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Abstract

Thermoacoustic instabilities (TAls) arise due to the coupling between the unsteady heat release rate of
the flame and the underlying acoustic field, which can cause excessive mechanical vibrations in combus-
tors, resulting in a reduced lifetime of the combustion engine, or in extreme cases can lead to catastrophic
failure of the system. Therefore, understanding the evolution of acoustic waves in flames is fundamental
to mitigating the serious side effects of TAIs. While flame-acoustic interaction has been studied ex-
tensively in premixed flames, little effort has been made to explore the evolution of acoustic waves in
diffusion flames. This study aims to numerically investigate acoustics in a hydrogen-air counterflow
diffusion flame at high pressure conditions. To this end, a fully compressible unsteady reacting flow
solver is employed to simulate the flame under a temporally and spatially evolving pressure field. Under
the assumption of fully reflecting boundary conditions, for all tested pressures (1-60 bar) a growth in
the acoustics can be observed, where the acoustic pressure perturbations grow with time indicating a
coupling between the heat release rate and the acoustic field. The growth rate of the acoustics is found
to be significantly larger at 5 bar than at 1 bar. However, above 5 bar, the growth rate saturates, where the
growth rate of the acoustics marginally increase with pressure. Spectral analysis showed the pressure
perturbations on the low-density fuel side to be more periodic compared to the high-density oxidizer
side. The periodicity is found to reduce as the pressure increased where more complex acoustics with
multiple frequencies start to develop.

1 Introduction

Thermoacoustic instability (TAI) is a phenomenon first studied by Lord Rayleigh in 1878 [1]. As ex-
plained in [1], TAls arise from the interaction between the unsteady heat release of the flame and the
underlying acoustic field. The imperfect burning of the flame will result in an unsteady heat release
causing the flame to oscillate. This will generate acoustic waves within the combustion chamber which
will reflect off the combustor walls and return to influence their own source. If the reflected acoustic
waves couple with the unsteady heat release rate of the flame, the acoustics will amplify resulting in
large amplitude oscillations known as self-sustaining thermoacoustics. These oscillations will cause ex-
cessive mechanical vibrations in the system which will reduce the lifetime of the combustor, increase
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the heat transfer to the combustor walls degrading the performance of the combustor, and in extreme
cases can cause catastrophic failure of the system [2]. Therefore, understanding the behaviour of TAIs
is fundamental to mitigating the serious side effects of TAIs.

Studies regarding TAIs in premixed flames are of abundance. However, the investigation of TAIs in dif-
fusion flames is very rare. Diffusion flames are widely used in many practical applications for two main
reasons: (a) non-premixed burners are easier to design and build, as perfect mixing of reactants in spe-
cific proportions is not needed; and (b) diffusion flames are safer to operate as the fuel and oxidizer are
injected separately and hence the flame cannot back-propagate or auto-ignite in undesired locations [3].
This motivates us to investigates TAls in diffusion flames in this work.

Due to the high computational expense of simulating three-dimensional diffusion flames with detailed
chemistry especially at high-pressure conditions, a transient counterflow diffusion flame configuration is
widely used to explore the fundamental unsteady dynamics of diffusion flames, which is also employed
in this work. The majority of the previous studies on the unsteady counterflow diffusion flame have been
focused on the hydrodynamic effects on the flame (i.e., velocity and strain rate fluctuations) [4-9], and
only a few studies have been conducted about thermodynamic effects (i.e., flame response to acoustic
pressure fluctuations) [10—13] which are responsible for thermoacoustic instabilities. These studies have
some limitations which are summarized below. [4-9] made the isobaric assumption where the pressure
is assumed to be constant. These studies mainly investigated the response of counterflow flames to a
fluctuating inlet velocity or strain rate. Flame-acoustic interactions are not studied. On the other hand,
[11-13] made the low Mach number assumption where the acoustic wavelengths are assumed to be much
larger than the computational domain, such that the acoustic fluctuations are approximately uniform
throughout the domain and pressure is only a function of time. In this context, acoustic propagation
through the domain can not be captured, and the analysis is only limited to low frequency acoustics.

The above review indicates that the previous work about unsteady dynamics of CDFs was conducted
in the context of low-Mach number or incompressible flows which are not suitable for studying TAIs
of CDFs. In this sense, the flame-acoustic interaction in CDFs is still not well understood. Recently,
Yao [14] numerically investigated a fully compressible Ho-air CDF, with special attention on the be-
haviour of self-sustaining thermoacoustics under different strain rates (300 s~! and 5000 s~—!). More
recently, Yaoet al [15] investigated the response of a Hy-air flame under external oscillations. Sinu-
soidally varying pressure field was introduced at the fuel inlet for a range of frequencies (1-4000 kHz)
and the response of the flame was studied. Zambon and Chelliah [16] investigated the behaviour of self-
sustaining TAIs of CHy-air counterflow flames and showed the importance of using detailed chemistry
in accurately predicting thermoacoustics.

