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A B S T R A C T

The flame transfer function (FTF) relates acoustic perturbations and the coherent heat release rate response.
This frequency-dependent function governs the thermoacoustic stability of a combustor. The FTF measurement
is therefore of great interest for predicting the stability of the practical combustor connected to the engine’s
compressor and turbine. So far, the FTFs of the second stage of constant pressure sequential combustors
(CPSC) have only been obtained from numerical simulations. In this study, second-stage FTFs are measured
experimentally. The thermal power of the first- and second-stage flames is configured to be equal. The effects
of hydrogen blending in the first- and second-stage fuel mixtures on the sequential FTF are analyzed. The FTF
of the sequential flame is fitted with a distributed time delay (DTD) model with two pulses. The trends of the
model parameters obtained are consistent with the OH∗ chemiluminescence of the sequential flame.

Novelty and significance
In this study, the flame transfer function of the second-stage flame of an atmospheric sequential combustor

is measured for the first time. This is a significant progress as the second stage FTF has been obtained so far
only from numerical simulations. The effects of the amount of hydrogen mixture in the first- and second-stage
fuels on the sequential flame transfer function are investigated. This work thus serves as a stepping stone
toward the thermoacoustic modeling of a sequential combustor for stability predictions.
1. Introduction

Modern gas turbines for electric power production must achieve fast
ramp-up and ramp-down times to balance the inherent intermittency of
wind and solar power sources. The constant pressure sequential com-
bustor (CPSC) is a promising solution to these challenges [1]. The CPSC
offers numerous advantages, including high fuel flexibility, ability to
burn a significant amount of hydrogen, a wide load operational range,
and low NOx and CO emissions over a wide operating range [2,3].

However, as in single-stage combustor architectures, the operational
range of CPSCs is limited by thermoacoustic instabilities. One of the
key information that needs to be quantified to predict these ther-
moacoustic instabilities is the flame transfer function (FTF). The FTF
relates the heat release rate fluctuations of the flame to the upstream
velocity perturbations. The FTFs of single-stage combustors have been
widely studied in both laboratory-scale setups, e.g. [4–8] and industrial
setups [9,10].

To the best of our knowledge, the FTF of CPSC’s second stages have
only been characterized by numerical simulations [11–14] and analyt-
ical methods [15,16], and no experimental FTFs have been measured
so far.

∗ Corresponding authors.
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In this study, we aim at filling this knowledge gap by experimentally
measuring the second-stage FTF of an atmospheric sequential combus-
tor. In particular, we investigate the effect of hydrogen blending in
both first- and second-stage fuel lines on the FTF. Furthermore, we
fit the measured FTFs using the widely known distributed time delay
(DTD) model [17], and show that for the forcing amplitudes considered
here, the response of the reheat flame to acoustic excitation exhibits the
characteristics of a technically premixed first-stage flame with stiff fuel
injection.

2. Experimental setup

The sequential combustor setup, similar to that in [18,19], is briefly
described here. Figure 1 shows the side view of the setup for FTF
measurements. It includes a plenum with loudspeakers (Beyma model
CP-755Nd) for acoustic forcing, a fully premixed matrix burner com-
posed of 4 × 4 channels of ⌀6 mm, a combustion chamber with a
62 × 62 mm2 cross-section, and a sequential burner with a mixing chan-
nel (25 × 38 mm2 cross-section). Secondary fuel is injected 178 mm
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Fig. 1. Experimental setup for sequential flame transfer function investigations. C.C: combustion chamber, Mics.: Microphones, 𝜆min = 𝑐𝑑 𝑠∕𝑓max (minimum acoustic wavelength
downstream of the flame). The inset shows the X-lobe fuel injector.
from the burner outlet, through an X-lobe injector of ⌀3.2 mm to
introduce a rotational movement for enhancing the mixing between
the vitiated flow and the fuel. A second pair of loudspeakers is located
downstream of the second-stage combustion chamber. Both sets of
loudspeakers provide an acoustic forcing from 190 Hz to 700 Hz with a
step of 10 Hz. First-stage air with a mass-flow of 17 g/s is preheated to
250 ◦C, and a hydrogen-natural gas blend is injected upstream of the
loudspeakers, creating a premixed mixture. Dilution air with a mass
flow of 18 g/s is injected downstream of the first-stage combustion
chamber.

