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Karlsruher Institut für Technologie (KIT)

Kaiserstr. 12, 76131 Karlsruhe, Germany
Email: sven.hoffmann@kit.edu

ABSTRACT
The development of lean-burn combustion systems is of

paramount importance for reducing the pollutant emissions of fu-
ture aero engine generations. By tilting the burners of an annular
combustor in circumferential direction relative to the rotational
axis of the engine, the potential of increased combustion stabil-
ity is opened up due to an enhanced exhaust gas recirculation
between adjacent flames. The innovative gas turbine combustor
concept, called the Short Helical Combustor (SHC), allows the
main reaction zone to be operated at low equivalence ratios. To
exploit the higher stability of the fuel-lean combustion, a low-
swirl lifted flame is implemented in the staggered SHC burner
arrangement. The objective is to reach ultra-low NOx emissions
by complete evaporation and extensive premixing of fuel and air
upstream of the lean reaction zone.

In the present work, a modeling approach is developed to
investigate the characteristics of the lifted flame in an enclosed
single-burner configuration, using the gaseous fuel methane. It
is demonstrated that by using the Large Eddy Simulation method,
the shape and lift-off height of the flame is adequately reproduced
by means of the finite-rate chemistry approach.

For the numerical prediction of the lean lifted flame in the
SHC arrangement, the focus is on the interaction of adjacent
burners. It is shown that the swirling jet flow is deflected to-
wards the sidewall of the staggered combustor dome, which is
attributed to the asymmetrical confinement. Since the stabiliza-
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tion mechanism of the low-swirl flame relies on outer recircu-
lation zones, the upstream transport of hot combustion products
back to the flame base is studied by the variation of the combus-
tor confinement ratio. It turns out that increasing the combustor
size amplifies the exhaust gas recirculation along the sidewall,
and increases the temperature of recirculating burned gases. The
present study emphasizes the capability of the proposed lean-
burn combustor concept for future aero engine applications.

NOMENCLATURE
Symbols
β Burner tilting angle
d Nozzle diameter
H Combustor height
κ Reacting volume fraction
L Combustor length
∆p/p0 Relative pressure drop
p Pressure
RC Confinement ratio
τc Chemical time scale
τmix Mixing time scale
T Temperature
T rec Temperature of the recirculation zone
ui Velocity vector
Vrec Volume of the recirculation zone
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x, y, z Cartesian coordinates
Yk Species mass fraction
φ Equivalence ratio
ω̇k Species formation rate
ω̇T Heat release rate

Acronyms
CFD Computational Fluid Dynamics
LBO Lean blow-out
LDI Lean Direct Injection
LES Large Eddy Simulation
LOH Lift-off height
LPP Lean Premixed Prevaporized
NGV Nozzle guide vanes
ODE Ordinary differential equation
OPR Overall pressure ratio
ORZ Outer recirculation zone
PaSR Partially Stirred Reactor
PLIF Planar laser-induced fluorescence
SHC Short Helical Combustor
WALE Wall-Adapting Local Eddy-viscosity

INTRODUCTION
In order to mitigate the environmental impact of civil avia-

tion and meet the stringent legislative regulations in the future,
the pollutant emissions from aircraft propulsion systems must be
substantially reduced. Hence, the development of low-emission
aero engine combustors is crucial for reaching the ambitious
long-term emission targets defined by, among others, ACARE
Flightpath 2050 [1].

High thermal efficiencies can be reached by increasing the
combustor temperature and the overall pressure ratio (OPR),
which in turn reduces the emission of carbon dioxide (CO2) at-
tributed to less fuel burn. Elevated temperatures and air pres-
sures, furthermore, enable complete combustion due to fast
chemical reactions, resulting in low emissions of carbon monox-
ide (CO) and unburned hydrocarbons (UHC). However, the for-
mation of nitrogen oxides (NOx) is amplified at high tempera-
tures since the formation rate of the prevalent thermal NO does
exponentially rise with the flame temperature. NOx emissions
can thus be reduced by controlling the stoichiometry to limit the
maximum temperature at high-power conditions [2].

In recent years, different gas turbine combustion technolo-
gies aiming at low emissions have been developed, e.g., Rich
burn – Quick quench – Lean burn (RQL), axially or radially
staged concepts, Lean Direct Injection (LDI) and Lean Premixed
Prevaporized (LPP) [3–5]. Among these, the lean-burn systems
promise significant NOx reduction levels due to lower flame tem-
peratures achieved by operating the combustion zone under fuel-
lean conditions using excess air.

In the case of the LDI concept, the fuel is directly injected
into the reaction zone, and provided that the fuel is quickly evap-
orated and mixed with air, near-stoichiometric conditions caus-
ing high-temperature spots can be avoided [6]. Achieving fine
atomization and rapid fuel-air mixing is the main design chal-
lenge which is posed to the fuel injection system. In addition,
combustor staging or piloting is prerequisite due to insufficient
lean blow-out (LBO) stability at lower load conditions to avoid
weak flame extinction. However, both measures will increase the
NOx emissions [3]. The operating principle of the LPP concept is
to feed the combustion zone with a homogeneous mixture of fuel
and air at a low equivalence ratio, yielding uniformly low temper-
atures, and thus reducing NOx drastically. The major drawback
of the LPP concept is the inherent risk of auto-ignition and flash-
back inside the injection system due to the long residence time
required for evaporation and premixing. Furthermore, the com-
bustor is prone to thermo-acoustic combustion instabilities [7].

