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a b s t r a c t 

In this study, the heat release rate (HRR) response during self-excited azimuthal thermoacoustic insta- 

bilities in a pressurized annular combustor is investigated for hydrogen/methane blended flames. The 

equivalence ratio and hydrogen power fraction were varied for a constant air mass flow rate, resulting 

in self-excited azimuthal instabilities of varying amplitudes. Although significant harmonic components 

were observed in the pressure response, the spatially integrated HRR response was dominated by the 

fundamental component of the mode. Despite the wide range of operating conditions, an approximately 

linear relationship was observed between limit cycle velocity and HRR oscillation amplitudes for both 

the fundamental and first harmonic components, and the phase varied slowly as a function of amplitude. 

As the phase lag between the HRR and pressure oscillations reduced, the instability amplitude increased 

due to the increased driving through the Rayleigh criterion. Fuel blends with higher hydrogen fractions 

produced larger phase differences and lower amplitude responses. High-speed flame imaging was used 

to analyze the spatial distribution of the HRR oscillations which exhibited significant harmonic content 

and only provided small contributions to the integrated HRR. The high frequencies associated with these 

harmonics resulted in the presence of multiple structures with opposing phases simultaneously on the 

flame brush. This explains why the integrated contributions to the HRR were small. Fourier mode de- 

composition was employed to better understand the observed reduction in instability amplitude with 

increasing hydrogen power fraction. When the hydrogen content is higher, multiple fluctuations of the 

HRR are present simultaneously on the flame, resulting in global cancellation. In contrast, for lower hy- 

drogen content, higher amplitude instabilities are generated, resulting in different flame dynamics. At 

high amplitudes, the response is more asymmetric as a result of the azimuthal nature of the instability. 

© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Heavy-duty industrial and aero-derivative gas turbines are im- 

ortant for large scale power generation. In light of increasing en- 

ironmental concerns and the need to reduce emissions, fuel flexi- 

ility utilizing carbon-free fuels such as hydrogen has become a re- 

ent research focus [1] . Mixing hydrogen with natural gas has the 

otential to reduce net CO 2 emissions. However, adding hydrogen 

hanges the fuel characteristics, increasing flame speed and reduc- 

ng ignition delay time, which can lead to issues with flashback 

nd auto-ignition phenomena [2–5] . In addition, these changes 

an also alter the operational stability limits of a gas turbine, pro- 

oting combustion dynamics in previously stable regimes, or mod- 

fying the amplitude levels and frequencies of existing instabilities 

4,6–9] . 
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Combustion instabilities are a major development issue for gas 

urbines and result from a constructive coupling between the un- 

teady heat release rate (HRR) and the acoustic field. The effect 

f hydrogen on combustion instabilities has recently gained sig- 

ificant attention, and the current review by Beita et al. [10] re- 

orts that it can have both stabilizing and destabilizing impacts. 

rom a thermophysical or chemical point of view, it is known that 

ydrogen has higher adiabatic flame temperatures, flame speed, 

nd diffusivity than methane, which can affect the flame dynam- 

cs strongly. For example, Chterev and Boxx [11] have shown that 

ydrogen addition affects the flame shape and the flame length 

n the pressurized PRECCINSTA premixed swirl burner. They ob- 

erved that changes in density modified the wave propagation 

peeds in the plenum which resulted in an increased phase de- 

ay between the pressure and the HRR. This in turn affects the 

mplitude of the thermoacoustic oscillations. Before hydrogen ad- 

ition, the amplitude increased if the phase difference was nega- 

ive, and decreased if it was positive. Similar results were reported 
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y [12,13] . The increased adiabatic flame temperature for hydrogen 

nriched methane flames also leads to an increase in the oscilla- 

ion frequency. Lee et al. [14] compare the dynamic behavior of 

 mesoscale burner for pure methane and pure hydrogen flames 

nd observed that it coupled with higher eigenmodes for hydro- 

en operation. Investigations on Flame Transfer Functions (FTFs) 

lso revealed increased cut-off frequencies observed in hydrogen- 

nriched methane flames due to increased compactness of the 

ame [15] . 

In the particular case of annular chambers, pressure waves can 

ropagate azimuthally as traveling waves of varying amplitude. 

 number of experimental investigations have been devoted to 

zimuthal instabilities in industrial [16–18] and lab-scale com- 

ustors [19–24] . Numerical modelling has also been undertaken 

hrough high fidelity simulations [25,26] , and through the appli- 

ation of thermoacoustic network models [27–29] . These inves- 

igations have described the modal dynamics which can arise in 

uch systems, where azimuthal waves propagating in different di- 

ections around the annulus can continuously vary in amplitude 

nd orientation [20,21,25] . This can make the response more dif- 

cult to quantify due to the large variation of modal instability 

tates. Recent studies have shown that modal dynamics are largely 

nfluenced by the symmetry of the configuration [28,30–35] , and 

he level of turbulent noise [16,28,36,37] . However, most experi- 

ental studies focusing on azimuthal modes have been conducted 

nder atmospheric conditions, which differ somewhat from practi- 

ally relevant conditions. 

Very few investigations have studied azimuthal instabilities 

nder pressurized conditions. This may be important as choked 

oundary conditions at the combustor exit are more realistic [38] . 

anaca et al. [39,40] examined the response of forced premixed 

ames in a pressurized annular combustor, demonstrating that 

erodynamic differences between single isolated flames and flames 

n the annular combustor result in different delay times. However, 

o self-excited azimuthal instabilities were reported in this study. 

ecently, a number of studies have reported self-excited azimuthal 

odes under pressurized conditions in a lab-scale facility [41,42] . 

he first of these [41] only exhibited azimuthal modes in a flash- 

ack state, which prevented the detailed study of the flame dy- 

amics. Modification of the experiment permitted the excitation 

f azimuthal modes without flashback, allowing a more detailed 

nvestigation of the pressure field dynamics [42] . In comparison 

ith previous studies at atmospheric pressure, the amplitudes of 

he instabilities generated under pressurized conditions are sig- 

ificantly larger. The generation of very high amplitude pressure 

scillations resulted in a clear preference for spinning modes. Ad- 

itionally, when the amplitudes reached a sufficiently large am- 

litude, strong harmonic contributions were observed in the pres- 

ure field. The amplitude of these components was found to follow 

 quadratic relationship, as described by Lieuwen and Yang [43] . 

hile Stow et al. [44] note that the effect of harmonic contribu- 

ions to circumferential thermoacoustic modes can be neglected if 

hese are small, such assumptions must be carefully assessed based 

n their relative magnitude. 