The tunable diode laser absorption spectroscopy with wavelength
modulation spectroscopy (TDLAS-WMS) method, which can measure
relatively low coherent temperature fluctuations down to 5 K as de-
tailed in [20] and verified with numerical simulations in [21,22], mea-
sures the line of sight integrated temperature at 10 cm downstream of
the second-stage fuel injection in the mixing channel, aligned similarly
to the setup in [23]. However, no coherent temperature fluctuations
are detected in the acoustic frequency band of interest for the acoustic
forcing amplitudes considered. Additionally, the expected isentropic
relative temperature fluctuations induced by the pressure perturbations
is about 0.06% which equals to 0.72 K. This level of temperature
fluctuation cannot be resolved with the TDLAS-WMS method.

Four flush-mounted G.R.A.S microphones are placed along the se-
quential mixing channel walls, with another four downstream of the
second-stage combustion chamber. Both sets of microphones are used
to reconstruct the acoustic variables upstream and downstream of
the reference location, which in this case is the sequential burner
outlet, with the multi-microphone method (MMM) [24]. A high-speed
intensified camera (LaVison Star X + LaVision HS-IRO) equipped with
a CERCO UV lens (45 mm, F/1.8 Cerco) and a bandpass filter (Edmund
Optics, centered at 310 nm, FWHM 10 nm) is pointed at the sequential
flame to capture the OH∗ chemiluminescence.

The hydrogen blending mass fractions for the first and second stage
fuel, denoted by 𝑌 1st

H2
and 𝑌 2nd

H2
, are defined as the ratio of hydrogen

mass flow to the total mass flow of hydrogen and natural gas in each
fuel line. In this study, both quantities are varied, but the total thermal
power of both flames is kept constant at 77 kW and in a 1:1 ratio
for all operating conditions. Both flames are in lean condition, with
equivalence ratio ranges of 0.74–0.77 and 0.54–0.6 for the first flame
and sequential flame, respectively. The flow velocity inside the mixing
channel remains around 110 m/s, with a temperature of about 1200 K
for all cases. It is worth mentioning that for all operating conditions,
no ignition kernel is generated inside the mixing channel.

3. Methodology

For the remainder of the manuscript, the subscripts (.)𝑢𝑠 and (.)𝑑 𝑠
represent the quantities upstream and downstream of the flame, re-
spectively. The relative heat release rate fluctuations, 𝑄̇′∕𝑄̇, can be
written as a function of the relative upstream pressure (𝑝′𝑢𝑠∕𝑝𝑢𝑠), ve-
locity (𝑢′ ∕𝑢 ), equivalence ratio (𝜙′∕𝜙), and temperature fluctuations
𝑢𝑠 𝑢𝑠

2 
(𝑇 ′
𝑢𝑠∕𝑇 𝑢𝑠) as discussed in [12,14,25]. We adopt here the description

used in [25]:
𝑄̇′

𝑄̇
= 𝐹𝑝

𝑝′𝑢𝑠
𝑝𝑢𝑠

+ 𝐹𝑢
𝑢′𝑢𝑠
𝑢𝑢𝑠

+ 𝐹𝑇
𝑇 ′
𝑢𝑠

𝑇 𝑢𝑠

. (1)

The expression above does not explicitly account for equivalence ra-
tio fluctuations, whose effects are embedded in the other transfer
functions, as will be shown later.

