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Flashback Prevention
in a Hydrogen-Fueled Reheat
Combustor by Water Injection
OptimizedWith Global Sensitivity
Analysis
This paper investigates water injection effects in a simplified Ansaldo GT36 reheat system
under realistic conditions of 20 atm using large eddy simulation (LES) coupled with
thickened flame modeling and adaptive mesh refinement. The water injection conditions are
optimized by performing a parametric study based on global sensitivity analysis (GSA) with
a surrogate model based on Gaussian process (GP) to reduce computational cost. In
particular, the influence of four design parameters, namely, Sauter mean diameter (SMD),
water mass flow, and the angles of the spray’s hollow cone, is tested to achieve an optimized
solution. In the “dry” case, the LES simulations show several flashback events attributed to
compressive pressure waves resulting from auto-ignition in the core flow near the crossover
temperature. The use of water injection is found to be effective in suppressing the flashback
occurrence. In particular, the global sensitivity analysis shows that the external angle of the
spray cone and the mass flow of water are the most important design parameters for
flashback prevention. NOx emissions are reduced by about 17% with water injection. Once
an optimized condition with water injection is found, a recently proposed method to
downscale the combustor to lower pressures is applied and tested. Additional LESs are
performed for this purpose at the dry, unstable condition and the “wet,” stable condition.
Results show that similar dynamics are predicted at 1 atm, validating the method’s
robustness. This provides avenues for experimentally testing combustion dynamics at
simplified conditions which are still representative of high-pressure practical configu-
rations. [DOI: 10.1115/1.4066895]
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1 Introduction

The recent focus on environment and sustainability has led to a
significant ongoing shift in the power generation sector from
conventional fossil fuels to more sustainable alternatives. Among
these, hydrogen stands out as a promising solution for clean energy
generation [1].
Nevertheless, hydrogen flames pose major challenges, such as

formation of relatively high levels nitric oxides (NOx), which have a
high global warming potential [2].

Moreover, hydrogen is characterized by its wide flammability
range, very high flame propagation speed, and high diffusivity and
reactivity [3]. As compared to natural gas, these properties pose
more stringent requirements on the combustor design [4].
One way to reduce NOx and simultaneously prevent possible

flashback events is to inject a certain amount of water within the
combustion chamber. This is particularly relevant in the case of
reheat systems, where the injection of water in liquid or steam form,
by reducing the temperature near the flame region, increases the
auto-ignition delay time, allowing for an effective control of the
flame position in the combustor. The temperature decrease near
the flame also implies that NOx is reduced mainly due to the
Zeldovich pathway, but also by the reduction of O radicals [5].
Several studies have investigated the injection of water in gas
turbine combustors since the 1970s [6], but interest in this
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technology for practical devices grew dim partly due to the
widespread use of dry low NOx premixed combustion [7], and
partly because water injection can cause local extinctions, which in
turn increase CO levels and inefficiency [8]. With the increased
emphasis on hydrogen combustion by manufacturers, water
injection has been reconsidered in recent years as a useful
technology to reduce NOx levels. Being carbon-free, no CO can in
fact be emitted in the hydrogen flame, and hydrogen’s strong
reactivity further implies that local extinctions are unlikely.
The performance of water injection depends on several

parameters including, but not limited to, injection angle and
position, water to fuel ratio, diameter, temperature, and state (steam
or liquid). Amani et al. [9] achieved 87% reduction in NOx by
optimizing several parameters of the combustor andwater injection.
A swirl number of 1.96, a small injection angle, and a water-to-fuel
massflow ratio between 2 and 3.4 were found to be the optimal
parameters. Farokhipour et al. [10] found, for a swirl-stabilized
configuration, that the injection angle and injector position must
ensure that droplets do not end trapped within the internal
recirculating zone, and found an optimized water-to-fuel massflow
ratio of about 1. Pappa et al. [11] demonstrated that water injection
can prevent flashback in microgas turbines fueled by hydrogen-
enriched methane.
Most previous studies, however, explored combustion at

atmospheric conditions, which do not represent the conditions
under which a gas turbine operates, and therefore conclusions drawn
are of limited relevance [12]. Moreover, use of pure hydrogen in
practical devices is a challenge due to its strong reactivity and
diffusivity, and only relatively recently technologies are being
proposed where hydrogen can be burnt safely in high concentrations
[13]. One such technology is the constant pressure sequential
combustion used in the Ansaldo Energia GT36, which consists of
two combustor stages operating in lean premixed conditions. In the
first stage, the flame is stabilized by flame propagation,which allows
for good stability and relatively mild exhaust temperatures required
as inlet in the second stage. The second stage is mainly stabilized by
means of auto-ignition, implying combustion can be controlled by
the inlet temperature. For a reheat combustor, operative pressures of
around 20 atm or above are commonly used [14], and only a limited
number of studies have addressed these conditions [15,16].
At such pressure, compression heating produced by pressure

waves traveling upstream was shown to reduce locally the auto-
ignition delay time [12,17,18], increasing the risk of flashback. This
coupling between combustion dynamics and pressure waves can
cause significant changes in the flame anchoring position along the
centerline [18], which can lead to flashback.
It is thus crucial to understand the combustion dynamics behind

the operation of this type of burner at real pressure conditions in
order to safely and efficiently operate it with hydrogen.
In the present study, large eddy simulations (LESs) of a simplified

geometry of the second stage of the state-of-the-art Ansaldo GT36
sequential combustor are used to investigate the flame dynamics
under reheat conditions at 20 atm. A sketch of this combustor is
provided in Fig. 1. The flame within this system was shown to

stabilize by both means of flame propagation and auto-ignition, the
latter being the dominant mechanism [14].
The LESs are run using a thickened flame model [20] and an

adaptive mesh refinement approach. At off-design conditions
without water injection, chosen here as baseline calculation, the
LES predicts at 20 atm a highly unstable flame with wave-driven
periodic flashback. Liquid water injection is then used to suppress
the flashback, and an optimal performance in terms of NOx emission
and flame stability (i.e., no flashback or strong oscillations observed)
is found by the use of global sensitivity analysis (GSA), where a
surrogate Gaussian model is used in order to reduce the amount of
simulations to be performed to about 20. Further LESs are then
performed at 1 atm in the attempt tomimic the combustion dynamics
at 20 atm. In fact, relatively recently, Rieth et al. [16] proposed a
method to mimic the reactive flow conditions observed at high
pressure by running less expensive simulations at atmospheric
pressure. They show using DNS that this is possible by adjusting the
equivalence ratio and reactant temperature and maintaining a set of
nondimensional parameters. This method is tested here for both
(wet) stable and (dry) unstable conditions found for the high pressure
case. Themethod is shown toworkwell for the unstable condition in
the dry case (no water injection used), i.e., a similar flashback
dynamics observed for the 20 atm case is found at 1 atm when using
the operative conditions imposed by the method in Ref. [16]. Vice
versa, a stable condition is found at 20 atm without using water
injection by starting from the stable condition at 1 atm found in a
previous work [17]. The method is applied then to the wet case and
an investigation is conducted to shed light on how thewater injection
parameters have to be scaled to maintain the same flame dynamic at
low pressure.
The objectives of the present study are: (i) to shed light on the