In order to remedy the shortcomings of the previously dis-
cussed lean-burn combustor concepts, a novel combustor design
is proposed in the CHAiRLIFT project under the European re-
search program Clean Sky 2 Joint Undertaking. The unique de-
sign involves the Short Helical Combustor (SHC) concept, which
is an annular combustor with angular air supply, and lean lifted
flames induced by a low-swirl injector nozzle. The principal con-
structional characteristic of this combustor is the tilting of the
burners in circumferential direction with respect to the rotor axis
of the engine. This particular arrangement is expected to increase
the flame stability by the enhanced interaction between the fresh
reactants and the exhaust gases of adjacent burners, ensuring safe
and reliable operation in lean combustion mode. Furthermore,
NOx emissions are reduced due to the premixing of fuel and air
upstream of the reaction zone of the lifted flames.

In Fig. 1, the SHC concept is schematically shown. The air
flow coming from the compressor features a tangential velocity
component which leads to a helical flow pattern, allowing the
axial length of the combustor to be reduced. Consequently, the
overall weight of the engine decreases, and the mechanical in-
tegrity of the engine core can be improved. Furthermore, the
number of nozzle guide vanes (NGV) is reduced since a lower
deflection in the turbine vane stage is required by exploiting the
angular momentum of the helical flow. This in turn leads to a re-
duction of aerodynamic losses and cooling air requirements. The
SHC arrangement was numerically investigated by Ariatabar et
al. [8–10] focusing on the fundamental aerothermal character-
istics of high-swirl flames. It was demonstrated that a double
annular configuration with a burner tilting angle of 45◦ is most
beneficial with respect to a homogeneous recirculation zone of
the swirl flames, and an uniform flow and temperature pattern at
the combustor exit. In a similar study of Hu et al. [11], the tilting
angle of a high-swirl single annular configuration was varied. It
was found that the exchange of mass and energy between adja-
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FIGURE 1. CONCEPTUAL SKETCH OF THE SHORT HELICAL
COMBUSTOR ADAPTED FROM [12].

cent recirculation zones of the reactive flow field is reduced for
higher tilting angles.

Besides the tilting of the burners, the key feature of the in-
tended novel combustor concept is the integration of lean lifted
flames. In general, lifted flames burn in a lift-off regime, which
provides a premixing zone for the fresh reactants upstream of the
flame front. This will reduce the occurrence of hot spots, and
thus NOx emissions for lean reactant mixtures if a high degree
of fuel-air homogeneity is achieved [13]. The lift-off behav-
ior has been largely studied in the literature for turbulent free-
jet diffusion flames [14], including partially premixing [15] and
co-flowing air [16]. For the proposed concept, a confined low-
swirl lifted flame is considered, which represents a practical ap-
plication for gas turbine combustors [17]. This type of flame has
been extensively investigated in several experimental studies of
an enclosed single-burner configuration [18–20], using a partic-
ular low-swirl injector design proposed by Zarzalis et al. [21].
In Fig. 2, the schematic of the lifted flame burner used for these
studies is shown. The airflow through the nozzle is swirled only
in the inner primary swirler, whereas in the outer secondary part,
no swirl is imposed. This specific setup leads to the flame be-
ing detached from the injector, establishing the lift-off zone be-
tween the nozzle and the main combustion zone. Consequently,
the fuel evaporation and the mixing of the reactants is promoted
directly inside the combustor without the requirement of premix-
ing ducts. In this way, local near-stoichiometric conditions, and
thus high temperatures in the partially premixed flame can be
avoided which typically cause an increased formation of NOx
emissions. At the same time, the susceptibility to flashback and
thermo-acoustic instabilities is limited [19]. The upstream prop-
agation of the flame into the burner is inhibited since the fuel and
air first interact in the combustor [22]. The flame is controlled by
the characteristic flow field featuring a weak inner recirculation
zone which enhances the mixing of the primary and secondary

FIGURE 2. SCHEMATIC OF THE LIFTED FLAME BURNER
ADAPTED FROM [23].

flow, and an outer recirculation zone (ORZ) providing the dom-
inant stabilization mechanism. By the upstream transport of ex-
haust gases from the reaction zone back to the flame base, the hot
combustion products are mixed into the swirling jet, ensuring the
continuous re-ignition of the incoming fresh gases. The propa-
gating premixed-like flame front is stabilized at the downstream
position of the lift-off height (LOH) where the flame speed is in
balance with the flow velocity. The LOH plays a key role for the
NOx reduction potential because it determines the mixing time
of fuel and oxidizer before entering the reaction zone. Hence,
in the previous experimental campaigns, the impact of various
operating conditions and geometric features on the LOH was in-
vestigated.

In addition to the experimental studies, numerical predic-
tions of the lifted flame characteristics have been performed us-
ing Computational Fluid Dynamics (CFD). The prediction of the
complex flame lift-off process is generally challenging since it
requires the modeling of finite-rate chemistry effects and turbu-
lent mixing to capture the ignition and flame stabilization ade-
quately. In regard to CFD, the scale-resolving Large Eddy Sim-
ulation (LES) approach has proven to be an efficient and accu-
rate method for the simulation of reacting flows in the context
of gas turbine combustion [24]. By using the turbulent flamelet
model [25] or the Flamelet-Generated Manifold (FGM) approach
[26,27] combined with a presumed Probability Density Function
(PDF) closure method to describe turbulence-chemistry interac-
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tion, the overall reactivity of the low-swirl lifted flame was over-
predicted, giving smaller lift-off heights compared to the exper-
imental findings. In contrast, the Thickened Flame (TF) model
slightly overestimated the position of the main reaction zone by
using a global two-step reaction mechanism [28]. In the recent
numerical study of this flame, a coupled TF-FGM approach was
implemented, which improved the prediction of the lift-off and
flame shape at moderate computational costs [29].