One limitation of these studies [14—16] is that all numerical simulations were conducted at a normal
pressure (1 bar) unrealistic in real-world applications. With this background, this study aims to under-
stand the behaviour of self-sustaining TAIs in CDFs without any of the aforementioned limitations. To
this end, a series of fully compressible Hs-air unsteady CDFs with detailed chemistry is numerically
studied with pressures ranging from 1-60 bars.

2 Methodology

2.1 Governing equations of compressible CDF

The following unsteady fully compressible governing equations for describing compressible CDFs,
which were derived by Zambon and Chelliah [16], are employed in this study.
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where wj, represents the species mass production rate for the k" species, ; the dynamic viscosity, \ the
thermal conductivity, hj, the sensible enthalpy for the k" species, h; the total enthalpy of the system,
Py the axial pressure, P the radial pressure gradient, V' the radial velocity, u the axial velocity, and
T the temperature. The term pY}V}, represents the diffusive flux for the k" species where Vj, is the
diffusion velocity. The diffusive flux calculates the molecular diffusion between chemical species and
is calculated using the mixture averaged diffusion model [17]. To solve the governing equations, it
is required to define a relationship between pressure, temperature and density through an equation of
state (EoS). In this study, the Peng-Robinson [18] EoS is used to consider real-gas effects. It is worth
mentioning that equations 2-5 are derived without any major ideal gas assumptions. Thus it is applicable
with the Peng-Robinson Eos. A detailed chemistry [19] for Hy-air is considered, containing 9 chemical
species and 27 reactions, which has been extensively validated in high-pressure conditions.

2.2 Numerical method

A novel one-dimensional finite volume code, OneD Thermocode [14, 15], is employed to solve the above
equations. The solver is coupled with Cantera [20] which is used to calculate transport and thermody-
namic properties. Furthermore, the Peng-Robinson EoS is implemented in the numerical framework to
consider real gas effects at high pressures. The solver calculates the fluxes at the cell surfaces using a
flux reconstruction method [21] with polynomial interpolation to determine the flux at the cell wall. Two
polynomials are fitted through three cell centres, one with two cell centres to the left of the cell wall, and
the other to the right. The values obtained from the left and right biased fluxes are then averaged at the
cell wall to obtain an approximate value at the location. For more details about this approach, the reader
is referred to [14]. It is noted that time-dependent Navier-Stokes Characteristic Boundary Condition
(NSCBC) [22] is employed to capture acoustic reflections at the boundaries.

2.3 Operating conditions

The CDF can be described as a strained flame as the oxidizer and fuel streams are strained against each
other. The rate of the straining can be quantified by the strain rate and is typically used to characterise
the flame as it affects the overall structure of the flame. In this paper, the global strain rate a is defined
as the average velocity gradient across the computational domain:

" |u(z = L) — u(z = 0)]
L

(6)
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where L is the length of the computational domain (i.e., separation distance between fuel and oxidizer
inlets) and w is the velocity.

The solver requires an initial solution to initialize and solve the unsteady governing equations. The initial
solution is provided by solving the steady-state governing equations using Cantera. As the focus of this
study is to investigate the effects of pressure on the thermoacoustics, the strain rate for all simulations
are kept constant at @ = 1000s~!. The operating conditions are summarized in table 1 below. The
Hy-air CDF consists of a fuel stream of pure Hs and an oxidizer stream of 0.21 O2 and 0.79 N3 by mole
fraction. A domain size of 0.004m is used for pressures above 5 bar while a larger domain size of 0.02m
is used at 1 bar. This is because at low pressure the flame thickness is much larger than at high pressure
and hence a larger domain size has to be used.

Table 1: Operating conditions considered in this work

Pressure (bar) Fuel inlet Oxidizer inlet | Fuel mass flow rate | Oxidizer mass flow rate | Grid spacing
temperature (K) | temperature (K) (kg m2s71) (kg m~2s71) (um)
1 298 298 1.29 4.88 20
5 298 298 1.28 4.88 20
10 298 298 2.56 9.76 10
20 298 298 5.10 19.50 6.67
40 298 298 10.10 38.90 3.33
60 298 298 14.98 58.13 2.86