Although not in annular combustors, the presence of higher 

armonics has been observed in a number of previous investiga- 

ions. For example, Bonciolini and Noiray [45] performed an exper- 

mental investigation into harmonic thermoacoustic modes which 

ccur in a sequential combustor, reporting that the nonlinear rela- 

ions varied as a function of combustor power. Kim et al. [46] ex- 

lored the nonlinear interaction between the fundamental com- 

onent and higher harmonics in premixed and partially-premixed 

wirl stabilized systems at atmospheric pressure. They highlighted 

he importance of higher harmonics, emphasizing the ability of 

lame Describing Functions (FDFs) to predict thermoacoustic in- 

tabilities could be limited when the amplitude of higher harmon- 
2

cs approaches that of the fundamental component amplitude. Pas- 

arelli et al. [47] describe a cross-frequency coupling phenomena 

n a liquid fueled pressurized gas turbine combustor, where the 

ressure response was dominated by the fundamental and fourth 

armonic, but the HRR was dominated by the first and third har- 

onic. 

Despite the potential significance of nonlinear phenomena, the 

urrent standard approach is to assume that higher harmonics are 

ot dynamically important to the thermoacoustic response. Stow 

nd Dowling [44] investigated the effect of including harmonics in 

 time domain simulation, and while they concluded that the ge- 

metry and flame model used meant that the harmonics had lit- 

le effect, they noted that these may have a greater role in some 

ases, particularly if the frequency of the harmonic is close to a 

esonant frequency of the chamber. The effects of significant har- 

onics were considered in a study by Haeringer et al. [48] , who 

onsider a laminar premixed slit burner that produced fundamen- 

al and harmonic components of a similar order of magnitude. It 

as found that considering the effect of higher HRR harmonics 

n an extended FDF model, offered improved performance over a 

tandard single frequency FDF model in the prediction of limit cy- 

le phenomena. This study therefore demonstrates that if harmonic 

omponents of a mode are dynamically significant, consideration 

nd modelling of these are required in order to make accurate sta- 

ility predictions. 

The present study focuses on the fundamental and harmonic 

esponse of the HRR during self-excited azimuthal instabilities in a 

ressurized annular combustor with varying hydrogen power frac- 

ion. While this configuration is known to contain significant har- 

onic components in the pressure field [41,42] , the present study 

uantifies for the first time the harmonic response of the HRR in 

etail, in order to determine the importance of nonlinear dynam- 

cs in this configuration. After determining that the harmonics only 

lay a minor role in the global flame response, the study then aims 

o physically explain why these contributions are small, and to bet- 

er understand the flame response to azimuthal excitation. This in- 

olves characterization of the flame dynamics, in order to iden- 

ify key parameters responsible for strong acoustic interactions at 

pecific conditions, and to assess the asymmetry of the flame re- 

ponse. 

. Experimental setup 

.1. The Intermediate Pressure Annular combustor 

Figure 1 a shows a schematic of the Intermediate Pressure An- 

ular (IPA) combustor [41,42] . The current study uses the same 

onfiguration reported previously in [42] , but the main features are 

ummarized. 

A fully premixed fuel-air mixture enters a cylindrical plenum 

here glass beads are installed to remove large scale flow struc- 

ures, and improve flow uniformity. The flow passes through a 

2 mm thick sintered metal plate with mean pore size 183 μm, 

orosity 0.12, and �p ≈15 kPa at the flow rate selected in this 

tudy. The sintered plate is highly acoustically reflective, and is 

haracterized in detail in [42] . 

The reactants are divided into 12 injector tubes which have an 

nner diameter of d inj = 19 mm. Each injector tube has a central 

od ( d r = 5 mm), which expands to a diameter of d bb = 14 mm at

he bluff body, as shown in fig. 1 c. The expansion has a cone an-

le of 38 ◦ over a streamwise distance of 10 mm. This bluff body 

eometry is modified as described by [42] , and differs from an 

nitial design which was more susceptible to flashback [41] . Six 

ane counter-clockwise axial swirlers are mounted L g = 33 mm up- 

tream of the sudden expansion into the combustor, which is re- 

erred to herein as the dump plane . 
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Fig. 1. (a) Cross-section view of the Intermediate Pressure Annular (IPA) combustor, (b) Photograph of flames during self-excited azimuthal instabilities, (c) Lateral view 

of bluff body and swirler, (d) Top view showing azimuthal position of microphones which are located at �{ k =0 , 1 , 2 , 3 , 4 } = 0 , 30 , 60 , 120 , and 240 ◦ . A high-speed camera and 

photomultiplier tube at 30 ◦ capture the HRR response. All dimensions in mm. 
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The combustion chamber has a length l c = 168 mm, with in- 

er and outer walls of diameter d i = 128 mm and d o = 212 mm 

espectively. The combustor outlet is defined by a two-stage an- 

ular nozzle. Across the first stage, a contraction ratio of CR = 7 

ccurs over a length l CR = 34 mm. The second contraction occurs 

s the flow passes a replaceable blockage plate, providing a total 

rea contraction ratio of CR total = 33 . The blockage plate results in 

 continuous annular exit gap of width 1.18 mm at a mean diam- 

ter of 164.75 mm. The lower section of the outer annular wall is 

ade out of a quartz glass, in order to provide optical access. The 

emaining outer and inner walls and the dump plane are stainless 

teel and are water-cooled, utilizing three separate cooling circuits. 

he cooling heat transfer is estimated based on water inlet/outlet 

emperatures and flow rates for these three circuits as P cool −i ≈ 100 

W, P cool −o ≈ 50 kW, and P cool −d ≈ 15 kW. 