The CHAiRLIFT combustor design was numerically inves-
tigated by the authors [30] with respect to isothermal flow char-
acteristics. It was found that the low-swirl jet significantly inter-
acts with the sidewall of the staggered SHC concept, leading to
the deflection of the flow towards the sidewall due to an asym-
metric pressure field in the vicinity of the burner. By means of
a parametric study of nozzle characteristics and combustor di-
mensions, it was shown that an increased confinement ratio be-
tween the flame tube and the swirl nozzle strongly enhances the
outer recirculation, which would be beneficial for the stability
of the lifted flame. Furthermore, a linear multi-burner arrange-
ment consisting of five burners was erected by Shamma et al. [31]
to investigate the interaction of adjacent spray flames in the in-
clined configuration. In the experiment, it was proven that a re-
markable high LBO limit for non-piloted burners is achievable.
This could be attributed to the transfer of hot exhaust gases to
the flame base of the neighboring burner, featuring the essential
stabilization mechanism of the lifted flames. In complementary
numerical studies of Langone et al. [32], the tilting angle of the
multi-burner arrangement was varied, providing more insights
into the complex three-dimensional hot-gas recirculation. It was
concluded that a tilting angle of the burners between 20◦ and
30◦ could lead to better flame stability since this range reflects a
favorable compromise between the extent and the averaged tem-
perature of the recirculation zone.

In the present work, LES reacting flow predictions of the
low-swirl lifted methane-air flame inside the helical burner ar-
rangement of the SHC are presented. By including turbulent
combustion, this study extends the previous work of the authors
which established an understanding of the aerodynamics of the
tilted burners, and highlighted the impact of nozzle and com-
bustor features on the non-reacting flow. To this end, a simu-
lation methodology is developed which allows for the accurate
prediction of the lifted flame characteristics. The objective is to
investigate the reactive flow field of this novel combustor con-
cept with respect to the flame stabilization mechanism. Hence,
special emphasis is put on the exhaust gas recirculation between
the flames due to the interaction of adjacent burners, providing
a preheating of the fresh mixture, and thus ensuring flame sta-
bility. Furthermore, the impact of the geometric combustor con-
finement on the flow field and flame position is studied, aiming
at the optimization of the concept in terms of enhanced hot-gas
recirculation. For the simulations performed in this conceptual
study, only gaseous methane is used in order to reduce the com-

plexity of the modeling. At high preheating temperatures, the
flame lift-off behavior of the gaseous and liquid fuel combus-
tion is very similar [20]. This is attributed to the spray being
completely evaporated close to the nozzle, and the fuel-air flow
featuring the same state of premixing as for gaseous fuel [19].

First, the dedicated numerical model facilitating the predic-
tion of the lifted flame is presented. It is validated using the
experimental results of the single-burner configuration. The fea-
tures of the lifted flame of the SHC reference case are discussed
afterwards. Finally, the geometric combustor confinement ratio
is varied by adjusting the flame tube height.

VALIDATION OF COMBUSTION MODELING
In this section, the numerical model developed for the pre-

diction of the low-swirl lifted flame is validated. To this end,
the experimental test case of the enclosed single-burner is nu-
merically reproduced. The study of the lifted flame in the single-
burner highlights the importance of the outer recirculation zone
for the stabilization mechanism due to the interaction of the
swirling jet with confining combustor walls.

Experimental Test Case
The concept of the low-swirl lifted flame has been inves-

tigated in different experimental works in the previous years
[18–20]. In this study, the single-burner configuration of Sedl-
maier et al. [20, 26] is taken as the reference. The fuel injector
used (see Fig. 2) is based on the principle of airblast atomization,
and it can be operated with both liquid and gaseous fuels. The ef-
fective area of the nozzle outlet is 131 mm2 as determined in [20].
Swirl is imposed to the flow only in the inner primary swirler fea-
turing a theoretical swirl number of 0.76. Since a greater amount
of air enters the outer secondary channels where it is not swirled,
the total swirl number of the flow issued from the nozzle is well
below the critical value of the vortex breakdown, which is in
the range of 0.4 to 0.6 [33]. In contrast to conventional swirl-
stabilized flames, this specific low-swirl arrangement results in a
small inner recirculation zone in the shear layer between the pri-
mary and secondary flow, but without exhaust gas entrainment,
allowing the flame to be lifted off and stabilized by the outer hot-
gas recirculation. The inner diameter of the cylindrical combus-
tion chamber is 89 mm and the length is 320 mm, and it is made
from quartz glass providing optical accessibility. Furthermore,
the flame tube is externally cooled by a predefined constant cool-
ing air flow. Further details about the experimental test rig and
the applied measurement techniques can be found in [20, 26].

In the experiment, the operating conditions have been
widely varied to investigate the impact on the lifted flame charac-
teristics. The operating point which is selected for the numerical
predictions in this work features an air preheating temperature
of T0 = 573K, a pressure of p = 4bar, a relative pressure drop
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FIGURE 3. OH* CHEMILUMINESCENCE AND PLANAR OH-
LIF MEASUREMENTS ADAPTED FROM [26].

across the injector of ∆p/p0 = 3%, and an overall equivalence
ratio for the methane-air mixture of φ = 0.53.

