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An Extended Artificially
Thickened Flame Model

for Turbulent Hydrogen and
Hydrogen-Enriched Flames

With Intrinsic Instabilities Under
Gas Turbine Relevant Conditions

Hydrogen and hydrogen blends with ammonia or natural gas are cornerstones in the
transition to future environmentally friendly energy systems, such as gas turbines and aero-
engines. However, hydrogen’s unique characteristics lead to intrinsic flame instabilities,
resulting in an up to sixfold increase in turbulent flame speeds under gas turbine-relevant
conditions compared to flames without instabilities. These effects are not captured by
current combustion models, presenting a major barrier for computational fluid dynamics
(CFD) simulations. This study addresses these limitations by developing an extension to the
widely used artificially thickened flame (ATF) model, validating it for wide operating
conditions and applying it to turbulent configurations. To this extent, over 200 direct
numerical simulations (DNS) of laminar planar flames are analyzed, unraveling the
characteristics of the enhanced flame speed. The subsequently developed model is validated
across comprehensive variations in pressure (latm—20atm), temperature
(300K — 700 K), equivalence ratios (0 = 0.4 — 1.0), and fuel compositions (pure H,,
precracked ammonia (NH3/H,/N,) and hydrogen natural gas blends (CH,/H;)) to ensure the
model’s applicability for technically relevant operating conditions. Additionally, the model
is transferred to turbulent conditions using Large Eddy Simulations. For model validation,
multiple high-fidelity DNS of turbulent jet flames at various conditions are performed. The
advanced model shows excellent agreement in a laminar configuration and significant
improvements in predicting turbulent flame speeds of the turbulent jet flames compared to
the state-of-the-art model. By enhancing the widely used ATF model to account for hydrogen
characteristics, this study supports the further development of efficient and environmentally

friendly hydrogen-powered energy systems. [DOI: 10.1115/1.4069549]

Keywords: combustion, modeling, hydrogen, hydrogen-blends, ammonia, thickened flame,
intrinsic instabilities

1 Introduction

Hydrogen is considered a promising energy carrier for the
decarbonization of technical systems, especially in those with a high
energy demand. In particular, thermochemical energy conversion is
a powerful strategy for integrating hydrogen and hydrogen-blends
into energy systems, such as aero-engines and stationary gas
turbines. In this context, pure hydrogen H, as well as hydrogen
blends with ammonia NHj3 and natural gas CH, are essential for
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ensuring compatibility and flexibility toward hydrogen-ready
energy systems [1]. Rapidly adopting existing and developing new
systems for a safe and efficient operation with hydrogen and
hydrogen blends necessitates predictive reactive computational
fluid dynamics (CFD) simulations.

A key design aspect of new hydrogen combustion systems is
limiting NO, emissions, making lean combustion a preferred
approach. However, these conditions promote intrinsic flame
instabilities arising from hydrogen’s high diffusivity. These so-
called thermo-diffusive (TD) instabilities lead to a manyfold
increase of the flame speed due to enhanced flame wrinkling and
local stratification. TD instabilities in hydrogen flames under
ambient conditions have been shown to increase the flame speed
up to four times the laminar burning velocity [2]. This effect
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becomes even more pronounced under practically relevant
increased pressure conditions, leading to up to six times higher
flame speeds [3]. Instabilities have also proven highly significant in
turbulent configurations, where markedly higher turbulent flame
speeds have been reported [4]. The exact prediction of the turbulent
flame speed and TD instabilities is crucial for the efficient and safe
design of combustors, e.g., to prevent flashback. However, state-of-
the-art combustion models disregard the impact of intrinsic
instabilities, making CFD unreliable and creating a major roadblock
in developing next-generation gas turbine technologies.