The mass flow rates of air and fuel were controlled using four 

licat Mass flow controllers (MFC), two for air, and one each for 

 H 4 and H 2 . The range of the air and fuel MFCs are 50 0 0 SLPM

nd 10 0 0 SLPM respectively. Each MFC has an accuracy of ±0 . 8 % of

he reading plus ±0 . 2 % of the full scale. The reactants are supplied

t a mean temperature of approximately 293 K. The equivalence 

atio was varied between 0.7 to 1.0, while the air mass flow rate 

as maintained constant at 95.7 g s −1 . The volume fraction of hy- 

rogen, P V = 

˙ V H2 / ( ̇ V CH4 + 

˙ V H2 ) , was varied from 0.25 to 0.43. This

ange corresponds to thermal power ratio of hydrogen, P H , from 

.10 to 0.20. The bulk flow velocity, u b , is evaluated at the dump

lane based on the volumetric flow rates. Finally, a total of three 

epeat runs were performed for each operating condition. 

.2. Instrumentation and data acquisition 

Pressure sensors (Kulite XCE-093 sensors, 1 . 4286 × 10 −4 mV/Pa) 

ere used to measure pressure oscillations and installed at five lo- 

ations around the annulus �{ k =0 −4 } = 0 , 30 , 60 , 120 , and 240 ◦ at

n axial position z = −81 mm from the dump plane ( z = 0 mm)

s shown in fig. 1 d. Three additional microphones were installed 
3

t z = −133 mm in the injector pipes at 0, 30, and 60 ◦. Pressure

ignals were conditioned by an amplifier (Fylde FE-579-TA), and 

tored at a sampling rate of 51.2 kHz for a period of 60 s for

ach experiment. Signals were digitized by a 24-bit DAQ system 

NI model 9174). 

High-speed imaging was performed using a Phantom V2012 

amera with a LaVision Image Intensified Relay Optics (IRO) unit, 

tted with a 100 mm Cerco 2178 UV lens. The high-speed camera 

as positioned at �{ k =1 } = 30 ◦ at a horizontal distance from the 

uartz glass of 0.6 m. A photomultiplier tube (PMT) is positioned 

n parallel to capture the same region of interest, corresponding to 

 single flame, as shown in fig. 1 d. A narrow bandpass filter (cen-

ered at 310 nm, with a full width at half maximum of 10 nm) 

s mounted to both the camera and PMT in order to capture the 

H 

∗ response, which is used as a proxy for the HRR [49] . A total

f 80,0 0 0 images were sampled for each case at a rate of 16 kHz,

ith a region of interest of 535 × 560 pixels, giving a spatial res- 

lution of 0.09 mm/pixel. 

.3. Pressure propagation and mode characterization 

The pressure response is characterized by azimuthal modes of 

arying order, n . The current paper focuses only on modes of or- 

er n = 1 , 2 , which are referred to as the fundamental and first

armonic modes. The mode of oscillation is determined at each 

requency of interest using the approach outlined by Ghirardo 

t al. [50] , where the acoustic pressure oscillations in the system, 

p ′ , are described according to 

p ′ (�, t) = A cos (n (� − θ )) cos (χ ) cos (ωt + ϕ) 

+ A sin (n (� − θ )) sin (χ ) sin (ωt + ϕ) , (1) 

here � is the azimuthal coordinate, A is the amplitude of the 

ode, θ is the position of the anti-nodal line and ϕ describes the 

lowly varying phase. The variable χ describes the nature of the 

ode, and indicates whether the azimuthal eigenmode is a stand- 

ng wave, χ = 0 , a pure clockwise or counter-clockwise spinning 



B. Ahn, T. Indlekofer, J.R. Dawson et al. Combustion and Flame 244 (2022) 112274 

w  

r

h

i

a  

t  

c

p

t  

i

d

p

c

e

t

d

w

t

r

m

w

b

u

w

T(

w

d

m

c

t

t

a

c

a

w

l  

m

w

n  

f

2

c

s

o

i

t

c

q

e

I

t

c

a

o

q

n

c

i

g

o

i

t

m

g

n

m

F

a

u

v

f

t  

a

2

T  

e

v

o

n

f

t

t

s

b

t

p

a

t  

t

t

l

p

�
c

o

c

2

p

i

b

i

g  

d

p

R

ave, χ = ∓π/ 4 , or a mix of both for 0 < | χ | < π/ 4 . The spin di-

ection is based on viewing the combustor dump plane from over- 

ead (a location downstream) as shown in the coordinate system 

n fig. 1 . 

The mode nature angle is evaluated upstream of the combustor 

t a location z = −81 mm, as five transducers at this axial loca-

ion can be used to assess the mode using equation 1 . While the

alculation of the mode nature angle and orientation does not de- 

end on the axial location at which they are evaluated, the ampli- 

ude of the mode A does vary with axial location along the duct. It

s therefore of interest to describe the pressure oscillations at the 

ump plane to be able to investigate the HRR signal relative to the 

ressure signal at the exit of the injector. 

To propagate the pressure and calculate velocity oscillations, we 

alculate the acoustic field in the injector. The swirler has a strong 

ffect at high frequencies, which is taken into account using a scat- 

ering matrix approach. The acoustic field in the injector tube is 

escribed by 

p ′ (z, t) = � ((B 

+ exp (−ik + z) + B 

− exp (ik −z) ) exp (iωt)) , (2) 

here B + and B − describe the complex amplitudes and k + and k −

he wave numbers of a downstream and upstream traveling wave 

espectively. The wave amplitudes are calculated with the multiple 

icrophone method [51] , which assumes the presence of 1D plane 

aves, and is valid only in the injector pipe. The method can also 

e used to calculate the acoustic velocity field in the injector tube. 