flashback dynamics on the reheat combustor calculation at high
pressure; (ii) to use global sensitivity analysis to obtain a
quantitative assessment of the conditions at which water has to be
sprayed to suppress flashback and NOx without compromising on
efficiency; and (iii) to use the method proposed in Ref. [16] to
downscale the combustor to lower pressures and extend it to also
mimic water spray conditions. The remainder of this paper is
organized as follows. In Sec. 2, combustion and spray models used
in the LES are presented, along with details of the numerical solver.
In Sec. 3, the global sensitivity analysis approach and surrogate
model are introduced, along with the downscaling method. Results
are presented in Sec. 4. Main conclusions and suggestions for future
work are provided in Sec. 5.

2 Numerical Model

2.1 Combustion, Turbulence, and Chemical Kinetics. The
artificially thickened flame model formulation of Wang et al. [20]
with dynamic local thickening is used to account for the wrinkling
effect of turbulence on the flame at the subgrid scale. The flame is
thickened based on an efficiency factor E and a local thickening
factor F, whose value is F > 1 near the flame front and F ¼ 1 away
from the flame. The conservation equation for species i within this
approach reads

@qYa
@t

þ @qYauj
@xj

¼ @

@xj
qEFDa

@Ya
@xj

� �
þ E

F
_xa (1)

where q is the mixture density, uj is the velocity component in
direction j, and _xa is the reaction rate of species a per unit of mass.
Based on the maximum thickness factor Fmax ¼ nresDx=dl, F can be
calculated locally as F ¼ 1þ ðFmax � 1ÞS, where nres is the number
of numerical cells across the flame, dl is the laminar flame thickness,
and Dx is the local grid spacing. The sensor S is determined as [21]

S ¼ max min b
_xsens

�� ��
_Xsens ,0 /ð Þ � 1, 1

 !
, 0

" #
(2)

Fig. 1 Schematic of the combustorwithin theAnsaldoGT36 [19]
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with j _xsensj being the local reaction rate, b a modeling coefficient,
and _Xsens,0 the maximum reaction rate of the sensor from a one-
dimensional laminar flame at a given equivalence ratio.
The efficiency factor E ¼ Njd¼dl=Njd¼Fdl is used to quantify the

reduction in the subgrid flame surface area resulting from the
thickening process, where the wrinkling factor for scale D is
modeled according to Charlotte et al. [22] as

ND ¼ 1þmin
D
dl
� 1,CD

D
dl
,
u0D
sl
, ReD

� �
u0D
sl

� �� �b

(3)

In the equation above, sl is the laminar flame speed, and u0D is the
subgrid scale velocity, which in the present model is assumed to be
unaffected by the flame front. CD is a factor that takes into account
the straining effect of all turbulence scales smaller thanD, andReD is
the subgrid scale Reynolds number.
The chemical mechanism employed is that of Li et al. [23],

consisting of 11 species and 19 reactions. This mechanism was
selected based on the good compromise between accuracy and
computational cost [24], and the fact that the same mechanism was
used in previous works on the same configuration to be studied here
[14,16–18].

2.2 Spray Model. The injection of liquid water is modeled
through an Eulerian–Lagrangian formulation. No breakup model is
used as the particle size is directly imposed by assigning the Sauter
mean diameter (SMD) and using a Rosin–Rammler distribution.
Also, secondary breakup and coalescence of particles are considered
negligible (high Weber number). The cumulative probability
describing this distribution is

pðrÞ ¼ 1� expðfCRRÞ for 0 < f < fmax (4)

where f ¼ r=�r, and r and �r are, respectively, droplet radius and its
mean value calculated based on the SMD d32 ¼ 2r32 as
�r ¼ Cð1� C�1

RRÞr32. The parameter CRR measures the spread of
the droplet radius. Themaximumvalue of f, fmax ¼ lnð1000Þ1=CRR is
used to limit themaximum radius. The droplet velocity in direction i,
ci, is described by

dci
dt

¼ 3

8

q
ql
CD

Uij j
r

Ui (5)

where the relative droplet-gas velocity for the direction i is defined
asUi ¼ �ui þ u0i � ci, with �ui and u

0
i being themean local velocity and

its fluctuation, respectively, and ql is the density of the droplet.
The drag coefficient CD is modeled assuming spherical droplets

and in function of the droplet Reynolds number Red as

CD ¼
24

Red
1þ 1

6
Re

2=3
d

� �
Red < 1000

0:424 Red > 1000

8><
>: (6)

As droplets evaporate, their radius r0 decreases, which in thiswork is
modeled using the Frossling correlation [25]

dr0
dt

¼ � asprayqgD

2qlr0
BdShd (7)

where aspray is the scaling factor for themass transfer coefficient,D is
the diffusivity of the liquid water in air, Sh is the Sherwood number,
andBd is the Spaldingmass transfer number. The Sherwood number
is expressed as

Shd ¼ 2:0þ 0:6Re
1=2
d Sc1=3

� �
ln 1þ Bdð Þ

Bd
(8)

where Sc is the Schmidt number of the droplet. The droplet
temperature is found by applying an energy balance

qd
4

3
pr3C‘

dTd
dt

� qd4pr
2 dr0
dt

LV ¼ 4pr2Qd (9)

where Lv is the latent heat of vaporization, Cl is the liquid specific
heat, and Qd is the heat conduction rate found using the
Ranz–Marshall correlation assuming that only conduction is
important

Qd ¼ Kgas T � Tdð Þ
2r

Nud (10)

In the above,Kgas is an interpolation constant, andNud is theNusselt
number determined employing a correlation analogous to the one
used for the Sherwood number

Nud ¼ 2:0þ 0:6Re
1=2
d Pr

1=3
d

� �
ln 1þ Bdð Þ

Bd
(11)

where Prd is the temperature-dependent droplet Prandtl number.
The above correlation was found to be satisfying for diluted

sprays with droplet diameter below about 74 lm [26], which is
above the average diameter observed for the simulations in the
present study. Also, the effect of turbulence on the heat and mass
transfer from the droplet [27] was not taken into account for
simplicity, assuming that the Kolmogorov’s scale is comparable or
larger than the droplet size, at least as the droplets approach the flame
region [28]. The effect of modified droplet–flame interaction (due to
the flame thickening) was also neglected for simplicity given the
purposes of the present work, where the objective is to assess the
relative effect of injection parameters.
Finally, the drop–wall interaction is modeled according to the

Weber numberWei of the droplet at impact. IfWe < 80, the droplet
rebounds elastically; if We > 80, the impinging droplet leaves
tangent to the surface like a liquid jet. Collisions between droplets
are also taken into account using themethod of Schmidt andRutland
[29].