As a first step to overcome this, we recently extended the
artificially thickened flame (ATF) approach, also called thickened
flame model [5] to account for TD instabilities, demonstrating
accurate predictions of enhanced flame speeds in laminar config-
urations under ambient conditions with simplified chemistry [5].
Given the strong dependence of TD instabilities on operating
conditions like pressure, temperature, and fuel composition, this
work takes the important follow-up step of extending the model to
encompass a broad range of technically relevant conditions using
detailed chemical kinetics. Furthermore, the model is extended to
turbulent simulations and validated in a turbulent jet flame, using a
set of high-fidelity turbulent direct numerical simulations (DNS)
data that is created as part of this work. In summary, the objectives of
this study are:

e Model generalization to technically relevant conditions,
including variations of:
— Equivalence ratio: ® = 0.4 — 1.0
— Preheating temperature: 7, = 300K — 700K
— Pressure: p = 1 atm — 20 atm
— Fuel composition: Hy; CHy—H,; NH3;—H,0N;
e Extension to turbulent conditions
e Model evaluation using high-fidelity DNS data of turbulent jet
flames under broad operating conditions

The remainder of the paper is structured as follows: The model
development begins by outlining the theoretical background,
revisiting key characteristics of thermodiffusive instabilities, and
introducing the state-of-the-art ATF approach. This is followed by
the derivation of the efficiency function for TD instabilities. The
model coefficients are generalized using a normalization strategy
covering the aforementioned parameter space. The effectiveness of
the generalized model is showcased in a laminar configuration. The
generalized model is then put to the test in a turbulent jet flame
configuration for four different operating conditions, where its
performance is rigorously evaluated against the high-fidelity DNS
data.

2 Theoretical Background

In this section, characteristics of TD instabilities in lean premixed
hydrogen flames are recalled and the ATF approach is introduced.

2.1 Thermo-Diffusive Instabilities. In the following, key
aspects of TD instabilities are recalled, including characteristic
quantities needed for the model development. Intrinsic TD
instabilities can be observed in fuel-lean hydrogen/hydrogen-
enriched combustion systems and have been extensively studied
in the literature [2,5-8]. These instabilities manifest when planar
hydrogen flames become unstable, leading to the formation of
cellular and fingerlike structures as well as local mixture
stratification. TD instabilities arise from hydrogen’s low Lewis
number Le leading to differential diffusion, which results in a local
focusing and defocusing effect of heat and local enrichment of
hydrogen in regions of positively curved flame fronts along a
deflected flame front [1].

Exemplary, a resulting TD unstable flame front is depicted in
Fig. 1 by the temperature 7 normalizedas @ = (T — T)/(Taa — Ty)
with T, and T,q as the unburned and adiabatic temperature at the
given conditions. The normalized temperature is advantageous
since values above unity indicate super-adiabatic temperatures
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Fig. 1 Contour plot of the normalized temperature ®@=(T—-T,)/
(Taa— Ty) of a flame front with TD instabilities. Regions of super-
adiabatic temperatures as well as the smallest and largest
instability structures are marked.

resulting from the local fuel stratification. Additionally, various
sized cellular and fingerlike structures are visible. Here, a smallest
and largest structure can be identified. The smallest structure is often
characterized by the so-called critical wavelength /. It is the
smallest instability structure and can be estimated using a linear
stability analysis [2,5]. The largest intrinsic structure Lcej max 1S the
maximum size; the instabilities grow before they interfere with other
structures or break down into smaller cellular structures. In prior
studies, Creta et al. [8,9] identified Lcejmax to be approximately
30 - Jerit- The flame speed of an unstable flame is significantly
affected by the size distribution of the cells in the flame front [3,5].
To measure the flame speed, the fuel consumption speed of two-
dimensional (2D) planar flames s, is defined as the integral fuel
source term @y, Nnormalized by the domain size L,, the unburned
density p, and hydrogen mass fraction Yyeju:

-1

Se=—
quel,u * Pu 'L_v

meeldxdy )

2.2 Artificially Thickened Flame Model. The ATF model is a
widely adopted turbulence—chemistry interaction model that
artificially thickens the physical flame, lowering spatial resolution
requirements in large eddy simulations (LES). The thickening is
achieved by a coordinate transformation maintaining the laminar
flame speed s; while broadening the flame thickness o [10]. This is
accomplished by scaling the diffusion velocity V; ; in the species and
enthalpy transport equation by a thickening factor F', while dividing
the corresponding source terms @y by F [11]. The resulting transport
equation, exemplary shown for the species mass fraction Y, reads:

(9ka Bpu;Yk 0 Eurp
= — (FEuwnpYiVii) + —F—— 2
ot 8xi 8xi ( turb P k k,z) + F )

In turbulent flows, the flame’s response to turbulence is reduced
when applying this model. As a result, the flame becomes less
wrinkled, leading to a smaller flame surface area and, consequently,
a lower turbulent flame speed. To correct for this decreased flame
surface, additional modeling is required. Charlette et al. [12]
designed an efficiency function Ey,, (already included in Eq. (2)) to
compensate for the weaker flame response and to increase the
turbulent flame speed, which has been shown to be effective for
hydrocarbon fuels [13].

Known limitations of the ATF approach are flame stretch and
capturing the impact of thermodiffusive instabilities. Recent efforts
have been focused on including stretch effects into the model
[14-17]. A stretch-corrected approach is also adopted and applied
for ammonia-hydrogen blends to a turbulent configuration in
Ref. [18]. Schuh et al. [5] proposed an extension for laminar
unstable flames using single-step chemistry, which is the basis for
the subsequent development.
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Fig.2 Schematic of the 2D computational domain. The domain
height L, is varied as indicated by the dotted lines.
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3 Model Development and Generalization

Assessing and characterizing intrinsic TD instabilities as well as
understanding their interaction with the ATF model is done using
commonly employed laminar 2D initially planar flames [2,5,6].
Accordingly, this configuration is considered here for model
development and parameterization under various conditions.

3.1 Numerical Setup. The computational domain is schemati-
cally shown in Fig. 2. The 2D flames are initialized by one-
dimensional (1D) flame profiles and disturbed by a sinusoidal
perturbation with a small amplitude A. From this initial deflection,
TD instabilities develop. It has been shown by Berger et al. [2] that
the fully developed instabilities, which are the focus of this work, do
not depend on the initial deflection. The flame is stabilized within the
domain by dynamically matching the inlet velocity u;, to the
effective flame speed s..

As shown in Fig. 1, instabilities comprise varying length scales
from cellular structures to fingerlike structures. To trigger varying
instability structures and quantify the influence of different length
scales on the flame speed, the domain size L, is varied in the flame
tangential direction as shown in Fig. 2 by the dotted lines. L, is
varied between 207 and 12807, specifically taking the values 2Jr,
4(5]‘, 6(3]‘, 851‘, 125]‘, 165'1", 325]‘, 645'{‘, and 1285'1", where 5'[ is the
laminar flame thickness based on the maximum temperature
gradient of the corresponding one-dimensional flame. The domain
length L, is set to be large enough to avoid an influence of the inlet
and outlet on the flame propagation.

A well-validated solver based on oPENFOAM [5,19], which includes
the ATF model is used. The extensive parameter variation, including
gas turbine relevant conditions, is performed with PELELMEX [20]
utilizing its adaptive mesh refinement capabilities and, subse-
quently, reducing computational costs significantly. Both solvers
assume ideal gas and employ the low Mach number assumption for
the reactive Navier—Stokes equations using the Hirschfelder—
Curtiss approximation for scalar diffusion velocity, including
thermo-diffusion [21]. A correction velocity for the species
diffusion is employed to ensure mass conservation. The equations
are spatially and temporally discretized using second-order
schemes. A grid resolution of 26 (opPENFOAM) and 32 (PELELMEX)
grid points within the laminar flame thickness ot is employed,
wherein PeleLMeX, an adaptive mesh refinement strategy, follow-
ing Howarth et al. [22] is utilized. Prior studies have shown that the

chosen resolution is sufficient to correctly predict the flame
properties of interest [2,5].

For model development in Sec. 3.3, the mechanism of Burke et al.
[23] is utilized for the pure hydrogen cases. The methane—hydrogen
cases employ the mechanism by Stagni et al. [24] while an ammonia-
hydrogen mechanism by Stagni et al. [25] is used for the precracked
ammonia mixtures. To reduce computational costs, the mechanism
by Smooke et al. [26] is taken for the methane-hydrogen case during
model validation in the turbulent jet flame (cf. Sec. 4.2). The
turbulent hydrogen and ammonia-hydrogen cases are computed
using the same mechanism as used during model development. All
mechanisms are well-validated for the respective operating
conditions.