In Fig. 3, experimental measurements of the OH* chemilu-
minescence and the OH planar laser-induced fluorescence (PLIF)
are shown. By means of the OH* intensity map, the main reac-
tion zone can be identified, revealing the typical arrow-shaped
form of the flame [18]. In addition, the time-averaged OH* dis-
tribution is used to calculate the lift-off height which is defined
as the streamwise position where 10 % of the integral intensity is
reached. The instantaneous OH intensity map reveals that there
are already pockets of reacting mixture in the premixing zone,
yet the flame cannot stabilize there due to the high flow velocities
in that region. Both the OH* and OH light emission intensities
will be used for the comparison of the simulation to the experi-
ment regarding the shape and extent of the flame, and the lift-off
height.

Numerical Model
The reacting flow solver reactingFoam of the open-source

CFD software OpenFOAM v7 [34] is used for the turbulent com-
bustion simulation of the lifted flame. It is a pressure-based
solver which incorporates reaction kinetics to calculate the chem-
ical source terms in the species transport equations. The numeri-
cal time step of the transient predictions is 2×10−6 s, keeping the
maximum CFL number in the combustor below the value of 1.
For the time averaging of flow quantities, a physical time span

zyx min

max

min

max

min

max

Outlet

Inlet

Combustor

Methane Air

FIGURE 4. COMPUTATIONAL DOMAIN OF THE SINGLE-
BURNER AND INLET PROFILES FOR SPECIES MASS FRAC-
TIONS, TEMPERATURE AND VELOCITY COMPONENTS.

of 140 ms is covered. The spatial and temporal discretization is
performed by using second order numerical schemes.

The geometry of the single-burner configuration is adopted
for the simulation, whereas the low-swirl nozzle is not included
in the numerical model to reduce the simulation effort. The
computational domain of the cylindrical combustor is shown in
Fig. 4. Since the nozzle is not part of the model, the circular inlet
patch of the domain at the bottom of the flame tube represents the
outlet cross section of the nozzle. A contraction is attached to the
end of the combustor in order to prevent undesired backflow ef-
fects at the outlet, and ensure numerical stability. The combustor
is discretized by a block-structured OH-type mesh consisting of
2.4M hex elements, providing reduced numerical diffusion due
to the low level of skewness and non-orthogonality of the cells.

To establish the characteristic flow field of the low-swirl
jet, distinct profiles are imposed at the inlet patch as fixed value
boundary conditions. In Fig. 4, the profiles of the species mass
fractions Yk of methane and air including oxygen, nitrogen, argon
and helium, the temperature T and the velocity components ui
are shown. These inlet profiles represent time-averaged fields,
and were extracted from reactive LES predictions of the lifted
methane flame performed by Langone et al. [27], in which the
complete geometry of the nozzle was included. The profiles were
extracted at the position of the nozzle outlet coinciding with the
inlet patch of the present model. The approach of using such in-
let profiles was also followed for accurately predicting the non-
reacting low-swirl flow of the single-burner [31], and the spray
flames of the multi-burner arrangement [32].

The formulation of inlet conditions for LES is a compli-
cated task because the inlet flow must include a component of
stochastic variation while meeting different requirements, with
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the correct turbulent energy spectrum being highly significant.
In that regard, the methods of precursor simulations and synthe-
sized turbulence are suggested [35]. Besides the mean velocity
profiles originating from the precursor LES, a synthetic inflow-
turbulence generator implemented by Galeazzo et al. [36] is used
here. The turbulence generator is based on the digital filtering
of random noise [37], which implies the correlated spatial and
temporal fluctuation of the turbulent structures. Thereby, co-
herent velocity fluctuations are superimposed to the mean flow
profiles at the inlet, reflecting the natural energy spectrum of
a turbulent flow. Furthermore, the Wall-Adapting Local Eddy-
viscosity (WALE) turbulence model [38] is used to account for
the subgrid-scale stresses which are not resolved by the LES low-
pass filtering operation.

The operating pressure of 4 bar is prescribed at the outlet of
the computational domain, and the no-slip condition is imposed
on the combustor walls. In addition, a thermal boundary condi-
tion is enforced at the lateral wall of the cylindrical flame tube by
imposing a uniform wall temperature of 1200 K to consider the
wall heat losses due to the external cooling in the experiment.
An estimation of the wall heat losses is given in [26], yet no wall
temperatures are reported. Using a uniform combustor wall tem-
perature for this configuration was also followed in the works of
Langone et al. [27–29].

The reduced chemical kinetic mechanism KEE for the com-
bustion of methane-air mixtures as proposed by Kee et al. [39]
is used. This skeletal mechanism lowers significantly the com-
putational costs compared to a detailed chemical kinetic model,
but includes multiple intermediate reaction steps and transient
species unlike global reaction mechanisms. In the present study,
the KEE mechanism is extended by a sub-mechanism to pre-
dict the formation of electronically excited OH* molecules [40],
which enables the comparison of the lifted flame characteristics
to the experimental data. A total of 20 species and 72 reactions
are involved to describe the reaction kinetics. Besides oxygen
and nitrogen, the combustion air includes argon as another colli-
sional partner for the quenching of OH* molecules, and helium
as the inert species to ensure mass conservation in the numer-
ical procedure. In the finite-rate chemistry approach, a scalar
transport equation of the filtered mass fraction Ỹk is solved for
each species k. The formation rates ω̇k as the chemical source
terms representing the evolution of each species mass fraction
are computed by solving the coupled non-linear ordinary differ-
ential equation (ODE) system of chemical kinetics.