2.3 Case Study and Computational Parameters. The case
study is a simplified representation of the reheat combustor featuring
the Ansaldo GT36 gas turbine, also used for previous works [14,17].
This configuration, sketched in Fig. 2, consists of a mixing duct of
dimension 3L� 1L� 1:5L, where L ¼ 1 cm, followed by a sudden-
expansion geometry and the main combustion chamber of
dimensions 3L� 2L� 1:5L. Therefore, the geometry employed in
this study serves as a broad simplification of the actual GT36 reheat
combustor, aiming to capture its main characteristics while also
being representative of other potential reheat combustors. As a
result, the applicability of this study extends beyond the specific
Ansaldo reheat combustor solutions and is intended to be of interest
to a wider range of potential designs.
The following off-design conditions have been used: at the inlet of

the mixing duct, burnt gases from the hydrogen combustion in the
first stage (water vapor and excess air) are issued and diluted with
additional air and hydrogen, resulting in an inlet temperature of

Fig. 2 Computational domain and its boundaries
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1180K and an equivalence ratio / ¼ 0:35. The bulk velocity at the
inlet is u1 ¼ 200 m/s, with a turbulence intensity of 10%, which is
representative of a gas turbine combustor [14,17]. The digital filter
method has been applied to superimpose turbulent fluctuation,
where rms values and length scales are taken from Ref. [14]. The
walls of the burner are cooled to reach a constant temperature at
steady-state of about Tw ¼ 750K, which is a common value used by
several authors dealing with reheat combustors [14,17,30,31].
Although the choice of a constant temperature is a strong
simplification, it allows us to abstract from specific cooling
configurations or systems. The Werner and Wengle [32] law-of-
the-wallmodel is used for the calculation of thewall stress, while the
Han and Reitz model [33] is the one selected for the heat transfer.
The flame in the combustor is stabilized on the centerline by means
of auto-ignition, with its base located at the exit of the mixing tube,
where the flame is stabilized in an assisted-ignition mode due to the
recirculation zones forming as result of the sudden-expansion
geometry. This point of operation results from the balance between
the auto-ignition and residence time. The process of auto-ignition
expands locally the gases, inducing pressure waves traveling both
downstream and upstream, and leading to compression heating. At
20 atm, which is the operative condition of interest in the present
work, this compression results in an early auto-ignition event with
pressure waves traveling upstream and causing unwanted reactions
in the mixing tube. For the studied geometry, which does not allow
the pressure waves to dissipate properly, depending on the particular
conditions, these reactions either induce an oscillatorymovement of
the flame front, or a flashback.
The equations for the LES include continuity, momentum, and

absolute enthalpy (sum of sensible and formation specific
enthalpies) in addition to the specific combustion equations
described in Sec. 2.1. The compressible flow equations are solved
using CONVERGE V.3.1.9 CFD software, which uses the finite volume
approach and pressure implicit with splitting of operators algorithm
for the pressure–velocity coupling. A second-order central scheme
is used for all transported quantities. An implicit Euler scheme is
used for time marching, which provides excellent stability at a
reduced computational expense. The time-step is set to have a
maximum Courant–Friedrichs–Lewy number of 1 for the entire
domain, which reduces to a maximum of about 0.4 in the region of
the flame, where the mesh is more refined. The unclosed subgrid
stresses in themomentum equation aremodeledwith a one-equation
viscosity model [34,35]. Due to the relatively high level of
turbulence in the combustor, a gradient hypothesis is used to close
all turbulent transport terms in the scalar transport equations, with a
subgrid Schmidt number (Prandtl number for enthalpy) set to 0.7.
The laminar viscosity is computed via Sutherland’s law. Density is
computed from temperature and pressure using the Redlich–Kwong
[36] state equation.
Boundary conditions are assigned as follows. A flat velocity

profile is assigned at the inlet and turbulence is superimposed using
the method in Ref. [34]. No-slip condition and constant temperature
are assigned at the walls to mimic the wall cooling. Zero gradient
condition is assigned at the walls and at the outlet for all other
scalars. To dealwith pressurewaves bouncingwithin the combustor,
the quasi-nonreflective Navier–Stokes characteristic boundary
conditions [37], with an under-relaxation factor of 0.25 and a
characteristic length LNSCBC ¼ 2L, are assigned at inlet and outlet.
The parameters for the Navier–Stokes characteristic boundary
conditionswere found in a previouswork [17] and guarantee that the
operating pressure is maintained within the domain while allowing
the pressure waves to partially exit the domain. The composition at
the inlet consists of YN2

¼ 0:749, YO2
¼ 0:178, YH2O ¼ 0:0516,

YH2
¼ 0:00785,YHe ¼ 6:98� 10�7, andYAr ¼ 0:0128, as a result of

the previous combustion of the first stage, where Yk represents the
mass fraction of species k. This composition yields an equivalence

ratio at the inlet of the domain of / ¼ 0:35 under the assumption of

fully premixed mixture.
The mesh has a base cell size of 0.4mm, which is about 25 times

larger than the laminar flame thickness of hydrogen at 20 atm. Also,

the smallest refinement corresponds to a length of approximately
50lm, compared to theKolmogorov length of 3–5lm.The adaptive
mesh refinement algorithm in CONVERGE CFD is used to reduce
computational cost by refining only the regionswith strong gradients
of velocity, up to a minimum cell size of 0.05mm in the flame. Near
the walls, an additional fixed embedding with three layers is used to
refine the area. The typical mesh results in about 10� 106 cells, with
a near-wall resolution within the mixing duct of 0:5 < yþ < 3, yþ
being the nondimensional wall distance. The mesh quality was
verified a posteriori using Pope’s criterion for turbulent kinetic
energy [38], showing that at least 80%of the turbulent kinetic energy
is resolved in the LES. Validation of the LES results at 1 atm was
performed in a previous work [17] for the same setup, showing that
the LES is able tomimicwell the auto-ignition process, of interest in
the present work, at the combustor center as compared to DNS
results in Ref. [14].