 

′ (z, t) = 1 / ( ̄ρ c̄ ) � ((B 

+ exp (−ik + z) − B 

− exp (ik −z) ) exp (iωt)) , 

(3) 

here c̄ is the mean speed of sound and ρ̄ is the mean density. 

he scattering matrix [52] is defined as 

B 

−
d 

B 

+ 
d 

)
= 

(
S 11 S 12 

S 21 S 22 

)(
B 

+ 
u 

B 

−
u 

)
, (4) 

here the subscript u and d denote the elements upstream and 

ownstream of the swirler. The frequency-dependent scattering 

atrix of the swirler is taken from [42] . Finally, the pressure os- 

illations are propagated from the trailing edge of the swirler to 

he dump plane. This distance involves a continuous area change 

hrough the expansion of the bluff body, which is approximated by 

 series of discrete area changes through pressure and mass flow 

onservation laws. The propagation method was compared with 

n acoustically forced reference case under cold flow conditions 

here a microphone was placed at the exit, and found to be re- 

iable up to a frequency of ∼ 3 . 5 kHz. Therefore, only the funda-

ental and first harmonic modes are propagated in the current 

ork. Mean pressure amplitude and phase errors for n = 1 and 

 = 2 modes of around 10% and 15%, and ±10 ◦ and ±40 ◦ were

ound respectively. 

.4. Heat release rate response analysis 

The spatially distributed HRR, q (x, z, t) , is measured by the 

amera, which integrates OH 

∗ intensity along each pixel’s line of 

ight. The spatial coordinates represent the intersection of the lines 

f sight with a calibration plane, centered on the bluff body of the 

njector at � = 30 ◦. This HRR can be temporally decomposed into 

he time-averaged HRR, q (x, z) , the phase-dependent fluctuating 

omponent, q ′ (x, z, t) , and the stochastic fluctuations, q ′′ (x, z, t) : 

 (x, z, t) = q (x, z) + q ′ (x, z, t) + q ′′ (x, z, t) . (5) 

The phase-dependent fluctuating component, q ′ (x, z, t) , can be 

valuated through either phase averaging or spectral approaches. 

n the current work, tilde notation 

˜ (·) is used to explicitly refer to 
4 
he former. Therefore, ˜ q (x, z, t) is the phase-dependent fluctuating 

omponent which is evaluated by conditional averaging of the im- 

ges. Phase averaging is performed with respect to the phase angle 

f the integrated HRR from the image into 10 bins, and subtracting 

 (x, z) , which eliminates contributions from the stochastic compo- 

ent ( q ′′ (x, z, t) → 0 ) when the number of samples is large. 

The global flame response is also a quantity of interest, and 

an be evaluated by spatially integrating the HRR from the imag- 

ng measurements. A second independent measurement of the 

lobal flame response is obtained using the PMT. A comparison 

f these was conducted (not presented for brevity), with a sim- 

lar amplitude and phase captured using both methods, verifying 

he alignment of the PMT on a single flame sector. In the present 

anuscript, only the PMT measurements are used to evaluate the 

lobal fluctuations, due to its improved frequency resolution, sig- 

al length, and bit depth in comparison with the camera measure- 

ents. 

In the current work, hat notation 

ˆ (·) is used to express the 

ourier transform, and overline notation (·) is used to express time 

verages. Thus, the phase-dependent HRR fluctuations evaluated 

sing spectral methods are for example expressed as the complex- 

alued quantity ˆ q ( f ) , which varies as a function of the oscillation 

requency, f . The normalized amplitude of the heat release oscilla- 

ions is therefore expressed as | ̂  q | / q , and the phase angle of these

s ∠ ̂  q . 

.4.1. Spatial Fourier mode decomposition 

In order to investigate the spatial HRR response, a Fast Fourier 

ransform was performed on the image time series, q (x, z, t) , for

ach individual pixel on the camera sensor, yielding the complex- 

alued field, ˆ q (x, z, f ) , which can b e interrogated at each frequency 

f interest with a cut-off band frequency of ±10 Hz. The combi- 

ation of imaging frequency and number of samples results in a 

requency resolution of 2 Hz. Through this approach the oscilla- 

ion magnitude and phase can be evaluated spatially for each of 

he modes fundamental and harmonic components, allowing the 

tructure of these components to be understood. This is performed 

y reconstructing the oscillations for each Fourier mode through 

he cycle as q ′ rec (x, z, t/T ) = � 

(
ˆ q (x, z) e i 2 πt/T 

)
. 

In order to study HRR timing in the streamwise direction, 

hase-space diagrams of the HRR oscillations can be constructed, 

s used previously in for example [53,54] . The HRR is first in- 

egrated in the transverse x direction, q x (z, t) = 

∫ 
q (x, z, t) dx , and

hen the Fourier transform at each vertical location z of the in- 

egrated HRR is taken for each frequency of interest, to calcu- 

ate the complex quantity, ˆ q x (z) . Phase-space diagrams are then 

roduced by reconstructing the time series of HRR q ′ rec , x (z, t/T ) = 

 

(
ˆ q x (z) e i 2 πt/T 

)
. Due to the significant magnitude of the harmonic 

omponents in this work, a diagram can be constructed for not 

nly the fundamental frequency, but also the higher harmonic 

omponents, again providing insight into their dynamics. 

.4.2. Rayleigh criterion and Rayleigh index analysis 

The phase lag between the propagated pressure at the dump 

lane and the HRR oscillations describe a necessary condition for 

nstability through the Rayleigh criterion [55] . This phase lag can 

e described by the phase difference �ψ p−q = ∠ ̂  p − ∠ ̂  q . 