A turbulent combustion model is required to close the
turbulence-chemistry interaction problem arising mathematically
from the LES filter operation. In the present study, the reactor-
based Partially Stirred Reactor (PaSR) model [41] is employed.
It is based on the idea that each computational cell is partitioned
into the perfectly stirred zone of reacting fine structures and the
surrounding non-reacting zone driven by turbulent mixing. After
the chemical reactions have taken place, the combustion prod-

ucts are mixed with the unburned surroundings due to turbulence.
Based on this decoupling of the reaction and the turbulent mix-
ing, the overall reaction progress is determined by the mass ex-
change between the two zones. The fraction of the cell which is
occupied by the chemical reactions is the reacting volume frac-
tion κ which reads

κ =
τc

τc + τmix
, (1)

where τc and τmix are the characteristic time scales of the chemi-
cal reactions and the turbulent mixing, respectively. The estima-
tion of these time scales is crucial to obtain accurate predictions
from the model, for which various formulations are available in
the literature [42]. In the present work, the definitions which
are implemented in the standard OpenFOAM [34] code are used.
At last, the unclosed filtered chemical reaction rate ω̇k in the
species transport equation can be calculated from the formation
rate based on filtered flow quantities by using the reacting vol-
ume fraction by means of

ω̇k = κ ω̇k(Ỹ, T̃ ) . (2)

Recently, the computational efficient PaSR model has been
widely used for the numerical investigation of MILD combus-
tion applications [42, 43] featuring strong interactions between
the chemical kinetics and turbulent mixing phenomena, also gov-
erning the low-swirl lifted flame of this work.

Due to the highly non-linear nature of the chemical kinetics
represented by the stiff ODE system, the convergence rate of the
ODE temporal integrators computing the source terms in each
grid cell can vary significantly in space. As a result, the geomet-
rical domain decomposition in parallel reacting flow simulations
leads to a high computational load imbalance. In that regard,
an open-source dynamic load balancing (DLB) algorithm [44] to
speed up the reactive multiprocessor simulations was introduced,
which is employed here. Further improvements regarding the to-
tal execution time could be reached by optimizing the cell-based
chemistry ODE solution routines. Following this idea, an ana-
lytical Jacobian formulation provided by the open-source library
pyJac was implemented in OpenFOAM, and the efficient linear
algebra package LAPACK was utilized for faster chemistry solu-
tion [45], both included in the present numerical model.

Reactive Flow Field
The stabilization mechanism of the low-swirl lifted flame

fundamentally differs from a high-swirl flow field which exhibits
the vortex breakdown, being typical for state-of-the-art gas tur-
bine combustors. In Fig. 5, the contour plots of the instantaneous
axial velocity, the temperature and the OH mass fraction of the
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FIGURE 5. CONTOUR PLOTS OF THE INSTANTANEOUS FIELDS OF AXIAL VELOCITY (LEFT), TEMPERATURE (MIDDLE) AND OH
MASS FRACTION (RIGHT) FOR THE SINGLE BURNER.

reactive flow field of the single-burner configuration are shown.
In addition, the iso-line of zero mean axial velocity ⟨ux⟩ indi-
cating recirculation areas, and iso-lines of the mean heat release
rate ⟨ω̇T ⟩ representing the reaction zone are superimposed.

The turbulent swirling jet issued from the nozzle can be
identified in the axial velocity and temperature field. Due to
the entrainment of surrounding fluid by the confined jet flow,
the ORZ of burned gases is formed in the combustor edge cavi-
ties. Consequently, hot combustion products are transported up-
stream, and mixed with the reactants, which is promoted by flow
instabilities on the jet surface, controlling the ignition of the fresh
mixture. Furthermore, it is evident that a dominant inner recir-
culation zone does not exist for this type of low-swirl configura-
tion. Based on the heat release iso-lines, the characteristic arrow-
shaped flame is visible which is anchored at the outer shear layer
of the jet along the edge of the recirculation zone, as also ob-
served in the previous numerical studies [27–29]. On the nozzle
axis, the reaction zone is pushed downstream due to the high
velocity in the core region of the swirling jet. Reaching quasi-
premixed conditions at the position of stabilization, the flame
front is propagating against the incoming flow. Hence, the lifted
flame is stabilized in the high-velocity flow field of the swirling
jet where an equilibrium between the burning velocity and the
flow velocity is reached [19, 46].

The predicted field of the OH mass fraction shows good
agreement with the experiment in terms of the measured pla-
nar OH-LIF (see Fig. 3). In the premixing zone upstream of the
flame, OH can be found in the jet shear layer due to the mix-
ing with the hot combustion products, leading to locally reacting
fresh-gas mixtures. In the main reaction zone, the highest con-
centrations of OH are present. There are also reactive pockets
visible which are transported further downstream from the flame
front, similar to experimental observations.

For a more detailed comparison of the flame characteris-
tics, the measured OH* chemiluminescence map, and the post-
processed fields of the predicted heat release and OH* mass frac-
tion as line-of-sight integrations are shown in Fig. 6, including
the corresponding LOH. In the case of OH*, the indicated main
combustion zone is shifted downstream compared to the equiva-
lent zone in the line-of-sight integrated heat release map, increas-
ing the predicted LOH. This is in accordance with the experi-
mental findings of Lauer and Sattelmayer [47], in which a down-
stream shift in OH* chemiluminescence intensity was reported
based on the distribution of the heat release rate. As it can be
seen, the position of the flame leading edge is well predicted by
the simulation since the LOH is close to the experimental value.
However, the axial and radial flame extent is slightly underesti-
mated by the numerical predictions. The final thermo-chemical
state of the reacting flow is correctly predicted, as demonstrated
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FIGURE 6. COMPARISON OF THE EXPERIMENTAL OH*
EMISSION INTENSITY (LEFT) ADAPTED FROM [26] TO THE
LINE-OF-SIGHT INTEGRATIONS OF THE HEAT RELEASE (MID-
DLE) AND OH* MASS FRACTION (RIGHT).

by the comparison of the temperature and species mass fractions
at the combustor outlet with calculations performed with the soft-
ware toolkit Cantera using a detailed chemical mechanism, not
shown here.