3 Methodology

3.1 Nondimensional Analysis. Rieth et al. [16] showed
empirically that similar flame responses can be obtained at
atmospheric and high pressure conditions if the Peclet, Zeldovich,
Markstein, andLewis numbers are kept the same. ThePeclet number
is defined here as in Refs. [16] and [39]

Pe ¼ CH2j j1D,max

DH2j j1D,max

¼
@YH2
@x u

��� ���
1D,max

1

q
@

@x
q
WH2

Wmix

DH2

@XH2

@x

� �����
����
1D,max

(12)

where jCH2
j1D,max and jDH2

j1D,max are themaximumabsolute values
of convective anddiffusive fluxes ofH2,WH2

is themolecularweight
of hydrogen, and Wmix is the mixture molecular weight. The
Zeldovich number is defined as

Ze ¼ 4
Ta � Tu

Ta � Tcross
¼ Ea

RTa

Ta � Tu
Ta

(13)

where Tcross, Tu, and Ta are, respectively, crossover, unburnt, and
adiabatic temperatures, Ea is the activation energy, and R is the
universal gas constant. The effective Lewis number is [40]

Leeff ¼ 1þ LeE � 1ð Þ þ LeD � 1ð ÞA
1þ A

(14)

where LeE and LeD are the Lewis numbers corresponding to the
excess and deficient reactants, and A ¼ 1þ ZeðU� 1Þ, withU ¼ /
in fuel rich mixtures and U ¼ 1=/ in fuel lean ones. Finally, the
Markstein number is defined here as

Ma ¼ c1 þ c2ZeðLeeff � 1Þ=2 (15)

The parameters c1 and c2 can be computed as [41]

c1 ¼
r

r� 1

ðr
1

~k xð Þ
x

dx

c2 ¼
1

r� 1

ðr
1

~k xð Þ
x

ln
r� 1

x� 1

� �
dx

(16)

where ~k is the thermal conductivity, and r ¼ Ta=Tu. The four
parameters will be maintained constant in the downscaling analysis
for the cases without water injection. For the case with water
injection, additional spray parameters are required to be down-
scaled, which will be discussed in Sec. 4.3.

3.2 Global Sensitivity Analysis. The goal of GSA is to assess
the significance of design variables in relation to factors such as
thermal efficiency or NOx. This enables the exclusion of variables
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from future optimization processes and provides a quantitative
evaluation of each variable’s impact. After designing a merit
function, a global sensitivity analysis can provide design directions
by showing which variable is most important and how all variables
interact. This type of analysis was employed in the past in
compression ignition engines by several authors [42,43], demon-
strating that GSA can be an effective tool to understand the influence
of parameters. To perform the spray simulations, a set of parameters
is selected first to characterize the behavior of the spray. The
selected parameters in this study are based on the spray
characterization in a hollow cone geometry investigated in a
previous study [17] and summarized in Table 1. These are liquid
water mass flow rate _mw, droplets SMD, injection angle (external
angle /ext in the hollow cone geometry, see Fig. 3), and thickness
angle/thick. As in Ref. [17], the injector is positioned at the center of
the mixing duct, close to the inlet, and oriented in the direction of
flow, like it is shown on Fig. 4. This placement was chosen to
represent a generic configuration and demonstrate the performance
of the proposedmethodology.More complex configurations, such as

altering the number of injectors, would necessitate a discrete
analysis, which is incompatible with the selected global sensitivity
method and therefore not suitable for this study.
Four parameters are used in this study as performance criteria for

the GSA, namely, thermal efficiency gth, evaporation efficiency
gvap, NOx production, and pattern factor (PF), also shown in Table 1.
While not exhaustive, this list aims to demonstrate the effectiveness
of themethodology presented here, which can be adapted to specific
real-life applications to identify the corresponding optimal config-
uration. The thermal efficiency considers losses to the isothermal
walls by convection and is defined here as

gth ¼

ð
outlets

_mhsdA�
ð
inlets

_mhsdA

_mFQF
(17)

where _m and hs are mass flow rate and specific sensible enthalpy of
themixture, respectively, _mF is the fuel mass flow rate, andQF is the
high heating value of the fuel. The evaporation efficiency measures
the amount of droplets that are not evaporated at the exit of the
combustor and can be expressed as

gvap ¼ 1�

ð
outlet

mH2O Lð ÞdA

_minj

(18)

where _minj is the mass flow rate of the injected liquid water, and
mH2OðLÞ is the mass of liquid water. The pattern factor measures the
homogeneity of the temperature field at the outlet, which is
important because high levels of inhomogeneity (thus temperature
fluctuations) at the outlet can reduce the lifetime of the turbine. This
factor is defined in terms of maximum and averaged temperatures at
the combustor exit section and the air temperature at the inlet as

PF ¼ Tmax,out � Taverage, out
T average, out � Tair

(19)

Finally, NOx is evaluated as the integral value at the combustor exit
in part per million (ppm) at 15% O2. From a black box perspective,
theGSA can be viewed as an attempt to identify the sensitivity of the
function Y ¼ f ðxÞ, where x 2 Rm are the design parameters,
presented on Table 1, and Y 2 Rn are the performance parameters,
also shown in the table. For the present study, thus m ¼ n ¼ 4. f is
the mathematical operator which here represents the numerical
simulation. To obtain the sensitivity, the Sobol indices method
proposed in Ref. [44] is used, consisting in decomposing the
variance in the model’s output into components that can be assigned
to specific inputs. In the present work, the first-order indices are
used, which are defined as

Si ¼
Varðfi xið ÞÞ
VarðYÞ i ¼ 1,…,m (20)

Si measures the effect in the model’s variance of the parameter xi
alone, and it is normalized by the total variance to provide a relative
contribution.