3 Results and discussion

3.1 Pressure and real-gas effects on flame structure

In this section, the steady CDFs are simulated to investigate the effects of pressure and real gas on
the flame structure. Figure 1a shows that the maximum flame temperature significantly increases with
pressure. Moreover, this increase in temperature is very non-linear. The comparison between Peng-
Robinson EoS and ideal gas EoS indicates that a slight deviation in flame temperature between ideal
and real gases starts to develop when P > 30bar. At the maximum pressure tested, P = 100 bar, the

difference in flame temperature is about 19 K.
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Figure 1: Shows the relationship between pressure, maximum flame temperature and thickness. The
markers indicate the pressures at which thermoacoustic instabilities are studied.
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Figure 1b shows that the flame thickness considerably reduces with pressure. Moreover, Fig. 1b illus-
trates that the real gas effects on the flame thickness is negligible. It is noted that previous studies
[15, 23] have shown that the flame thickness is inversely proportional to the square root of pressure
times strain rate, [p ~ 1/ v/pa. Since in this study, the strain rate is constant, flame thickness is only a
function of pressure. The numerical results closely correlate with this relationship as shown in figure 1b.
Note that this curve is offset from the numerical results for clarity. If an empirical constant of 0.00131
is used such that [ = 0.00131 x 1/,/p, a one-to-one correlation with the numerical results can be
obtained. The above analysis indicates that pressure has a significant impact on flame dynamics and that
the effects of real gas are negligible at the high-pressure conditions considered in this work.

3.2 Evolution of Acoustic Waves
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Figure 2: Acoustic growth on the fuel and oxidizer streams.
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The steady-state solution is used to initialise and run the unsteady solver under fully reflecting bound-
aries, where the acoustic waves are reflected off the boundaries without any damping. To study the
stability of the system, initial instability needs to be present in the system. Since the governing equa-
tions and the numerical schemes used to generate the initial solutions (i.e., Cantera) are different to that
of the unsteady solver (i.e., OneD Thermocode), initial acoustic perturbations are automatically intro-
duced to the solution as the solution fully adjusts to the unsteady governing equations. Therefore, no
external perturbations are introduced to the solution. The initial acoustic perturbations are allowed to
reflect off the boundaries and interact with the flame, while the pressure in the system is measured at
two points along the computational domain. If the domain size is L, for consistency the pressure is al-
ways measured at 1/4 L, fuel side, and 3/4 L, oxidizer side. Since there is a large difference in density
between the fuel and oxidizer streams, it will influence the behaviour of the acoustics. Therefore, it is
important to measure the acoustics on both sides. The results for the evolution of the initial acoustic
perturbations at different pressures are shown in Fig. 2.

It is seen that TAIs present at all tested pressures where the acoustics in the system amplifies with time.
There is a large difference in the acoustic growth rate between 1 bar and 5 bar. According to Rayleigh’s
criterion, the driving force of the instability arises due to the coupling between the heat release rate
fluctuations of the flame and the acoustics. Since an increase in pressure intensifies the burning rate
of the flame and thus an increase in heat release rate. The coupling between this high energy heat
release rate fluctuations and the initial acoustic perturbations could result in high energy acoustics in the
system, in the form of large amplitude and high frequency pressure perturbations. Yao [14] conducted
a similar study where instead of changing the pressure, the strain rate was changed. Their results show
that the acoustic growth is heavily dependent on the strain rate, where increasing strain rates increased
the acoustic growth. A similar effect can be observed in this study by increasing the pressure while the
strain rate is constant, showing that the acoustic growth is also pressure dependent.

Unlike the large difference in growth rate observed between 1 bar and 5 bar, the increase in growth rate
above 5 bar is minor. However, the largest growth rate can be observed at 60 bar where the maximum
acoustic amplitude is around 420 Pa on the fuel side, and around 550 Pa on the oxidizer side at time
t = 0.0055 s, as shown in Figs. 2f and 21, respectively. This growth rate saturation at higher pressures
can be explained by considering how acoustic waves travel through a medium. Acoustic waves travel
through a medium by vibrating its molecules. These vibrations will cause a loss of acoustic energy as
heat. The larger the amplitude of sound, the larger the acoustic losses. Furthermore, as the density of
the medium increases with the increase in pressure, the number of molecules per unit volume increases,
therefore, more molecules will vibrate as the acoustics propagate, increasing the acoustic losses in the
system. Therefore, acoustic losses are higher at increasing pressures. However, the driving force of
the acoustics increase with pressure, which approximately balances with the increase in acoustic losses,
therefore, the growth rate of the acoustics has little change at higher pressures (i.e., above 5 bar) as
shown in figure 2.

To study the behaviour of the acoustics further, the frequencies of the perturbations in the low and
high-density sides are extracted through a spectral density analysis. The Lomb-Scargle periodogram is
employed to extract the dominant frequencies, as it is more suited to analyse uneven data series. The
dominant frequencies were extracted from the spectral analysis and are presented in table 2.