3.2 Influence of Flame Thickening on Thermo-Diffusive
Instabilities. Fully developed intrinsic instabilities in a domain of
size L, = 128t with varying thickening factors are shown in Fig. 3.
The contour plots show the normalized temperature ®. The left plot
shows the result of the DNS (¥ = 1) while the middle and right
contours show flames computed with increasing thickening factors
F. All flames show similarly wrinkled flame fronts and similar
super-adiabatic temperature regions (® > 1), indicating TD
instabilities. Additionally, similar to Fig. 1, smallest and largest
structures can be identified in all contour plots of Fig. 3. However,
the instability structures grow larger with increasing thickening
factor. As demonstrated in our recent work [5], thickening does not
suppress instabilities but alters the size of the intrinsic length scale of
the instabilities. To be more specific, all instability structures,
including the smallest A and largest instability structures Leeji max
scale linearly with F. This effect is present regardless of the
chemical modeling approach.

To quantify the influence of the thickening, the consumption
speeds of the highly dynamic flames are averaged over time. After
the instabilities are fully developed, (sc) is averaged for a
sufficiently long time, at least 100 flame times, where the flame
time t is defined as t = dr/s; (see Table 1). The results are
illustrated in Fig. 4, which shows the temporally averaged fuel
consumption speed (sc), normalized by the laminar flame speed s,
for varying normalized domain sizes L, and thickening factors F.
The three lines correspond to various thickening factors F =1
(reference DNS), FF =2 and F = 4, where each line consists of
multiple simulations at varying domain sizes L,. The average
consumption speed of the flames shown in Fig. 3 corresponds to the
very right points in Fig. 4 (L,/or = 128). Connecting the altered
instability structures shown in Fig. 3 to the difference in averaged
consumption speed in Fig. 4 for the different thickening factors, it
becomes clear that the scaled instability structures result in
significantly different flame speeds. To clarify, the DNS shows
that instabilities lead to a fourfold increase of s. compared to s; when
the domain size is set to L, = 1286y, while the simulation with
F = 4 predicts an increase of ~ 2.5, underlining that thickening
strongly influences the consumption speed. The difference between
(s¢) from the DNS (F = 1) and (S¢) from the simulations with ATF

DNS: FF=1.0 F=20 F=4.0
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Fig.3 Contour plots of the normalized temperature ® showing 2D flames with intrinsic instabilities computed as DNS (F=1) and
with varying thickening factors F at ambient conditions and ®=0.4. Values above unity indicate super-adiabatic temperatures.
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Table 1 Overview of the conditions considered for model development, including mixture properties and flame characteristics of
corresponding one-dimensional freely propagating flames. For each condition, nine direct numerical simulations (DNS) with varying

domain sizes L, are conducted.