To summarize the investigation of the low-swirl lifted flame,
it is shown that the developed numerical model adequately repro-
duces the underlying physics of this type of flame. By using in-
let profiles for the velocity components coupled with the inflow-
turbulence generator, the characteristic flow field of the low-swirl
jet inside the combustor is captured correctly. The LOH is well
predicted, which is generally a severe test for partially premixed
combustion models due to intense turbulence attributed to the
high shear in the jet [46]. The reaction mechanism and the com-
bustion model employed provide good accuracy regarding the in-
volved chemical kinetics and turbulence-chemistry interaction of
the kinetically-controlled flame featuring a low Damköhler num-
ber smaller than unity [22]. On the basis of the results accom-
plished in this section, the numerical model is conclusively vali-
dated since it captures the main features of turbulent mixing and
finite-rate chemistry, governing the lifted flame characteristics.
Hence, the model is used in the following section of the paper,
addressing the reacting flow prediction of the tilted SHC burner
arrangement.

The observed differences to the experiment regarding the
flame extent can be attributed to the uncertainty in the distribu-
tion of the wall heat losses, affecting the combustor temperature,
and thus chemical reaction rates of the flame. The evaluation of

OL Outlet

IL

machine axis
DM SW

H

L

d

DM

DM SW

FIGURE 7. GEOMETRY OF TWO GENERIC SHC SECTORS.
DM: DOME, SW: SIDEWALL, OL: OUTER LINER, IL: INNER
LINER.

the chemical and mixing time scale, which are key in the formu-
lation of the PaSR model, could also be revised in future works.

SHC REACTING FLOW PREDICTION
As elucidated in the previous section, the stabilization of the

lifted flame relies on the presence of the ORZ of entrained ex-
haust gases. Hence, it is crucial for the development of the annu-
lar SHC featuring the low-swirl burner to ensure the backflow of
hot combustion products along the confining combustor walls. In
that regard, the sidewall of the staggered non-symmetrical SHC
arrangement plays a decisive role as the only lateral flow con-
finement. The interaction of adjacent burners is investigated by
means of reacting flow predictions. By the variation of the com-
bustor confinement ratio, the impact on recirculation characteris-
tics and the flame lift-off is discussed.

Numerical Model
A simplified burner of the annular combustor is used for the

SHC reacting flow simulation. The generic geometry of two
adjacent sectors of the SHC is shown in Fig. 7. It highlights
the three-dimensional staggered burner arrangement. The tilt-
ing angle of the burner axis with respect to the machine axis
is β = 45◦, as used for the investigation of the isothermal flow
in the previous work of the authors [30]. In the computational
model, the low-swirl nozzle is not included, similar to the previ-
ous validation study involving the enclosed single-burner config-
uration. However, the reference swirl nozzle used for the SHC is
larger compared to the single-burner, featuring an effective area
of 319 mm2. This implies an increased size of the circular in-
let patch which represents the outlet cross section of the larger
nozzle. The computational mesh of one SHC sector represent-
ing the reference case consists of 2.8M elements, predominantly
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FIGURE 8. CONTOUR PLOTS OF THE INSTANTANEOUS FIELDS OF AXIAL VELOCITY (LEFT), TEMPERATURE (MIDDLE) AND OH
MASS FRACTION (RIGHT) FOR THE SHC REFERENCE CASE. ARROW INDICATES THE DIRECTION OF THE DEFLECTING FORCE.

hexahedral cells, and the averaging time for all configurations
investigated is not less than 50 ms.

At the inlet patch, the time-averaged profiles of velocity,
species mass fractions and temperature (see Fig. 4) are pre-
scribed. The larger nozzle of the SHC results from an up-scaling
of the nozzle used by Sedlmaier et al. [20], preserving geometric
similarity. Since the same relative pressure drop of 3 % is as-
sumed for the SHC, Mach number similarity is ensured. Hence,
it is assumed that under the same operating conditions, all pro-
files of the similar nozzles can be regarded as qualitatively the
same. To take account of the increased mass flow rate through
the larger nozzle due to the higher effective area, the inlet profiles
of the three velocity components are scaled up by the ratio of the
discharge coefficients of both swirlers, also done in the previous
numerical studies [31, 32]. The synthetic inflow-turbulence gen-
erator is employed to impose turbulent fluctuations at the inlet,
and the WALE subgrid-scale model is used.

The same operating conditions with respect to the air pre-
heating temperature, pressure and equivalence ratio are chosen
for the SHC. The no-slip condition is enforced at the walls. Fur-
thermore, all combustor walls are considered to be adiabatic. In
the single-burner experiment [26], it was shown that the flame
LOH increases for higher wall heat losses due to a reduction of
the combustor temperature, and thus lower reaction rates. Since
this conceptual study is focused on the general understanding of
the SHC characteristics, the effects of wall heat losses on the
hot-gas recirculation is neglected, which would presumably only
cause a downstream shift in flame position. By using transla-
tional periodic boundary conditions in circumferential direction,
the interaction of adjacent low-swirl flames is taken into account.