As mentioned previously, the TDLAS-WMS does not detect coherent
temperature fluctuations, 𝑇 ′

𝑢𝑠, in the frequency and forcing amplitude
ranges of interest. Therefore, in this study, 𝐹𝑇 is not quantified and
we could resort to the classical 2 × 2 flame transfer matrix (FTM)
identification approach as described in [4,6]. From the Rankine Hugo-
niot relationships, the acoustic velocity fluctuations downstream of the
sequential flame (𝑢′𝑑 𝑠) can be written as a function of the 𝐹21 and 𝐹22
elements of the flame transfer matrix (FTM):

𝑢′𝑑 𝑠 = 𝐹21
𝑝′𝑢𝑠

(𝜌̄ ̄𝑐)𝑢𝑠
+ 𝐹22𝑢

′
𝑢𝑠

= 𝛾 𝜃 𝑀𝑢𝑠(𝐹𝑝 − 1) 𝑝′𝑢𝑠
(𝜌̄ ̄𝑐)𝑢𝑠

+ (1 + 𝜃 𝐹𝑢)𝑢′𝑢𝑠

𝜃 =
𝑇 𝑑 𝑠
𝑇 𝑢𝑠

− 1,

(2)

where 𝛾 and 𝑀𝑢𝑠 are the ratio of the specific heat capacities and the
upstream Mach number, respectively.

The 𝐹21 element of the FTM that we measured exhibits a very low
gain of about 5% of |𝐹22| in the frequency range of interest for all
operating conditions. Hence, in this study, we focus only on the 𝐹22
element. It is worth mentioning that in our measurements, the relative
upstream velocity perturbations, 𝑢′𝑢𝑠∕𝑢𝑢𝑠, range around 1%–3% for the
frequency ranges and all the operating conditions considered. The 𝐹𝑢
in Eq. (2) is the classical FTF and can be obtained from 𝐹22: 𝐹𝑢 =
(𝐹22 − 1)∕𝜃. The obtained FTF is then fitted to a DTD model, described
in [17], with two Gaussian pulses:

FTF(𝜔) = 𝑛1 exp
(

−𝑖𝜔𝜏1 −
𝜔2𝜎21
2

)

+ 𝑛2 exp
(

−𝑖𝜔𝜏2 −
𝜔2𝜎22
2

)

, (3)

where 𝜏𝑘 and 𝜎𝑘 model the time delay and the characteristic spread
of each pulse, respectively. By looking again at the experimental setup
in Fig. 1, one can see that the sequential flame configuration is close
to a technically premixed configuration. This implies that the up-
stream acoustic perturbations will additionally generate equivalence
ratio perturbations 𝜙′. Therefore, the FTF gain at 0 Hz must be equal to
zero [26]. An example of FTF obtained through numerical simulation
that is similar to our configuration could be seen in [11], where the
FTF gain goes to 0 at 0 Hz, and the phase approaches 𝜋∕2. In order to
fulfill this criterion, a constraint is added to the FTF model:

𝑛1 + 𝑛2 = 0, and 𝑛1 ≡ 𝑛. (4)

The first time delay pulse models the perturbations generated at the
dump plane of the sequential burner which are induced by the acous-

tic perturbations and advected by the mean flow. The second time
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Fig. 2. (top) Averaged OH∗chemiluminescence at 𝑌 2nd
H2

= 7.4% and 𝑌 1st
H2

= 4.8%.
(bottom) The vertically integrated OH∗chemiluminescence intensity, with the flame
center of mass, 𝜇𝑓 , indicated by the black dashed line. The flame characteristic width,
𝜎𝑓 , is represented by the distance between the black dashed line and the red dashed
lines. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

delay models the convected equivalence ratio perturbations that are
generated at the sequential fuel injector. This rationale for modeling
is similar to the FTF model for technically premixed matrix flames
described in [6]. Hence, one can expect that the difference between
𝜏2 and 𝜏1 is equal to the fuel residence time in the mixing channel. The
validity of this assumption will be verified in the next section.