Fuel Xu, fuel (%) ) p (atm) T, (K) Leest o Ze Jcxit)OT s (cms™!) ot (um) 7 (ms)
H, 1 0.40 1.0 300 0.34 4.42 11.56 2.85 21.26 651 3.07
H, 1 0.50 1.0 300 0.37 5.01 9.00 2.97 53.13 426 0.80
H, 1 0.50 5.0 300 0.35 5.01 12.91 2.88 24.33 114 0.47
H, 1 0.50 10.0 300 0.34 5.01 17.07 2.63 13.49 88 0.66
H, 1 0.50 1.0 500 0.39 3.31 5.87 2.97 201.16 433 0.22
H, 1 0.50 3.0 500 0.38 3.31 7.90 2.88 138.26 121 0.09
H, 1 0.50 1.0 700 0.43 2.58 3.41 2.63 536.44 509 0.10
H, 1 0.50 3.0 700 0.41 2.58 4.87 2.57 430.19 123 0.03
H, 1 0.50 10.0 700 0.38 2.59 7.37 2.93 245.11 31 0.01
H, 1 0.50 20.0 700 0.37 2.59 9.06 3.14 149.28 17 0.01
H, 1 0.65 1.0 300 0.43 5.76 6.69 2.85 114.98 356 0.31
H, 1 1.00 1.0 300 0.66 6.86 5.81 2.83 233.39 361 0.15
NH;-H,-N, 0.60 0.40 1.0 300 0.44 4.29 15.08 2.94 7.48 1327 17.74
NH;-H,-N, 0.75 0.40 1.0 300 0.40 4.28 11.48 2.82 20.33 666 3.28
NH;-H,-No 0.30 0.80 1.0 300 0.56 6.19 7.77 4.35 16.14 873 541
NH;-H,-N, 0.45 0.80 1.0 300 0.56 6.19 7.77 4.21 33.04 530 1.60
NH;3-H,-N, 0.60 0.80 1.0 300 0.56 6.19 7.77 3.37 66.03 398 0.60
NH;-H,-N, 0.75 0.80 1.0 300 0.55 6.05 5.71 2.99 145.97 361 0.25
CH4-H, 0.20 0.80 1.0 300 0.75 6.66 9.21 6.50 26.99 521 1.93
CH4-H, 0.40 0.80 1.0 300 0.63 6.63 9.01 5.67 32.37 466 1.44
CHy4-H, 0.60 0.80 1.0 300 0.56 6.58 8.72 4.94 42.23 404 0.96
CH,4-H, 0.80 0.80 1.0 300 0.51 6.51 8.19 4.07 65.54 339 0.52
CH4-H, 0.90 0.80 1.0 300 0.50 6.45 7.51 3.47 93.19 318 0.34
Ly /b7
2 8 16 32 64 128
linearly with F, which implies that f (A) can be used to determine the
r flame speed for the thickened and nonthickened flame when scaled
accordingly.

&3 Since the model needs to predict the ratio between ((sc)/s1)|z_;

S
% and ((sc)/s1)|, the efficiency function is defined as the ratio of

w

Z2} F(A) 0 f(A/F):
1E R R 1 1 1 1 ETD _ (<SC>/SI)|F:1 _ f(A) (3)
1 5 10 20 40 ((se)/s1)lrs1 ~ F(AJF)
Ly/)‘crit

Fig.4 Averaged fuel consumption speed (s;) normalized by the
laminar flame speed s; plotted over the varying domain sizes L,
and for varying thickening factors F

(F # 1) isto be predicted by the model extension. Consequently, the
model must increase the flame speed by 60% for L, = 128t and
F =4

Besides the influence of the thickening, Fig. 4 also shows that the
domain size Ly is crucial for the observed consumption speed (s.). In
Fig. 4, the domain size L, is shown on the x-axis and normalized in
two different ways. On the top axis, the domain size L, is normalized
by the flame thickness dt. On the bottom x-axis, the domain size is
normalized by the critical wavelength Ao, i.e., the smallest
instability structure (cf. Sec. 2.1). Therefore, the bottom x-axis
represents how many of the smallest instability structures fit into the
domain of a given size. As expected, when the domain is smaller
than A, no increase ({sc) /s1 = 1) is visible since in these cases no
instabilities are present. Besides the smallest instability structure
Aerits also the largest instability structure Leejmax plays a role in the
prediction of (sc). As mentioned in Sec. 2.1, no larger instability
structures than Leemax are present, with Leejimax = 30Acrir. Con-
sequently, the instabilities are either limited by the domain size L, or
by the intrinsic size of the largest instability structure Lcejmax-
Concluding, an upper length scale for the instability structures A =
min(Ly, Leeimax) can be defined to be limited by either the domain
size or the intrinsic upper cutoff. This upper length scale A, in turn,
determines the flame consumption speed: (s.)/s; = f(A). Similar to
the instability structures themselves, the upper length scale A scales

021007-4 / Vol. 148, FEBRUARY 2026

In summary, for a predictive ATF model, we require knowledge of
the function f(A) determining the consumption speed (s.) for all
domain sizes, so thatf(A) represents the blue curve (F = 1) in Fig. 4.