Concerning the chemical kinetics and turbulence-chemistry in-
teraction, the extended KEE reaction mechanism including OH*
formation and the PaSR combustion model are used.

Reference Configuration
In this section, the results of the reacting flow simulation

of the SHC reference configuration are presented. The nozzle
diameter d and the overall combustor dimensions, H = 100mm
and L = 300mm (see Fig. 7), are defined to correspond to the
test rig of the experimental studies performed within the same
EU-funded research project [31]. The reference case features a
confinement ratio between the flame tube height H and the nozzle
diameter d of RREF

C = H/d = 4.
In Fig. 8, the contour plots of the instantaneous axial veloc-

ity, the temperature and the OH mass fraction of the reacting flow
are shown in the SHC mid-plane, with iso-lines of time-averaged
zero axial velocity and heat release being superimposed. The
reactive flow field of the SHC is overall resembling the charac-
teristics of the single-burner configuration (see Fig. 5). Reac-
tive pockets indicated by the formation of OH can be observed
up- and downstream of the main combustion zone, and the sur-
face of the swirling jet shows instabilities attributed to the high
shear stresses. The low-swirl jet consisting of fresh mixture is
interacting with the hot reaction products entrained from its sur-
roundings, and mixed into the jet. However, the ORZ in the
SHC is mainly occurring in the vicinity of the sidewall due to the
non-symmetrical arrangement of the confining combustor walls.
This means a significant difference to the enclosed single-burner
where recirculation zones are established entirely around the jet
flow. Furthermore, the flow is deflected towards the combustor
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FIGURE 9. LINE-OF-SIGHT INTEGRATION OF THE OH* MASS
FRACTION FOR THE SHC REFERENCE CASE.

sidewall which is indicated by the mean velocity vector field.
The mechanism leading to this deflection of the low-swirl jet is
related to the Coandă effect, which was found in the previous
aerodynamic investigations [30]. Near the sidewall, the pressure
decrease in the vicinity of the jet caused by the entrainment of
surrounding gas is enforced. This leads to a pressure difference
across the jet, which exerts a force on the flow (see Fig. 8), caus-
ing the jet to be deflected towards the sidewall. As a result, a
crossflow of hot products entering the burner on the open side
is formed. The crossflow effect promotes exhaust gas recircula-
tion between neighbor flames, and could compensate the reduced
backflow of burned gases on this side.

By means of the line-of-sight integration of the mean OH*
mass fraction indicating the combustion zone, the lifted flame is
visualized in Fig. 9. It can be seen that the flame is not aligned
with the burner axis, but it is deflected towards the combustor
sidewall, which emphasizes the interaction with the neighbor
flames. Concerning the shape of the flame, the reaction zone
is narrower and more elongated in axial direction compared to
the single-burner configuration. This is likely attributed to the
entrainment of fluid from the adjacent sector, forming the cross-
flow which stretches the flame along the streamwise direction.
Most importantly, it is to mention that the LOH is significantly
increased in the SHC burner arrangement compared to the single-
burner. This can be explained with the higher nozzle outlet ve-
locity and, hence, higher jet flow velocity which the propagating
premixed-like flame front has to counteract for the stabilization
at the equilibrium position. Consequently, the flame stability in
terms of the LBO limit may decrease by using the larger noz-
zle [19].

Impact of Confinement Ratio
The confinement ratio between the combustor and the nozzle

is an important parameter of technical combustion applications,
determining the expansion rate of the swirl flow emerging from
the nozzle. The impact of the confinement level has been ad-
dressed in several experimental studies of lean combustion sys-
tems featuring single swirl-stabilized flames. In these works, the
flame-wall interaction was investigated, finding that the flame
structure, heat release and instability characteristics are affected
by the flow confinement [48, 49]. It was also concluded that an
optimal confinement ratio exists, minimizing combustion emis-
sions [50]. However, the asymmetric and tilted SHC arrange-
ment including the interaction of adjacent flames in an annular
concept differs from such single-flame setups. It was shown by
the authors [30] that the ORZ of the isothermal jet flow in the
SHC design significantly increases in size for a larger cross sec-
tional area of the burner. Following this result, the impact of the
geometric confinement on the lifted flame of the reactive case is
discussed as a possible concept optimization.

In this work, the confinement ratio is defined as the ratio be-
tween the combustor height H and the outlet nozzle diameter d.
In addition to the reference case (RREF

C = 4) studied in the previ-
ous section, the confinement ratio is reduced as well as increased
to values of RC = 3, 5 and 6. The combustor height and width
are both scaled by the same ratio when the confinement is var-
ied, preserving the quadratic shape of the flame tube. The nozzle
diameter d and the combustor length L remain constant. It is to
be noted that for a burner tilting angle of 45◦, the sidewall length
is equal to the flame tube height and width.