To characterize the flame length and spread, the 2D image of the
OH∗ chemiluminescence, 𝐼(𝑥, 𝑦), is integrated along the vertical axis (Y-
axis in Fig. 1): 𝐼(𝑥) = ∫ 𝐻∕2

−𝐻∕2 𝐼(𝑥, 𝑦)𝑑 𝑦. The center of mass of the flame,
𝜇𝑓 , and the characteristic width, 𝜎𝑓 , are then computed as:

𝜇𝑓 =
∫ 𝑥𝐼(𝑥)𝑑 𝑥
∫ 𝐼(𝑥)𝑑 𝑥 (5)

𝜎2𝑓 =
∫ (𝑥 − 𝜇𝑓 )2𝐼(𝑥)𝑑 𝑥

∫ 𝐼(𝑥)𝑑 𝑥 . (6)

The time-averaged OH* intensity is utilized as a qualitative marker
to identify flame characteristics, acknowledging that its fluctuations
do not directly represent heat release rate variations. This approach is
supported by prior studies that demonstrated a strong correlation be-
tween time-averaged OH* chemiluminescence and the averaged flame
heat release rate in similar configurations [27,28]. Figure 2 shows the
averaged OH∗chemiluminescence at 𝑌 2nd

H2
= 7.4% and 𝑌 1st

H2
= 4.8%. The

chemiluminescence image is vertically integrated to derive the axial
distribution of OH∗, which is then used to compute 𝜇𝑓 and 𝜎𝑓 , as
illustrated in the bottom plot of Fig. 2. Zero-dimensional (0D) simu-
lations are performed using Cantera to compute the expected ignition
delays of the sequential mixtures, as outlined in the supplementary
material. For all operating conditions, the expected ignition delay is
significantly larger than the sequential fuel residence time and the
high-speed camera does not detect any ignition kernels in the mixing
channel.

4. Results and discussion

4.1. Variations of hydrogen blending in the sequential fuel line

The measured FTFs and their corresponding best fit with Eq. (3) for
different 𝑌 2nd

H2
are shown in Fig. 3. Note that in these cases, the 𝑌 1st

H2
is fixed at 4.8%. As can be seen, the gain of FTF exhibits noticeable
3 
Fig. 3. Measured (symbols) and fitted FTFs (solid lines) for different 𝑌 2nd
H2

. The 𝑌 1st
H2

is
fixed at 4.8%. Two DTDs are employed for the fitting according to Eqs. (3) and (4).
The gain and phase of FTFs are shown on the top and bottom plot, respectively.

variations with respect to the variations in 𝑌 2nd
H2

. Furthermore, the slope
of the phase becomes flatter as 𝑌 2nd

H2
increases. This indicates that there

is a decrease in the characteristic time delay of the perturbations, which
can be related to the change in the shape of the sequential flame as will
be discussed below.

Figure 4a shows the DTD parameters of the FTF fitting. It is impor-
tant to note that, for the FTF fitting, only the data between 210 Hz and
600 Hz are utilized. Outside this range, the FTF gain and phase have
relatively large uncertainties for all operating conditions, as shown in
the supplementary material. Figure 4b shows the vertically integrated
flame chemiluminescence at different hydrogen fractions in the sequen-
tial fuel line. As can be seen, the flame moves closer to the burner
outlet as 𝑌 2nd

H2
increases. This behavior is expected as the fuel reactivity

also increases. Both the 𝜇𝑓 and 𝜎𝑓 exhibit monotonically decreasing
trends with respect to 𝑌 2nd

H2
. The trends of 𝜎 and 𝜏 from the fitting of

the model are consistent with those of the flame chemiluminescence as
shown in Fig. 4a and 4b. Furthermore, the identified time delays (𝜏1,
𝜏2) are significantly smaller than the expected ignition delay under all
operating conditions.

Indeed, the mean time delay parameters 𝜏1 and 𝜏2 decrease with
increasing hydrogen fraction in the sequential fuel line, attributed to
flame shortening as shown in Fig. 4b. The difference between the
time delays, 𝛥𝜏 = 𝜏2 − 𝜏1, remains constant at approximately 1.6 ms
across different hydrogen blending amounts. This matches the expected
convective delay, 𝜏𝑐 𝑜𝑛𝑣 = 𝐿∕𝑈 𝑐 𝑜𝑛𝑣 = 0.178∕110 ≈ 1.6 ms, given
the flow velocity of 110 m/s and the 178 mm distance between the
sequential fuel injector and the dump plane. It is important to note that
this study does not aim to quantitatively correlate 𝜎𝑓 and 𝜇𝑓 with 𝜏𝑘
and 𝜎𝑘, as such an analysis would necessitate additional velocimetry
measurements. Instead, the key observation is that (𝜏𝑘, 𝜎𝑘) and (𝜇𝑓 ,
𝜎 ) demonstrate similar trends with variations in hydrogen blending.
𝑓
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Fig. 4. (a) The resulting mean time delay 𝜏, time delay spread 𝜎 and gain 𝑛 parameters from the fitting of the flame transfer function across different hydrogen blending in the
second-stage fuel line, 𝑌 2nd