3.3 Generalization of the Erp to Various Conditions. The
dependency of (sc) on the domain size for various operating
conditions is investigated to derive a general formulation of f(A) in
the following. Due to the characteristic smallest and largest
instability length scales dictating the consumption speed, a fractal-
like ansatz for the function f'is considered:

i - ﬁl A B
f(A) =1 to (&m) 4)

where f3; and f3, and a normalization factor C are model parameters.
Hereby, the normalization factor C and the smallest instability length
scale Ay additionally depend on the operating conditions and fuel
composition. Therefore, Ac is computed using linear stability
analyses [5] and tabulated in Table 1 while C will be determined in
the following:

To determine the parameters in Eq. (4), a comprehensive
variation of operating conditions and domain sizes is considered.
The variation consists of an equivalence ratio @ variation between
0.4 and 1.0 at ambient conditions (7, = 300K; p = 1 atm). Addi-
tionally, pressure variations between 1atm and 20 atm have been
evaluated at ® = 0.5 for the preheating temperatures 7, = 300K,
T, = 500K, and T, = 700K. Additionally, Ammonia (NH3) at
varying precracking ratios for two equivalence ratios and ambient
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conditions is considered. Lastly, methane—hydrogen (CH4 — H,)
mixtures are investigated at varying blending ratios. In the
ammonia-hydrogen cases, the fuel composition is determined by
the hydrogen mole fraction Xy, and the following cracking ratio:
XN, = Xu,/3; XNy, = 1 — 4/3Xy,. The complete parameter range
is displayed in Table 1. Besides the operating conditions, mixture
characteristics and flame properties of the corresponding one-
dimensional freely propagating flames are included, which are
computed using Cantera [27].

For all configurations, reference simulations of the configuration
shown in Fig. 2 are performed, including the domain size variation.
This adds up to 23 x 9 = 207 DNS for the model parameterization.
Similar to Berger et al. [3], a normalization strategy considering the
effective Lewis number Le.s, Zel’dovich number Ze and thermal
expansion ratio ¢ is applied.

The effective Lewis number Le.; for fuel-lean conditions is
defined as

L€0x+A'L€f
Leey = ——F——— 5
Ceff 1+A'L€f ()

where A =1+ Ze(1/® — 1). According to Vance et al. [28], Les
and Le,y are the diffusivity weighted Lewis numbers of the fuel and
oxidizer components, respectively. The Zel’dovich number Ze is
defined as

Eac (T — Tu
Ze = #2) (©6)
R-T?

with the unburned and burned temperature, 7, and T}, and the ideal
gas constant R [28]. The effective activation energy FE, is
determined by

a()ousl)

Eyr = —2R 8(1/Tb)

()

where the derivative is calculated by a linear regression of multiple
one-dimensional flames, which are diluted by small amounts of N,.
The thermal expansion ratio is given as the ratio of unburned to
burned density (¢ = p,/py)- For the model parametrization, all 207
DNS simulations mentioned are considered, ensuring that the
resulting model is valid for a wide range of operating conditions. The
resulting normalization factor C, which is later used in the efficiency
function, is determined by a least square fit to (s ) /s; of the DNS data
and reads

C(Lectt, Ze, ) = Leé'f%7 Ze 132 . 5008 8)

Using this normalization factor C, the values for f; and 3, are
optimized and summarized in Table 2. Hereby, the normalization
factor C reflects and includes the varying strength of TD instabilities
at varying operating conditions.

Finally, combining Egs. (8) and (4) in Eq. (3), (sc) /s1 can be
predicted for arbitrary mixtures, operating conditions and dominat-
ing instability length scales leading to a first general formulation of
the efficiency function for TD instabilities.

In Fig. 5, the model prediction (Scmodel) is compared to the
consumption speed of the reference DNS. Considering the large
parameter space, including varying domain sizes, multiple operating
conditions, and varying fuel mixtures, the model can accurately

Table2 Model coefficients used in Eq. (4)

Regime b Pa
A it < 1 0 0
Ay < 4 338 x 107° —0.27
A iy > 4 1.17 x 1073 0.51

Journal of Engineering for Gas Turbines and Power

(Sc, model)/sl

(se)/s1

Fig. 5 Comparison of (Scmodel)/si predicted by the model to
(sc)/s) determined by the reference DNS for all conditions of
Table 1

Ly /b7
2 8 16 32 64 128
T
4 -
3 F
o
=
3o}
DNS: new model new model:
T F=10 ¥ F=20 T* F=40
1E 1 1 1 L L
1 5 10 20 40
Ly/)‘cnt

Fig. 6 Fully coupled model evaluation shown by the averaged
fuel consumption speed increase (s:)/s; plotted for varying
domain sizes L, and thickening factors F at the same conditions
as shown in Fig. 4

predict the laminar flame consumption speed. For the entire
parameter space, including all conditions from Table 1, the model
predicts (sc)/s; with an average error of 12%.