To identify spatial regions which induce either driving or damp- 

ng, two-dimensional Rayleigh index maps were computed, inte- 

rated over a measurement duration of τ = 0 . 5 s. The Rayleigh in-

ex, RI, is defined as the time integral of the oscillating HRR and 

ressure in Eq. 6 , 

I(x, z) = τ−1 
∫ 
τ p ′ (z = 0 , t) q ′ (x, z, t) dt (6) 
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Fig. 2. Effect of equivalence ratio and power fraction of hydrogen on mean cham- 

ber pressure, fundamental frequency, bulk velocity, and nature angle. Symbol indi- 

cates P H = 0 . 10 , 0.15, and 0.20. The nature angle at the fundamental frequency is 

calculated by the Quaternion formalism with five pressure sensors azimuthally po- 

sitioned at �0 − �4 as shown in fig. 1 . The mean chamber pressure is evaluated at 

a location z = −81 mm, as an average of the 5 azimuthally spaced pressure sensors. 
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here t is time, p ′ (z = 0 , t) is the pressure oscillation at the dump

lane, and q ′ (x, z, t) is the spatial distribution of phase-dependent 

RR oscillations. 

. Pressure and heat release rate oscillations 

While a detailed analysis can be found in Indlekofer et al. [42] , 

he combustor response to changes in operating condition is sum- 

arized here. Figure 2 shows the influence of P H and φ on the 

ime-averaged chamber pressure p̄ , bulk velocity u b , nature an- 

le χ , and fundamental mode frequency f n =1 . The mean chamber 

ressure, p̄ , is evaluated at z = −81 mm, as an average of the 5 az-

muthally spaced pressure sensors. As φ increases, p̄ and f n =1 in- 

rease gradually. In contrast, u b decreases with increasing φ due to 

he increase of gas temperature and mean chamber pressure. The 

ownstream outlet nozzle is always choked, as p̄ ≥ 200 kPa. There 

s a weak dependence on P H at a given φ. Increasing P H increases

he adiabatic flame temperature, slightly increasing both frequency 

nd mean pressure. While not shown here for brevity, the power 

ncreases with equivalence ratio but not significantly with hydro- 

en power fraction [42] . 

The nature angle evolves from positive to negative as equiva- 

ence ratio and hydrogen content increase. Most points are close 

o -45 ◦, meaning the system predominantly couples to strongly 

pinning clockwise modes. For the P H = 0 . 20 case, mixed modal 

ehavior occurs when the pressure oscillation amplitude is rela- 

ively low at φ = 0 . 8 to 0.9. As discussed in [42] , the nature an-

le dependence is a result of the relative increase in noise for low 

mplitude cases, resulting in an increasing preference for standing 

odes [16,35,37] . 

Figure 3 shows the effect of P H and φ on the behavior of the 

ormalized pressure and HRR oscillation amplitudes, at an az- 

muthal location of � = 30 ◦. Symbol colors denote the mode order, 

nd repeat runs are included to illustrate repeatability. 
5 
Figure 3 a shows the propagated pressure response at the dump 

lane, z = 0 mm for n = 1 , 2 modes. For the P H = 0 . 10 case an ini-

ially stable state occurs at φ = 0 . 7 with very low amplitude oscil- 

ations. As φ increases, the system transitions to a high-amplitude 

nstability, with the amplitude of the pressure oscillations at the 

undamental frequency varying from 1.2 to 1.5% of the mean pres- 

ure. The response is also characterized by harmonics with signif- 

cant amplitude as reported previously [42] . As P H increases, the 

tability boundary of the system moves to lower equivalence ra- 

ios, and the pressure oscillation amplitude decreases. The prop- 

gated pressure oscillation amplitudes have a similar distribution 

o previously reported upstream measurements [42] , but the am- 

litudes are significantly larger in the combustion chamber. After 

ropagation, the amplitude at the dump plane varies from around 

.6 to 2.6 times that at z = −81 mm, depending on the operating

onditions. 

The HRR at � = 30 ◦ for the n = 1 mode in fig. 3 b shows a very

imilar distribution to the propagated pressure response. The am- 

litude of the fundamental mode is significant, peaking at approx- 

mately 9% of the mean HRR. However, the first harmonic ampli- 

ude is small for all conditions, reaching a maximum of around 

.3% of the mean HRR. Therefore, despite the amplitude of the fun- 

amental and harmonic pressure components being of the same 

rder of magnitude during high amplitude instability, the HRR os- 

illations of the first harmonic are over an order of magnitude 

ower than the fundamental. This indicates that only the funda- 

ental heat release response is dynamically important. This will 

e investigated further in §4.2 . 

To further quantify the HRR response to self-excited oscillations, 

g. 4 shows the dependence of these on the velocity fluctuation 

mplitudes at the dump plane for the fundamental mode and first 

armonic. The velocity is chosen here (as opposed to the pressure) 

s a more common way to present the flame response. Points are 

olored by the mode nature angle, which illustrates that high am- 

litude instabilities are coupled to strongly spinning modes. 

To create a conventional Flame Describing Function (FDF), the 

ame should be subject to forced oscillations over a range of fre- 

uencies and amplitudes, at a single operating condition. Several 

revious studies in annular geometry have observed an approxi- 

ately linear flame response (equivalent to an almost constant FDF 

ain), while exploring a range of amplitude responses through ei- 

her acoustic forcing [56] , or the time varying behaviour during in- 

ermittent self-excited bursts [57] . The linear response in the lat- 

er study is more difficult to interpret due to the very high ampli- 

ude of acoustic oscillations, which may give rise to non-linear be- 

aviour. However, in both these studies the response is evaluated 

t a single operating condition. Figure 4 instead shows a scatter 

lot of the self-excited limit cycle response over the same range of 

and P H conditions presented in fig. 3 . Therefore, this plot does 

ot show the response of the linearly stable flames as in [56] , but

nstead shows the limit cycle behaviour at different operating con- 

itions, where the amplitude is controlled by nonlinearities. Vary- 

ng the operating condition has a small effect (maximum of 10 to 

5% change) on f , u b and p (shown previously in fig. 2 ), but a more

ignificant effect on the laminar flame speed, S L , which changes 

y a maximum of 44% between the different operating conditions. 

he laminar flame speed, S L is computed with Cantera [58] using 

he GRI 3.0 mechanism for combustion kinetics. However, despite 

hese changes in operating conditions, the limit cycle responses 

how an approximately linear dependence for both n = 1 , 2 com- 

onents. 

