. To establish the physics of this re-ignition within the actively valved RPC device, temporally
resolved snapshots of the entire scalar and velocity vector fields will be evaluated across multiple cycles. The potential
for hot walls, mixture of fresh reactants with hot products, and the growing and shrinking of a flame front will be
considered. Finally, following the methodology provided by Yungster et al [18], simulation results will be used to
compute the device’s Raleigh efficiency.

V. Conclusions
Numerical simulation of the active valve RPC operation has demonstrated explicit indications that it is progressing

towards resonant operation. Once full resonance has been achieved, the device should move towards limit cycle operation
at which point the primary objectives of this study may be completed. These objectives will include validating the
simulated operation against experimental results, calculation of the device Rayleigh efficiency, and analysis of the cycle
to cycle flame re-ignition mechanism.
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