3.4 Model Evaluation in a Simplified Configuration. To
further evaluate the proposed model, the model is implemented and
tested in a fully coupled a posteriori manner using the configuration
shown in Fig. 2. The mixture-dependent quantities Lesr, Ze, ¢ and
Jerie are computed prior to the simulations for the given conditions
(cf. Table 1). The result of the fully coupled model evaluation is
shown exemplarily for a single condition in Fig. 6 over varying
domain sizes and for two thickening factors. The DNS (F = 1) is
also shown for reference. Similar trends are observed for the other
conditions, which are omitted here for brevity. As an example, the
simulation with F/ = 4 and a domain size of L, = 128t showed an
error of over 40% without a model (Fig. 4), which decreased to 1.4%
by using the proposed efficiency function (Fig. 6). For F = 2 and
L, = 12807, the error is reduced from 30% to 5%. This demonstrates
that the proposed model significantly improves the prediction of the
flame speed compared to the standard model.

4 Model Application to Turbulent Flames

In this section, the proposed model is extended and applied to
turbulent conditions. First, the length scale required for the extended
ATF model is derived for turbulent conditions. Second, the model is
evaluated using reference data from DNS of turbulent jet flames.

4.1 Model Transfer to Turbulent Conditions. The model
extension proposed in Sec. 3 bases on the scaling of flame
characteristics with the thickening factor. For this, a length scale
Ais defined as the upper length scale, which can be understood as the
largest instability size, which is determined as the minimum of the
largest intrinsic length scale and an externally determined length
scale. For the laminar configuration, this length scale has been
shown to be the domain size L, (cf. Sec. 3). For the turbulent cases,
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Fig. 7 Schematic of the computational domain of the turbulent
jet flame configuration

this length scale is estimated to be a length scale on which the
resolved flame and turbulent structures interact. According to the
derivation of the state-of-the-art efficiency functions [12,29], this
length scale is estimated as 10A,, where A, is the local grid size.
Therefore, similar to the well-established turbulent efficiency
function, our proposed efficiency function in Eq. (3) uses 10A, as
external length scale so that A = min(Lcenmax, 10A). This defini-
tion is advantageous since it facilitates the implementation of the
efficiency function into existing solvers, exploiting the same input
parameters as the turbulent efficiency function. Besides the
enhanced flame speed due to TD instabilities, the turbulent
wrinkling needs to be considered. For this, the mentioned
formulation of Charlette et al. [12] is taken as Ey,. The combination
of the turbulent and intrinsic flame wrinkling is linearly super-
imposed so that the overall efficiency function E is defined as

E = Euw - ETp )

where Etp is the proposed model from Eq. (3) in Sec. 3 using the
length scale A = min(Lcenmax, 10A). Nonlinear interaction of the
turbulent (Eyp) and flame intrinsic wrinkling (ETp) is to be
investigated in future studies. Here, especially the synergistic
interaction of turbulence and TD instabilities is of interest. For
model evaluation, the efficiency function is implemented according
to Eqgs. (9) and (2) in orENFOAM using the model parameter given in
Sec. 3.

The ATF approach is known for changing the flame dynamics in
highly strained flows, altering the turbulent flame speed. Several
options to correct this are available in the literature [14,17].
However, these approaches are either only valid for tabulated
chemistry [14] or single-step chemistry [17]. Therefore, the well-
established turbulent efficiency function by Charlette et al. [12] is
considered even though it does not account for the altered flame
dynamics of the thickened flame in highly strained regions. This
disadvantage of the turbulent efficiency function needs to be
considered during model evaluation. Nevertheless, this work
focuses on developing a TD instability-aware model extension
that can be interchangeably used with other turbulent efficiency
functions.