AMonte Carlo method is used to calculate the sensitivity indices.
This method requires an order of 1000 to 10,000 model runs to
calculate each index, making the computational time infeasible.
Therefore, a surrogate model of our simulations is built to
significantly reduce the amount of simulations required. Among
various approaches for surrogate modeling [45], a Gaussian process
(GP)-based surrogate model [46] is used here as it allows to perform
the GSA using a limited number of samples (20 simulations in the
present study). For each performance parameter, ya, a Gaussian
process is created. A dataset of N samples ðxk, ya,kÞk¼1,…,N is
considered, where each sample k is composed by the considered
performance parameters a out of the four (ya,k), and an array
composed of the four design parameters xk. A GP model can be

Table 1 Summary of the design parameters, with their range of
variation, and performance parameters used for the global
sensitivity analysis

Design parameters _mw ðlg=msÞ SMD ðlmÞ /ext ðdegÞ /thick ðdegÞ

Min. values 500 2 20 3
Max. values 15,000 20 55 18
Performance parameters gth gvap NOx PF

Fig. 3 Sketch of hollow cone geometry showing the injection
angles

Fig. 4 Case P1-20 of Table 4 with water injection conditions SC1
(left), SC2 (center), and SC3 (right) of Table 4. Position of the
injector, which injects the droplets toward the combustor
chamber forming a cone (left).
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defined for each performance parameters as (we drop the subscript a
in the following for conciseness)

f̂ ðxÞ � EðYðxÞjYðx1Þ ¼ y1, Yðx2Þ ¼ y2,…, YðxNÞ ¼ yNÞ
¼ lYðxÞ þ cR�1ðy� lÞ (21)

where, naming KY the covariance and lY the mean of the Gaussian
process

c ¼ ½KYðx1, xÞ,KYðx2, xÞ,…,KYðxN , xÞ�

R ¼

KYðx1, x1Þ KYðx1, x2Þ … KYðx1, xNÞ
KYðx2, x1Þ KYðx2, x2Þ … KYðx2, xNÞ

� � . .
.

�

KYðxN , x1Þ KYðxN , x2Þ … KYðxN , xNÞ

2
666664

3
777775

y ¼ ½y1, y2,…, yN �T

l ¼ ½lYðx1Þ, lYðx2Þ,…, lYðxNÞ�T
lYðxÞ ¼ r0 þ r1x1 þ � � � þ rNxN

(22)

The covariance is estimated here using an exponential correlation

KYðx, x0Þ ¼ s2 exp �
Xm
i¼1

gjjxi � x0ijqj
( )

(23)

where is the variance of the process. The parameters
r ¼ ½r1,…, rN �, g ¼ ½g1,…, gn�, and q ¼ ½q1,…, qn� are deter-
mined by optimizing the marginal likelihood using a conjugate
gradient optimizer. A more detailed explanation of this method can
be found in Ref. [47].
The GP method as defined above was cross-fold validated by

using 16 samples in its construction out of the 20 LES performed in
this study and by checking its accuracy on the four unused samples.
This process was repeated for multiple combinations, and the
outcomes were observed to be of similar accuracy for each
combinations. Results of the GSA will be presented in Sec. 4.2.

4 Results

4.1 Dry Flow Behavior and Flashback Analysis. The termi-
nology dry case is used here to refer to the situationwhere nowater is
injected via spray. Note that a certain amount of water vapor is still
present in the reactants due to the combustion in the first stage of the
sequential combustor. The general flow dynamics in the combustor
is represented in Fig. 5 and is as follows. First, due to the high

temperature set for the mixture (1180K), auto-ignition occurs,
leading to the development of a flame in the combustion chamber
after the initial transient period. This flame exhibits a distinctive set
of characteristics. The sudden expansion of the flow at the end of the
mixing duct leads to the formation of large vortex structures in the
corners, known as outer recirculation zone (ORZ), where hot gases
are entrapped, increasing their resident time. Near the centerline, the
streamlines diverge due to the sudden expansion, and this region is
known as the central divergent zone (CDZ). A shear layer is found
between the ORZ and the CDZ where the flame stabilizes in
propagationmode. In the CDZ, auto-ignition is the dominant regime
instead, driven by the high reactant temperature. On the other hand,
the temperature of the mixture in the proximity of the walls is lower
because of heat transfer to the walls, resulting in an increased
ignition delay time. The ignition delay time is highly dependent on
the temperature of the reactants, which is close to the crossover
temperature in the studied configuration. The latter is defined for
hydrogen mixtures as the temperature above which a chain-
branching explosion path leads to a sudden decrease in the auto-
ignition delay time [12,48], which in turn causes the auto-ignition of
the reactants. For the present configuration, this temperature is
around 1347K near the combustor centerline. Therefore, small
variations in the reactants temperature caused by compression
heating in theCDZmay trigger an early auto-ignition, as observed in
previous studies [49].
For the highly confined geometry used for this work and the

imposed boundary conditions, the following unsteady sequence of
events is observed in the LES to occur at 20 atm. Starting from a
situation where the flame is stabilized in propagation mode within
the shear layer between ORZ and CDZ, an auto-ignition kernel
appears in the core stream, which expands within about 1ms in an
extended auto-ignition region at the combustor entrance (see Fig. 5,
top). This yields a rise in temperature and simultaneously an
increase in pressure with expansion of the mixture. The increased
pressure propagates in the form of a pressure wave (Fig. 5, bottom)
in all directions. The wave propagating upstream toward the
reactants is observed to be of larger amplitude than thewavemoving
downstream.
This is shown in Fig. 6: the compression heating causes an

increase of temperature above the crossover value, so reducing the
ignition delay time and pushing in turn the auto-ignition region
further upstream. The process at this point repeats, causing a
compression-driven flashback occurring at the speed of sound of the
fluid, which is about 650m/s for the present case. Once the pressure
wave reaches the inlet, the piston effect stops due to the effect of the
numerical boundary condition, and the pressure and temperature on
the domain slowly decrease, as illustrated in Fig. 6 from 0.06ms

Fig. 5 Temperature and pressure midplane contours from LES,
taken 1ms after the first detected auto-ignition kernel

Fig. 6 Pressure and temperature variation along the centerline
of the reheat combustor as time evolves at intervals of 10 ls from
the extended auto-ignition kernel of Fig. 5

061021-6 / Vol. 147, JUNE 2025 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/gasturbinespow

er/article-pdf/147/6/061021/7419244/gtp_147_06_061021.pdf by Bibliotheek Tu D
elft user on 27 January 2025



onwards, until the flame eventually ceases its upstream propagation
and returns to its original position. It is worth noting that the
observed dynamics is an exaggeration of the behavior in a real
scenario, where fuel ramp-up is smooth and imperfect mixing leads
to a variety of self-ignition times, combined with a significantly
more complex geometry. Nevertheless, this exaggeration is of high
interest to study the flame dynamics under challenging operating
conditions and assess the effectiveness of water injection (to be
discussed later) in preventing flashback.
Further insight is provided in Fig. 7, showing themass fractions of

H2O2 and HO2. By defining tc as the time when the upstream-
propagating flame crosses the combustor entrance section along the
centerline and enters the mixing duct (flashback), these radicals are
shown at two times: (i) significantly ahead of the flashback, at
t ¼ tc � 300ls, and (ii) at t ¼ tc � 60 ls. One can notice that both
H2O2 and HO2 concentrations start to increase significantly in the
mixing duct at time t ¼ tc � 60ls (before the flashback event),
indicating that both species are precursors of the flashback. An
analysis on the chemical pathways shows that the reaction sequence
H2OþH )HO2 )H2O2 is the main responsible for this increase,

indicating that the key factor triggering the flashback is the presence
of hydrogen radicals. According to Ref. [15], these radicals
accumulate in regions of the flame with negative curvature, which
leads to a strong amplification of the reaction rates at early stages of
reaction progress (low temperatures), which in turnmight lead to the
generation of ignition kernels. Since curvature (positive and
negative) is expected to be enhanced at lean conditions in hydrogen
flames in particular at high pressure due to intrinsic instabilities
caused by the preferential diffusion of hydrogen [16], this could
partially explain the higher flashback tendency observed for the
present case at 20 atm, as compared, for example, to the atmospheric
case discussed in Ref. [17].
In Sec. 4.2, water injection will be used to control the flame

position and prevent the occurrence of the flashback process
described in this section.