The results show that thermoacoustics at the low density fuel side have a single dominant frequency
indicating periodic perturbations. However, a second higher frequency starts to develop at 60 bar, in-
dicating that perturbations are becoming less periodic at higher pressures. The high density oxidizer
side contains multiple frequencies at all tested pressures. This means that the pressure perturbations at
the high-density side are less periodic compared to the low-density side. To understand the multiple
frequencies extracted, the pressure field needs to be examined further. The fully reflecting boundary
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Table 2: Shows the perturbation frequencies obtained from the spectral analysis

Pressure (bar) | Frequency, fuel stream (kHz) | Frequency, oxidizer stream (kHz)
1 14.62 8.94, 14.62
5 73.65 47.32,73.65
10 73.21 45.69, 73.21
20 73.36 44.38,73.36
40 74.08 43.48, 74.08, 103.06
60 74.88, 102.61 43.39, 74.88, 102.61

condition produces a standing wave pressure oscillation between the left and right-hand boundaries.
The frequency of these standing waves corresponds to the frequency found in both the fuel and oxidizer
streams. For example, at 10 bar of pressure the frequency of 73.21 kHz is found on both reactant streams
indicating the standing wave frequency. Note that for 1 bar of pressure the standing wave frequency is
much lower than the rest of the results. This is because the domain size used for the 1 bar simulation
was much bigger than the rest of the simulations, this increase in domain size has reduced the values of
the dominant frequencies while the growth rate of the acoustics is unaffected.

There is a large difference in density between Hs and air, Hy being a light species has a much lower
density compared to air. This causes a large density gradient to form near the stagnation plane where Hy
and air is mixed. This density gradient increases as the pressure increase. Due to this large difference
in density, part of the acoustic wave arriving at this density gradient will be reflected. This reflection
produces travelling waves across the flame, a phenomenon that was also observed by Yao [14]. These
travelling waves are shown in figure 3a and they propagate at a much higher frequency compared to the
standing wave frequency, explaining the higher frequencies (102.61 - 103.06 kHz). However, the degree
of reflection seems to be higher when the acoustics travel from the high-density oxidizer side to the
low-density fuel side. Therefore, the formation of travelling waves are much stronger on the oxidizer
side, as shown in Fig. 3a. However, when the density gradient between the fuel and oxidizer becomes
large enough (i.e., at higher pressures), the reflection of the acoustics become large enough to produce
substantial travelling waves on the low-density fuel side giving rise to the high frequencies observed on
the fuel stream at 60 bar of pressure.
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Figure 3: (a) The travelling acoustic wave propagating in the oxidizer stream at 60 bar; (b) The pressure
field at two points showing the formation of the second standing wave on the oxidizer side at 60 bar.

Apart from the high frequencies extracted, low frequency perturbations (8.94 - 45.69 kHz) are also
observed on the oxidizer stream. The high degree of acoustic reflectivity at the density boundary on the
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oxidizer side, almost acts as a third boundary and will lead to the formation of another standing pressure
wave between the density gradient and the right-hand side boundary, as shown in Fig. 3b. The oscillation
of this standing wave relative to the standing wave between the left and right-hand side boundaries will
give rise to the low frequency perturbations. Since the second standing wave only forms on the oxidizer
side, the low frequencies are not found on the fuel side. This second standing wave is also the reason
the acoustic amplitudes on the oxidizer stream is higher than in the fuel stream, as shown in Fig. 2

4 Conclusion

In this work, the evolution of acoustic waves in high-pressure diffusion flames is numerically investi-
gated by simulating a fully compressible hydrogen-air counterflow diffusion flame. The Navier-Stokes
Characteristic Boundary conditions (NSCBC) are employed to account for the fully reflecting boundary
conditions. Under the assumption of fully reflecting boundaries, self-sustaining thermoacoustics are
investigated at different pressures ranging from 1-60 bar at a constant strain rate of 1000s~!. All tested
cases showed acoustic growth with time, where the acoustic growth is found to be much faster at 5 bar
compared to that at 1 bar. However, the growth rate of the acoustics gets saturated above 5 bar. This is
because the high-density environment at elevated pressures increase the acoustic impedance, resulting
in a larger energy loss and hence limiting the acoustic growth rate.

Moreover, the frequencies of the acoustic perturbations are extracted using the Lomb-Scargle peri-
odogram. The frequency analysis shows multiple frequencies presented in the acoustic perturbations.
Due to the large density gradient across the fuel and oxidizer streams, the acoustic waves tend to reflect
off this density boundary producing high frequency travelling waves across the reactant streams. It was
found that the reflectivity of the density boundary is higher on the oxidizer side. The reflectivity on the
fuel side became large enough to generate travelling waves only at higher pressures (at 60 bar). Fur-
thermore, a standing wave is found to form between the fuel and oxidizer boundaries, typical for fully
reflecting boundaries, as confirmed by previous research. However, at high pressures a second standing
wave can be formed, resulting in an additional frequency mode presented on the oxidizer side.
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