One possible interpretation for the linear behavior is the acous- 

ic losses in the system. The instability amplitude grows until the 

coustic source strength is balanced by acoustic losses. Changing 

perating conditions may change the gain and phase of the HRR 

esponse. However, if the amount of damping does not vary signif- 
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Fig. 3. Normalized (a) propagated pressure oscillation amplitude at z = 0 mm for n = 1 , 2 components and (b) HRR oscillation amplitude. Each quantity is plotted against 

equivalence ratio at a single azimuthal location of � = 30 ◦ . HRR oscillations are based on PMT measurements. From left to right, P H = 0 . 10 (circle), 0.15 (up-pointing triangle), 

and 0.20 (down-pointing triangle). Mode components are illustrated as blue ( n = 1 ), magenta ( n = 2 ). 

Fig. 4. Scatter plots of velocity and HRR fluctuation magnitude and phase for (a) fundamental and (b) first harmonic modes. Each data point represents the limit cycle be- 

haviour for a different operating condition. The propagated velocity perturbation at the dump plane ( z = 0 mm) was used, and the HRR response is from PMT measurements. 

Symbols indicate P H = 0 . 10 (circle), 0.15 (up-pointing triangle), and 0.20 (down-pointing triangle). The color of the data points indicates the nature angle. 

Fig. 5. Rayleigh criterion plotted against (a) fundamental mode frequency and (b) normalized pressure amplitude for the fundamental mode. Phase relation is calculated with 

propagated pressure signal at the dump plane ( z = 0 mm, � = 30 ◦), with heat release response from PMT measurements. Color-coded symbols indicate P H = 0 . 10 (circle), 

0.15 (up-pointing triangle), and 0.20 (down-pointing triangle). Data points correspond to the fundamental mode in the fig. 3 b. 
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cantly with operating conditions and scales linearly with | ̂  u | /u b , 

he limit cycle amplitudes may scale linearly. This would imply 

hat the linear slope for both n = 1 , 2 modes is related to the

mount of damping in the system. 

The phase relation between the velocity and limit cycle HRR 

scillations, �ψ q −u , show a slow increase in phase with oscillation 

mplitude. The phase of the first harmonic shows a similar trend, 

lbeit with more scatter compared to the fundamental component. 
6 
In fig. 5 the delay between heat release rate and pressure os- 

illations, �ψ p−q , is plotted against the frequency and the prop- 

gated pressure oscillation amplitude. These are again plotted for 

he same range of φ and P H conditions presented in fig. 3 . As hy-

rogen power fraction P H increases, the magnitude of the phase 

ifference, | �ψ p−q | increases for a given frequency (shown in 

g. 5 a) and the amplitude generally decreases (shown in fig. 5 b), 

hich is in agreement with the Rayleigh criterion. The phase dif- 
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Fig. 6. Spatial distribution of normalized time-averaged HRR as a function of P H and φ for cases I and II. The HRR distribution integrated in the z direction (from z= 14 to 16 

mm) is shown above each image to quantify the asymmetry. The HRR distribution integrated in the x direction across the entire flame is shown on the right hand side of 

each image. The red line indicates the flame height estimate, H f . 

Table 1 

Operating conditions and variables for two cases of interest. 

Case P H φ S L ( ms −1 ) f (Hz) | ̂ p | / ̄p χ ( ◦) u b ( ms −1 ) 

I 0.20 0.8 0.30 1587 0.004 -28.1 25.6 

II 0.10 1.0 0.36 1637 0.019 -36.4 23.3 
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Fig. 7. Variation of flame height with normalized pressure amplitude. Flame height 

is defined as the vertical distance from the dump plane to the maximum HRR loca- 

tion of the time-averaged HRR, integrated in the transverse direction. 
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erence varies with the hydrogen power fraction, which is consis- 

ent with the findings of Chterev and Boxx [11] . 

. High-speed flame imaging analysis 

.1. Effect of P H and φ on flame dynamics 

Following a description of the global pressure and HRR re- 

ponses, the effect of the former on the mean flame geometry and 

ynamics is investigated for two cases of interest (I and II marked 

n fig. 3 ). These two cases are selected in order to examine low 

nd high amplitude instabilities. In table 1 , the operating condi- 

ions and some important parameters are listed for the two se- 

ected cases. 

First, the mean flame shape is presented in fig. 6 , which shows 

he time average HRR normalized by the maximum OH 

∗ inten- 

ity, q / q max . The turbulent flame brush is anchored on the inner 

hear layer, with the maximum HRR location occurring around 20- 

5 mm downstream of the dump plane. Flame height decreases 

lightly with increasing forcing amplitude, rather than responding 

o changes in the bulk flow velocity or flame speed through φ or 

 H . Therefore, slightly longer and shorter flames are observed in 

ases I and II, which experience low and high amplitude oscilla- 

ions respectively. 

The flame height variation, which is defined as the distance 

rom the dump plane to the maximum time-averaged HRR loca- 

ion is presented for a range of cases in fig. 7 . As expected based

n the almost constant phase delay shown previously in fig. 4 and 

he similar bulk flow velocities, the flame length is relatively con- 

tant for high amplitude oscillations. 