4.2 Global Sensitivity Analysis and Flashback Prevention
With Water Injection. The global sensitivity analysis with
surrogate model described in Sec. 3.2 is performed on the reheat
combustor at 20 atm to analyze the effect of the design variables
characterizing the liquid water spray at the inlet of the mixing duct.
The objective here is to stabilize the flame location and at the same
time maximize/minimize the four performance parameters: thermal
and evaporation efficiency, pattern factor, andNOx at the combustor
exit. The details for the design and performance parameters of the
20 LES performed in this study are summarized in Table 2. The
decision to conduct a total of 20 simulations was based on the good
accuracy achieved by the surrogate model trained on these
simulations. This implies that further significant improvement of
the results is not likely to be achieved. Additionally, showcasing the
efficiency of the proposed procedure using a relatively low number
of samples is advantageous for industry-level applications. For each
individual simulation, the values of the four design parameters are
randomly selected.
The bootstrap method [50] is used for surrogate modeling. First,

the collection is divided into a training and a validation group,
representing 80% and 20% of the 20 samples, respectively. Then,
surrogate modeling is performed, and the root-mean-square of the
validation samples is calculated to find the most accurate model.
Figure 8 shows the first-order Sobol indices, which take into account
the effect of each design parameter (inputs) on the performance
parameters (outputs). There are 16 indices in total, one for each
performance parameter with respect to each design parameter,
denoted as Io,i, i.e., the first-order Sobol index I of performance

Fig. 7 Centerline variationof H2O2, HO2, andH2Omass fractions
within the reheat combustor (includingmixing duct) as predicted
by the LES for two times, respectively, 300 and 60 ls before a
flashback event

Table 2 Spray design and performance parameters of the global sensitivity analysis for the 20LES cases analyzed at 20 atm

Case _mw (lg/ms) SMD (lm) /ext (deg) /thick (deg) gth gvap NOx (ppm) PF

Dry — — — — 0.765 — 3.3 0.545
1 652.7 10.5 39.4 12.5 0.752 1.000 3.1 0.350
2 1084.0 15.0 27.9 13.7 0.730 1.000 3.0 0.382
3 2168.8 15.2 45.8 15.8 0.714 1.000 2.9 0.406
4 1050.8 9.1 37.8 11.9 0.752 1.000 3.0 0.382
5 2142.6 19.5 32.8 15.6 0.715 0.995 2.9 0.483
6 532.2 9.8 46.4 7.8 0.743 1.000 3.1 0.399
7 1248.1 14.1 50.6 13.7 0.731 1.000 3.3 0.532
8 2123.6 18.8 21.2 17.8 0.761 0.996 3.1 0.327
9 1047.1 6.3 32.6 17.3 0.751 0.926 3.1 0.404
10 4487.6 16.2 44.0 14.2 0.748 0.932 2.9 0.399
11 2998.6 7.0 52.9 11.4 0.739 0.999 3.1 0.380
12 3488.1 10.8 25.6 14.9 0.733 0.983 3.0 0.357
13 3851.8 12.3 42.3 9.7 0.720 1.000 2.8 0.388
14 3859.0 13.5 43.2 14.3 0.710 1.000 2.8 0.562
15 12344.3 10.7 45.4 17.3 0.737 0.743 2.9 0.455
16 5495.8 14.4 25.3 8.5 0.719 0.716 2.9 0.290
17 7937.2 17.4 27.8 11.1 0.745 0.679 2.9 0.325
18 8407.5 6.2 46.1 9.8 0.726 0.769 3.0 0.404
19 14561.6 11.6 48.9 14.1 0.711 0.740 2.8 0.475
20 4552.7 18.4 20.7 14.4 0.718 0.801 2.9 0.391
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parameter owith respect to the design parameter i. By examining the
figure, the following considerations can be made:

� Thermal efficiency is mainly determined by the mass flow of
water injected, which corresponds to an index Igther, _mw

� 0:66.
The greater the amount ofwater injected, the greater the energy
“loss” to evaporate the droplets. The rest of the design
parameters affect the thermal efficiency via the dispersion of
the droplets, but this effect is observed to be limited as shown in
Fig. 8.

� NOx production is less straightforward. Mass flow
(INOx, _mw

� 0:34), SMD (INOx,SMD � 0:22), and external angle
(INOx,/ext

� 0:17) all contribute significantly to NOx produc-
tion, and about in the same extent. As one can expect, a higher
liquid mass flow results in lower temperatures near the flame,
therefore reducing NOx via Zeldovich mechanism, which
dominates at the second and third ignition limits. The effect of
the external angle onNOx is also observed to be relevant. As the
external angle increases, morewater is able to reach the parts of
the combustor that are further away from the center, thus
reducing temperature in these areas. An analysis on the
chemical pathways (not shown) further indicates that NOx also
reduces via theNNHandN2O paths as result ofwater injection,
due to the fact that the availability of O, H, and OH decreases,
which in turn is due to the higher concentration of HO2 and
H2O2 produced, that act as a sink. Finally, SMD is also
observed to affect NOx. Finer droplets have less inertia and are
unable to achieve optimum distribution, resulting in a
concentration of droplets in the center of the spray, which is
not optimal for the suppression of temperature fluctuations.
The thickness angle has instead a negligible effect on the NOx

production.
� The PF is mainly a function of the droplet distribution and this

is evident in Fig. 8, since a zero index is found for themass flow
of liquid water, i.e., the amount of water injected is found to be
irrelevant for the pattern factor. Of the other design parameters,
the external angle (IPF,/ext

� 0:61) is the most relevant for PF,
indicating that a wider angle contributes to a more uniform
temperature at the exit.

� Evaporation efficiency, gvap, is mainly a function of the liquid
mass flow as one would expect (Igvap, _mw

� 0:48). As the mass
flow increases, more droplets are unable to evaporate before
reaching the outlet, resulting in an underutilization of water
resources. The SMD is instead found to be irrelevant for gvap,
for the range of values considered on this analysis and
displayed onTable 1.Although sprayswith larger SMDshave a
greater chance of not evaporating completely, this seems to
occur only at significantly higher SMD values.