H2
. (b) The vertically integrated flame chemiluminescence at different 𝑌 2nd

H2
(top) along with the flame center of mass and characteristic width (bottom).
4.2. Variations of hydrogen blending in the first stage fuel line.

In the second test case, 𝑌 2nd
H2

is fixed at 10.45%, and 𝑌 1st
H2

is varied
from 1.3 to 7.4%. Note that the thermal power of the first-stage flame is
kept constant, therefore the temperature in the mixing channel is only
weakly affected. The measured FTFs and the resulting model fittings
can be seen in Fig. 5. In contrast to the previous case, both the gain
and phase of the FTFs show no significant variation with respect to
changes in 𝑌 1st

H2
.

The vertically integrated flame chemiluminescence for this test case
is shown in Fig. 6b and it can be seen that the shape does not change
significantly between different 𝑌 1st

H2
. Furthermore, the flame center of

mass and characteristic width show no clear trend. This observation
is aligned again with the resulting DTD parameters from the FTF
fittings. The mean time delay 𝜏 remains constant and its spread 𝜎
does not vary as significantly as in the previous case where 𝑌 2nd

H2
is

varied. The concentrations of major species in the mixing channel
after dilution air injection remain nearly identical across different
𝑌 1st
H2

values, as shown in the supplementary material. Additionally, the
constant thermal power of the first stage ensures a stable temperature
of approximately 1200 K. This consistency aligns with the observed
similarity in the FTFs and the overall flame shape.

5. Conclusions and outlook

This study experimentally quantifies the sequential flame transfer
function (FTF) of an atmospheric sequential combustor. The results
reveal that the sequential FTF is sensitive to hydrogen blending in
the second-stage fuel line but remains largely unaffected by hydrogen
4 
Fig. 5. Measured (symbols) and fitted FTFs (solid lines) at different 𝑌 1st
H2

. 𝑌 2nd
H2

is fixed
at 10.45%. Two DTDs are employed for the fitting. The gain and phase of FTFs are
shown on the top and bottom plot, respectively.



B. Dharmaputra et al. Combustion and Flame 274 (2025) 113972 
Fig. 6. (a) The resulting mean time-delay 𝜏, time delay spread 𝜎 and gain 𝑛 parameters from the fitting of the flame transfer function across different hydrogen blending in the
first-stage fuel line, 𝑌 1st

H2
. (b) The vertically integrated flame chemiluminescence at different 𝑌 1st

H2
(top) along with the flame center of mass and characteristic width (bottom).
blending in the first-stage fuel line. By employing the classical dis-
tributed time delay (DTD) model, the sequential FTF can be effectively
fitted with two distinct pulses. Higher hydrogen blending in the second-
stage fuel mixture results in a more compact and shorter sequential
flame. The observed trends in the mean time delay parameters (𝜏1, 𝜏2)
and the characteristic spread parameters (𝜎1, 𝜎2) are in close agree-
ment with the observed changes in the flame center of mass and
characteristic width.

This first measurement of CPSC’s second-stage FTF paves the way
for future studies, such as the FTF measurement of the first-stage
flame for stability analyses of the whole thermoacoustic system or the
measurement of the second-stage flame describing function (FDF) by
forcing it at larger amplitude. Furthermore, by employing the same
methodology, the effects of nanosecond repetitively pulsed discharges
(NRPD) on the sequential FTF can be quantified. This would then
provide a quantitative explanation on the stabilizing effect of NRPD on
the thermoacoustic of a sequential combustor, which was demonstrated
in [18].
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