Figure 6 also shows that the flame structure is asymmetric, 

ith higher mean HRRs on the right hand side. The level of asym- 

etry appears to grow with increasing instability amplitude, and 

he spatial distribution of HRR changes. For approximately axisym- 

etric flames, the integrated line of sight images recorded by the 

amera usually show the highest intensities at the sides of the 
7 
ame, as in case I, which is simply because more OH 

∗ intensity 

s integrated along the camera’s lines of sight in these peripheral 

egions. However, as the oscillation amplitude increases the spa- 

ial distribution of intensity changes, and in case II the intensity 

n the centre of the flame is approximately the same as that at 

he left hand side. This is quantified through the line plot shown 

bove each subplot, in which the HRR has been integrated in the 

direction from z = 14 to 16 mm. This suggests a departure in the 

nsteady structure of the flames away from axisymmetry. 

To understand the flame dynamics, the normalized phase- 

veraged HRR distributions, ˜ q / ̃  q max , are presented in fig. 8 at five 

oints in the cycle. Each sequence is normalized by the maximum 

ntensity in the cycle. 

During the instability, HRR oscillations are formed and advected 

ownstream. The response on the left and right hand side of the 

ame differ slightly in both phase and amplitude, with the asym- 

etric flame shape leading to more HRR on the right hand side 

nd more flame-flame interaction. 

Similar asymmetry has been observed previously [23,56] , and 

esults from the combination of azimuthal and axial velocity os- 

illations. Azimuthal velocity fluctuations result in a flapping mo- 

ion [23] , which occurs twice per oscillation cycle. Axial velocity 

scillations result in a pulsing of the inlet flow once per oscilla- 

ion cycle (c.f. [59] ). As both motions affect shear layer roll-up (c.f. 

60] for transverse oscillations and [61] for axial oscillations) the 

ombination of these therefore results in asymmetry, as the axial 
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Fig. 8. Phase averaged normalized HRR dynamics for cases I and II. Spatial HRR is normalized by the maximum phase averaged intensity. 
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ulsing motion is associated with a flapping motion in only one 

zimuthal direction. 

The modest oscillation level for case I results in only slight 

ame height variations, and no significant side-to-side motion. In 

omparison, a distinct side-to-side flapping is observed in case II, 

hich is characteristic of azimuthal excitation [23] . This motion is 

learly visible close to the flame base, where the flame brush efflux 

ngle tilts from left at t/T = 0 / 6 to right at t/T = 3 / 6 . At the flame

ip, the structure fragments and pinches-off at around t/T = 0 / 6 to 

/T = 1 / 6 , resulting in sudden absence of OH 

∗ in the upper half of

he images by t/T = 2 / 6 . This significant flame surface annihilation

esults in a significant oscillation in flame height. 

.2. Fourier analysis and Rayleigh index maps 

Figure 9 shows the spatial HRR oscillation amplitudes for cases 

 and II. These are obtained through Fourier mode reconstruction 

described in §2.4.1 ) at four phase angles. The sum of components 

s presented in the top row of each subfigure, to illustrate the over- 

ll spatial response. The left hand side of each figure shows the 

eighted phase representation [62] of each Fourier mode, where 

rightness and color at each pixel location are determined by the 

uctuation magnitude and phase respectively. 

For case I and n = 1 , at t/T = 0 , oscillating bands of positive and

egative amplitude can be seen along the flame brush. The oscil- 

ations are smallest at the flame base, and increase in magnitude 

s they are advected downstream. Structures on the left and right 

and sides of the flame show subtle differences in amplitude and 

ize, with larger magnitude oscillations shown on the right hand 

ide. The structure on the left hand side shows both an inner and 

uter structure, with a slight delay in phase. The shift in phase be- 

ween these two inner and outer structures reduces the magnitude 

f the integrated oscillation from this part of the flame. 

A similar pattern occurs for the n = 2 mode, with a larger num-

er of smaller structures due to the higher frequency. The first har- 

onic changes the maximum amplitude of the overall spatial HRR 

scillations (upper row), by around 15% in comparison with the 

undamental mode alone. However, the significant number of oscil- 

ations simultaneously present on the flame for the n = 2 mode re- 

ult in the low integrated oscillation amplitudes shown previously 

n fig. 3 b. 

In comparison, the much higher magnitude oscillations in case 

I show a very different set of dynamics. The n = 1 mode oscilla-

ions are dominated by a single high amplitude band in the upper 

alf of the flame, due to the large pinch-off event shown in fig. 8 .
 u

8 
nlike the low amplitude oscillations, the band has high intensity 

oth on the sides and centre of the flame; suggesting asymmetric 

ame dynamics. From the weighted phase plot on the left hand 

ide, high intensity HRR oscillations only occur during a narrow 

ange of phases in the cycle, and therefore, there is less cancel- 

ation of local HRR oscillations in this case, resulting in the high 

mplitude integrated response. 

The asymmetry is clearly visible for the first harmonic, as the 

ownstream location of fluctuations on left and right hand sides 

f the flame is staggered, due to the strong transverse flapping 

otion. Again, while these have some effect on the overall local 

scillation amplitude, the spatially integrated influence of these is 

mall. 

The response timing or phasing can be understood by con- 

tructing phase-space plots using the method outlined in §2.4.1 . 

he transversely integrated response is plotted as a function of 

ownstream distance, as shown in fig. 10 . Phase-space distribu- 

ions are shown for case I and II, for modes of order n = 1 , 2 . Dis-

ributions are also divided by spatial extent, considering the entire 

ame (denoted A), with separate plots for left and right hand sides 

denoted L and R respectively). 

The n = 1 mode for the entire flame in case I is shown in

g. 10 a1A. The angled streaks show HRR oscillations which are ad- 

ected downstream. It is interesting to separate left and right hand 

ides, which for the fundamental mode are shown in fig. 10 a1L and 

1R. The larger magnitude oscillations on the right hand side are 

learly visible in this representation, but so too is a small phase 

ifference in the response, which can be seen comparing locations 

f horizontal lines representing the local cycle maximum. Similar 

treak structures on the right hand side have a small lag in phase 

n comparison with the left hand side, which has a minor cancel- 

ation effect when integrated. Large differences in phase and am- 

litude are also observed in the harmonic contributions. 