The instantaneous axial velocity and temperature fields of
the differently confined low-swirl flames in the SHC mid-plane
are shown in Fig. 10. It can be seen that all configurations ex-
hibit the similar characteristics of the high-velocity swirling jet
entering the combustor. The jet comprises the non-swirling outer
flow which encloses the inner swirling part, preventing a sudden
radial expansion. However, the recirculation of burned gases is
different when comparing all cases, with the size of the ORZ con-
siderably increasing for higher confinement ratios. This is due to
the higher combustor volume providing more space for the back-
flow of combustion products. For RC = 6, the volume of the
recirculation zone Vrec is 3.7 times higher compared to the ref-
erence case of RREF

C = 4, which is graphically shown in Fig. 11.
The combustion products are mainly recirculating along the SHC
sidewall, as indicated by the iso-line of zero mean axial velocity,
and observed before for the reference case. In the temperature
contour plots, the turbulent instabilities on the jet surface indi-
cate the mixing between the fresh and burned gases, ensuring the
preheating of the mixture. For the smallest confinement ratio of
RC = 3, the deflection of the jet flow towards the sidewall is very
pronounced. The flame reaches across the periodic boundary of
the sector, and thus merged reaction zones of adjacent burners
are formed which is concluded from the iso-lines of the heat re-
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FIGURE 10. CONTOUR PLOTS OF THE INSTANTANEOUS
FIELDS OF AXIAL VELOCITY (TOP) AND TEMPERATURE (BOT-
TOM) FOR DIFFERENT CONFINEMENT RATIOS OF THE SHC.

lease rate. In case of the largest flame tube featuring RC = 6,
the main reaction zone is more elongated along the burner axis
compared to the reference case. Besides the volume of the ORZ,
the temperature of recirculating hot gases is affected as well by
the combustor confinement. It is found that the volume-averaged
temperature of the ORZ T rec is 1712 K for the largest flame tube,
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FIGURE 11. VOLUME AND VOLUME-AVERAGED TEMPERA-
TURE OF THE OUTER RECIRCULATION ZONE OVER THE CON-
FINEMENT RATIO.

in contrast to 1656 K for the reference case and only 1582 K for
RC = 3 (see Fig. 11). The present understanding is that the in-
creasing ORZ temperature of the larger combustors can be ex-
plained with the higher residence time of the hot gases between
adjacent sectors due to the higher distance in circumferential di-
rection between the burners. This increases the temperature of
the combustion products before recirculating at the sidewall in
the neighbor sector due to the crossflow effect.

For further analyzing the lifted flames of different confine-
ment ratios, the time-averaged OH* line-of-sight integrations are
presented in Fig. 12 also reporting the LOH. Decreasing the con-
finement ratio reduces the distance between the burners. Hence,
the interaction of adjacent low-swirl flows increases, which can
be distinctly seen for the smallest flame tube cross section inves-
tigated (RC = 3), leading to the reaction zones being strongly
distorted, and connected with each other. For this configura-
tion, no LOH is indicated because the value would be mislead-
ing caused by the advection of OH* from the neighboring sector.
The higher confinement ratios reveal nearly the same stabiliza-
tion point, with the LOH being stable at around 100 mm. How-
ever, it appears that by increasing the flame tube size, the flame
shape becomes more asymmetrical, with the reaction rates being
enforced near the combustor sidewall. This could be attributed
to the larger recirculation zone, and thus the more pronounced
shear layers anchoring the flame front (see Fig. 10).

Final Remarks
In the staggered SHC burner arrangement, the flow field is

highly complex and three-dimensional, featuring the interaction
of adjacent burners by the formation of a crossflow of hot com-
bustion products. Similar to the results of this work, a significant
increase of the size of the ORZ was also observed by Langone et
al. [32] by the variation of the burner tilting angle, but not affect-
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FIGURE 12. LINE-OF-SIGHT INTEGRATIONS OF THE OH*
MASS FRACTION FOR DIFFERENT CONFINEMENT RATIOS OF
THE SHC.

ing the LOH. Hence, it could be concluded that the extent of the
ORZ in the SHC has a minor impact on the flame stabilization
position, which needs to be substantiated by further investiga-
tions. However, the LOH is only one indicator of flame stability,
with a large hot-gas reservoir of vitiated combustion products
and the outer shear layers contributing to the stabilization pro-
cess.

CONCLUSION
In the present work, the novel design of a lean partially-

premixed aero engine combustor is investigated. The concept
consists of the tilted burner arrangement of the Short Helical
Combustor (SHC), and the combustion technique involving lifted
flames based on specific low-swirl injector nozzles. This config-
uration promises ultra-low NOx emissions due to fuel-air premix-
ing, while ensuring safe and stable operation without requiring a
diffusive pilot flame for stabilizing the main lean flame.

Based on LES reacting flow predictions of the lifted flame
in a preliminary study, the dedicated numerical model is vali-
dated against experimental measurements of a laboratory com-
bustor rig. It is demonstrated that by using the finite-rate chem-
istry approach, the setup is capable of reproducing the features
governing the flame characteristics adequately.

The numerical simulation of the low-swirl lifted flame in
the SHC arrangement shows that the jet flow is deflected towards
the lateral sidewall of the staggered combustor dome. This is
attributed to an asymmetric pressure field in the vicinity of the
burner. As a result, a crossflow of burned gases between ad-
jacent combustor sectors is established, promoting the exhaust

gas recirculation, which is the main stabilization mechanism of
the flame. The majority of the outer recirculation zone is situ-
ated along the sidewall, which leads to a highly complex three-
dimensional flow field pattern.

By varying the confinement ratio, the impact of the combus-
tor size on the recirculation process and the flame lift-off height
is studied. It is shown that the flame position is not significantly
affected, yet the size and the volume-averaged temperature of the
recirculation zone strongly increase for larger flame tubes. For a
reduced confinement ratio, and thus a smaller distance between
neighboring burners, the adjacent flames merge, forming an in-
terrelated reaction zone.

In a future parametric study of the SHC concept, the impact
of other design features, e.g., the burner tilting angle, will be
evaluated. Furthermore, the numerical model will be extended
by the prediction of NOx formation in order to compare different
SHC geometries with respect to the emission reduction potential.
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