Based on the above analysis, a weighted efficiency function is
defined here to approximate the overall performance of the spray in
terms of the performance parameters

gopt ¼ 0:4gtherm þ 0:1gvap þ 0:45ðNOxdry � NOxÞ � 0:1PF (24)

where the NOx is measured in ppm, and NOxdry ¼ 3:3 ppm is the
value in the dry case of Table 2. Theweights in the above expression
were assigned considering that thermal efficiency and NOx are
found in the GSA to be themost relevant factors [10] as compared to
the other parameters. Although the definition of gopt remains
somewhat arbitrary, additional analyses by varying the coefficient
weights of about 10% indicate that the main conclusions to be
discussed next would not change. Results obtained by applying the
global sensitivity analysis to gopt are shown (fifth bar) in Fig. 8. One
can observe that the index associatedwith the thickness angle is very
small (Igopt,/thick

� 9:3� 10�3), implying that the effect of this
parameter on the weighted efficiency factor is small. This allows to
remove the thickness angle from the design process without a major
loss of generality and performance. On the contrary, the external
angle of the injector/ext has a large effect on theweighted efficiency
factor (Igopt,/ext

� 0:36), even larger than the injected liquid mass
flow (Igopt, _mw

� 0:31). This means that the choice of an appropriate
external angle is a fundamental design decision. The SMD is found
to have a limited, although non-negligible, effect (Igopt ,SMD � 0:12).
TheGSAwith surrogatemodel is at this point used to optimize the

weighted efficiency factor, in order to obtain the best set of spray
parameters at a reduced computational cost. This is done by means
of the well-known Broyden–Fletcher–Goldfarb–Shanno algorithm,
which is a quasi-Newton optimization algorithm used for uncon-
strained nonlinear optimization problems. The outcome of this
optimization is presented in Table 3. As compared to the baseline
(unstable) dry case, this configuration presents a reduction inNOx of
17.4% and has an evaporation efficiency gvap ¼ 1 with a relatively
acceptable loss in thermal efficiency of about 3% as compared to the
dry case. Theweighted efficiency factor gopt is 8.2 points higher than

Fig. 8 First-order Sobol indices for the different performance parameters of Table 1,
grouped according to the design parameter

Table 3 Design and performance parameters of the optimized
case with water injection at 20 atm found via GSA

_mw (lg/ms) SMD (lm) /ext (deg) /thick (deg)

3865.7 19.6 55.0 16.4

gth gvap NOx (ppm) PF

0.735 1.000 2.7 0.488
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the best of the 20 calculated samples of Table 2. Figure 9
demonstrates the effectiveness of this configuration in preventing
flashback. The pressure wavemagnitude is reduced by about 80% as
compared to the dry case, from approximately 15 atm to 3 atm with
the use of spray, which is significant from the point of view of the
integrity of the engine components. This reduction in wave size
significantly decreases the piston effect and subsequent compres-
sion heating. As shown in the graph, the flame is unable to propagate
upstream through the mixing channel, implying flashback is
prevented. Although some oscillations of the flame location near
the wall still occur, their amplitude is significantly reduced to
approximately 2L in the streamwise direction, which is half that of
the dry case. This analysis suggests thus the effectiveness of the
GSA with surrogate model to extract design directions for
combustion problems using a relatively moderate amount of
computational effort.

4.3 Downscaling. The method of Rieth et al. [16] as described
in Sec. 3.1 is used here to assess and analyze whether flashback and
stable flame dynamics observed at the 20 atm condition can be
maintained when downscaling the combustor to 1 atm. This
information is critical as it would allow to perform experiments or
more detailed simulations at low pressures to validate at least
qualitatively the dynamics observed in simulations at high pressure,
where the computational cost increases significantly due to the
smaller flame thickness. In addition, from an experimental stand-
point, atmospheric pressure experiments aremore suitable due to the
lower requirements of the selected facility and the fact that the
consumables needed for such experiments are only about 5% of
those required for high-pressure experiments. Four cases are studied
for this analysis: (i) the dry, stable atmospheric case studied in Ref.
[17], identified as case P1; (ii) the dry unstable high pressure case at
20 atm analyzed in Sec. 4.1 and identified as case P20; (iii) a
downscaling from the latter to atmospheric conditions, identified as
case P1-20; and (iv) an upscaling from the atmospheric to high

pressure conditions at 20 atm, identified as case P20-1. These cases
are summarized in Table 4. Both P1-20 and P20-1 cases were
designed to have similar nondimensional numbers as compared to
the P20 and P1 cases, respectively. There are two factors that allow
for variation in the fitting of the nondimensional numbers: the
equivalence ratio / and the temperature of the reactants Tu. These
two values are thus varied at the combustor inlet in order tomaintain,
at the different pressure, about the same values of Pe, Ze, Le, and
Ma. In addition, the ignition delay has to be also considered. Some
combinations would imply an ignition delay very large, very small,
or even in some cases, the auto-ignition will not occur. Therefore, it
is necessary to identify combinations of Tu and / that also have
feasible ignition delays. For those suitable combinations, the
configuration exhibiting the smallest differences in nondimensional
numbers is selected. Note that in Table 4 a larger difference exists in
the Markstein number between cases P1 and P20-1, primarily
attributable to the challenges in matching the four nondimensional
parameters with only two degrees-of-freedom, Tu and /, while also
adhering to the constraint on the ignition delay to ensure auto-
ignition of the flame within the domain. Nevertheless, the
discrepancy in the behavior of strain with respect to flame speed,
related to the variation in theMarkstein number, is not substantial in
this type of flame; thus, a larger difference in the Markstein number
can be tolerated for the present case study.
The results for cases P1-20 and P20-1 are presented in terms of

midplane temperature contours in Fig. 10. The P1-20 case (down-
scaling from unstable 20 atm case) exhibits the presence of a
flashback event, which means that, for this case, the occurrence of
flashback can indeed be reproduced under atmospheric pressure
conditions by choosing the equivalence ratio and the temperature of
the reactants to match the Pe, Ze, Ma, and Le numbers. In contrast,
the flame in the P20-1 case (upscaling from stable 1 atm case) is
observed to be stable (no oscillation in the axial direction). It isworth
noting that a stable condition for the dry case at 20 atm could not be
found in Ref. [17] by simply varying the simulation parameters,
demonstrating the advantage of using this scaling approach, and
opening the way to more cost-effective flashback analysis,
especially when compared to computationally intensive high-
pressure simulations. It is also worth noting that, although the flame
is observed to be present in the mixing duct for case P20-1, this was
also the case for P1 in Ref. [17].
To further elaborate on this point, time evolution of temperature

in a probing location in the middle of the mixing duct is shown for
the four cases of Table 4 in Fig. 11. It is interesting to note that for the
unstable cases the frequency of the flashback events (indicated by
the observed peaks of temperature) is similar after the downscaling.
For the stable case, after the upscaling at 20 atm, some stronger
oscillations are observed in time signal, indicating the presence of