The phase-space distributions for case II show a number of dif- 

erences. The fundamental mode for the entire flame is shown 

n fig. 10 b1A, which shows fewer but larger streaked regions in 

omparison with case I. The streak width is significantly increased 

espite similar frequencies and bulk flow velocities. The injector 

ontains swirl vanes that act as a source of convective velocity os- 

illations [53,63] . In the absence of interference effects between 

coustic and convective sources of velocity oscillation, the streak 

idth should be a result of the estimated convective wavelength, 

hich scales with frequency and bulk flow velocity, λ ≈ u b / f . 

owever, in the presence of the swirler, modest changes in f and 

 can alter the interference between these sources, modifying the 
b 
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Fig. 9. Fourier mode amplitude distributions for cases I and II, presented as weighted phase plots ( left ) and a sequence of the time evolution of the normalized spatial heat 

release fluctuation intensity based on fundamental and harmonic Fourier modes ( right ). From top to bottom in each sub figure show the integration of first two modes, and 

isolated modes n = 1 , 2 . 
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treak width [63] . The large changes in streak width shown here 

re more consistent with the different interference regimes pre- 

ented in [63] , than expected changes due to minor differences in 

f and u b . The streak width is quantified for the fundamental mode 

cases a1A and b1A) at the t/T corresponding to the maximum 

RR in the cycle. The width is evaluated as the distance along 

his line where the oscillation amplitude is greater than 50% of 

he maximum value. These width calculations are shown schemati- 

ally with green arrows in fig. 10 . The change in estimated convec- 

ive wavelength between cases I and II is only approximately 6%, 

nd should result in a shorter wavelength for case II. However, the 

idth of the streak lines change by approximately 27.4%, and show 

 longer convective wavelength for case II. The increased width of 

he streaks results in less cancellation of the HRR when integrated 

patially, consistent with the higher amplitude oscillations and the 

arge scale pinch-off dynamics at the flame tip. 
9

For case II, slight differences in phase occur between left and 

ight hand sides. While the response amplitude for n = 1 is larger 

n the right hand side, the amplitude for n = 2 is larger on the left

and side, and for this harmonic a very different phase-space dis- 

ribution is observed in the lower portion of the flame. While the 

ight hand side of the n = 2 distribution resembles that of case I, 

he left hand side shows two distinct regions at different down- 

tream distances, with a phase jump between them. This may im- 

ly the presence of several distinct vortical structures on the left 

and side of the flame. 

To identify regions of driving and damping, the Rayleigh index 

s plotted in fig. 11 for the two cases of interest. Pressure and HRR 

ime series were bandpass-filtered with a bandwidth of 5 Hz. 

HRR oscillations, which are both in and out of phase with the 

ressure oscillations, are observed as alternating regions of driv- 

ng and damping respectively. These regions are largely aligned in 
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Fig. 10. Phase-space distribution of HRR oscillations for cases I and II. HRR intensity fluctuations are integrated in the transverse direction over the full field of view (A), left 

hand side (L), and right hand side (R). The reconstructed distributions are presented for the Fourier mode of fundamental (1), first (2) harmonic modes. These are integrated 

in the transverse direction over the full field of view. In these representations the streamwise flow direction is left to right. Green and purple horizontal lines indicate 

maximum and minimum intensity during one cycle, respectively. 

Fig. 11. Spatial distribution of Rayleigh Index for the two cases of interest. Spatially 

integrated percentage of driving on the LHS and RHS is indicated for each case. 
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he horizontal direction, and the maximum region of driving oc- 

urs at the flame tip. While case I features modest damping, case II 

s dominated by driving at the flame tip, resulting in the larger os- 

illation amplitude. Asymmetry is evaluated by spatially integrat- 

ng the RI on the left and right hand sides, and expressing this as 

 percentage of the total RI. These values are indicated on fig. 11 .

hile the n = 1 distributions are slightly asymmetric as a result 

f the azimuthal excitation, the side with larger regions of driv- 

ng also features larger regions of damping. Therefore, despite the 

symmetry of the response, both sides contribute approximately 

qually to the total driving for the fundamental mode. 
10 
In contrast, the n = 2 modes feature more significant asymme- 

ry between left and right hand sides. For cases I and II, the right 

nd left hand side dominate respectively. However, due to their 

igh frequency, the inclusion of harmonic components does not 

ignificantly change the integrated Rayleigh index. A change of 0.1% 

nd 4.6% for the integrated RI for cases I and II is calculated respec- 

ively with the inclusion of the first harmonic, demonstrating that 

ven for large amplitude oscillations these are not dynamically sig- 

ificant. 

. Conclusions 

In the present paper, the influence of hydrogen content and 

quivalence ratio on the HRR response and dynamics of hydro- 

en/methane blended flames in a lab-scale pressurized annular 

ombustor have been investigated. 

An almost linear scaling occurs between limit cycle HRR and 

ressure (and velocity) oscillation amplitudes for both the funda- 

ental and first harmonic components, despite the wide range of 

perating conditions. The phase of the pressure and HRR oscilla- 

ions varies with hydrogen content. Increasing hydrogen content is 

orrelated with larger phase differences and lower instability am- 

litudes. 

High-speed imaging was used to examine cases with low and 

igh amplitude instabilities. During high amplitude oscillations, 

arge changes in flame height were observed, which dominated the 

eat release response. Oscillations on the left and right hand sides 

f the flame were observed to have small differences in the timing, 

ut large differences in amplitude. Therefore, the effect of trans- 

erse oscillations primarily resulted in heat release response asym- 

etry, rather than significant changes to the phasing between the 

wo sides of the flame. 

Integrating these spatial responses and evaluating them as part 

f the Rayleigh index showed that the high amplitude case is 

riven by the oscillation of HRR at the top of the flame. For the 

ower amplitude cases more damping is observed along the flame 

rush, where positive HRR oscillations occur out of phase with the 

ressure oscillations, resulting in an overall lower amplitude re- 

ponse. 
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