Fig. 9 Pressure and temperature variation along the centerline
of the reheat combustor as time evolves at intervals of 30 ls from
the extended auto-ignition kernel of Fig. 5

Table 4 Operative conditions and nondimensional numbers of
the LES cases analyzed

Case Tu (K) / Pe Ze Le Ma

P20 1180 0.35 1.544 5.043 0.382 0.0649
P1-20 986 0.20 1.541 4.914 0.352 0.0732
P1 1036 0.35 1.130 3.700 0.402 0.576
P20-1 1200 0.44 1.480 4.711 0.419 0.355

The first number in the case name indicates the operative pressure in atm.

Fig. 10 Case P1-20 (top) and case P20-1 (bottom) of Table 4.
Case P20-1 has a smaller mixing duct so to take into account the
smaller ignition delayof themixture at 1200K. The probe location
used for Fig. 11 is also indicated in the figure.
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compression heating at the probing point location. Nevertheless, this
does not lead to ignition and flashback.
Water injection was used in Sec. 4.2 to suppress the flashback

observed for the dry case at 20 atm. It is at this point interesting to
assess whether the scaling method of Rieth et al. [16] can be
extended to up/downscaling also cases involving water injection.
Since the spray characteristics change with the operative pressure, it
is in fact expected that themultiphase dynamics of thewater droplets
within the combustor after downscaling will be different. Indeed,
applying the scaling as it is to the stable condition at 20 atm with
water injection (i.e., without modifying the water parameters)
results in a too-strong flux of water at 1 atm, implying very poor
thermal and evaporation efficiencies (not shown). Three different
scaling options shown in Table 5 are thus tested here for the water
injection, and results in terms of midplane temperature contours are
shown in Fig. 4. The first attempt, SC1, consists in scaling the water
mass flow proportionally to the amount of injected fuel, and
maintaining the water-to-fuel ratio of the optimized case at 20 atm
unaltered, _mw= _mf ¼ 3:2. The second attempt, SC2, consists in
linearly scaling bothwater mass flow and SMDproportionally to the
amount of fuel injected. In the third attempt, SC3, droplet velocity
and SMD are varied. Flashback is shown to be prevented at 1 atm
only when using the scaling options SC2 and SC3, although a flame
near the walls in the mixing duct is still observed for these cases,
indicating that the spray angle also needs to be changed, which is
however beyond the scope of the present study. The flashback for
case SC1 is caused by a poor evaporation efficiency (gvap ¼ 0.552)
combined with a poor dispersion of particles. For case SC2, the
water droplets evaporate more easily due to the lower SMD of 11.2
lm. However, there is a high concentration of droplets near the
centerline because the particles lack sufficient inertia to achieve a
high degree of dispersion, resulting in gvap still below unity. The
results for cases SC1 and SC2 suggest that a simple scaling of mass
flow is not enough to mimic the performance of the high pressure
case. For this reason, the SMD is further decreased in case SC3 to
guarantee that all the particles evaporate before leaving the domain.

The injection pressure is increased (implying higher mass flow rate
of liquid water) to have more energetic droplets and thus reach a
higher degree of dispersion. This case results in evaporation
efficiency of 1 with a thermal efficiency loss of only 3.7%. NOx is
also observed to significantly reduce (about 33%). This reduction is
significantly stronger than that observed at 20 atm when water
injection is used, with a similar loss in thermal efficiency, which is
partly due to the fact that the heat capacity of the drymixture is lower
for the case at 1 atm due to the lower reactants temperature.

5 Conclusion

Large eddy simulations have been performed using a thickened
flame approach and detailed chemistry in a simplified geometry of
the hydrogen-fueled reheat combustor within the Ansaldo GT36 gas
turbine, where the hydrogen flame is stabilized by means of assisted
auto-ignition. Due to the confined geometry and simplifications
made with respect to the real engine, strong flame instabilities are
present at high pressures as a result of the early occurrence of the
auto-ignition kernel, generating pressure waves which travel
upstream and cause compression heating, which in turn decrease
the ignition delay time near the centerline and triggers a sudden
flashback. Liquid water injection has been used in the attempt to
control the occurrence of these ignition kernel and thus prevent the
flashback. Global sensitivity analysis with a surrogate Gaussian-
based model has been performed to find the optimal spray condition
using a total of 20 simulations where the injection angle, SMD,
thickness, and external angle of the spray cone are varied to stabilize
the flame at the combustor entrance while maximizing thermal and
evaporation efficiency aswell asminimizingNOx and pattern factor.
Results indicate that the external angle of the cone is the most
important parameter for achieving an optimal solution, while the
thickness angle can be disregarded. An optimized solution that can
prevent the flashback event has been found, which is able to reduce
the production of NOx of about 17%, keeping an evaporation
efficiency gvap ¼ 1 and a loss of thermal efficiency of about 3%.This
significant reduction of oscillations and flashback through water
injection observed in the LES suggests a positive outlook for its
implementation in actual engines.
A downscaling method has also been performed in order to assess

whether the same flame dynamics observed at high pressure can be
observed at low pressure and vice versa, in particular whether stable
or unstable conditions can be reproduced. The method proves
successful in reproducing the general flame dynamics in the cases
where nowater injection is used.Attempts have beenmade to extend
the scaling method to the spray parameters in the case of the LES
with water injection. Results show that, although a strong scaling is
not obtained, with a small adjustment in some of the spray
parameters it is possible to obtain a satisfactory solution. These
results are promising in light of the possibility of analyzing the
combustor and spray performance at different pressure conditions
and thus aid the design process of new-generation combustion
devices.
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Fig. 11 Temperature behavior in time at the probe location
indicated in Fig. 10 for the four cases of Table 4

Table 5 Design and performance parameters for case P1-20 of
Table 4, showing dry and three different water injection
conditions

Case _mw SMD (lm) pin (MPa) gth gvap NOx

Dry — — — 0.735 — 0.5
SC1 68.0 19.6 7.2 0.72 0.552 0.3
SC2 68.0 11.2 7.2 0.699 0.901 0.2
SC3 120 5.0 45.9 0.698 1 0.2
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