4.2 Model Evaluation in Turbulent Jet Flames. For the
model evaluation, multiple DNS and Large-Eddy Simulations

Table 3 Operating conditions of the turbulent jet flame.

(LES) of a turbulent jet flame under varying operating conditions are
conducted. The configuration is shown in Fig. 7 and consists of a
turbulent jet of fresh gases and a pilot with burned products of the
corresponding jet mixture. The radius of the jet R is set to
R =4.5mm. An adiabatic wall with no-slip conditions for the
velocity separates the jet from the pilot. The domain size is
deliberately set large enough to ensure that the outlet and sides do
not interfere with the flame. A constant velocity of 15% upyx is set at
the pilot, where upy is the bulk velocity of the jet.

Four different operating conditions are investigated according to
Table 3, resembling a subset of conditions of Sec. 3. Hereby, all
operating conditions are operated with mixtures prone to TD
instabilities. Besides an ambient hydrogen case serving as a
reference, a case with preheated fresh gas is simulated. The
Reynolds number Re is set to 20,000 for these cases. Additionally, an
ammonia-hydrogen-nitrogen mixture representing partially cracked
ammonia and a hydrogen-methane mixture are investigated at
Re ~ 12,000.

The DNS are calculated using the spectral element method code
nekRS [30] in combination with the chemistry plugin nekCRF [31]
for low Mach number reacting flows employing a 7th-order spatial
discretization and 3rd-order temporal discretization. Transport is
modeled using the mixture-averaged approach, neglecting thermo-
diffusion. The inlet pipe is prolonged to 16R and velocity recycling
is employed for the DNS cases to ensure fully developed turbulence
in the jet. The DNS are performed utilizing nekCRF’s GPU
capabilities since the meshes encompass close to two billion cells in
the cases with Re = 20, 000.

For each DNS operating condition, four LES are computed using
opPENFOAM. Here, the velocity inflow profiles for the jet are
precomputed using time-resolved DNS data of pipe flows at the
corresponding condition. The spatial resolution is varied, leading to
varying modeling efforts. The thickening factor is set so that the
flame front is always resolved by 10 grid points employing a grid-
adaptive thickening approach [11]. Subsequently, the average
thickening factors for the finer meshes are ' ~ 4, while the coarser
meshes lead to an average thickening factor of F' ~ 8. To evaluate
the proposed model, the LES are computed with the state-of-the-art
model by Charlette et al. [12] and compared to LES computed using
the new model extension from this study. The corresponding meshes
are summarized in Table 3, showing a significant reduction of spatial
resolution requirements compared to the DNS. A flame sensor based
on the Yy, mass fraction is used to apply the thickening only to the
reaction zone. In total, four DNS and 16 LES of the configuration
under varying conditions are calculated to provide a comprehensive
model evaluation.

The flames are shown in Fig. 8, where the first column
corresponds to the DNS. The second and fourth columns show the
LES using only the state-of-the-art turbulent efficiency function
Ewb while the third and last columns display the LES with the
proposed efficiency function from Eq. (9). Each row corresponds to
an operating condition from Table 3. For each simulation, an
instantaneous snapshot of the Yoy mass fraction is shown on the left
and the time-averaged Yo, profile on the right, providing an
estimate of the flame height.

The contours in Fig. 8 highlight that the state-of-the-art model,
which accounts only for turbulent flame wrinkling, substantially
underestimates flame speed, leading to overestimated flame length.
Although increasing the spatial resolution increases the resolved

For each condition, a DNS and four LES are computed.

XH, fuel p Ty S| ot Upulk Niotal,DNS Niotal LES.fine Niotal LES. coarse
Fuel (%) (0] (atm) (K) (ems™h (pum) Re (ms™h (billion) (million) (million)
H, 1 0.50 1.0 300 53.13 427 2 x 10* 42.5 1.9 8.5 1.1
H, 1 0.50 1.0 500 201.16 434 2% 10* 102.0 1.9 8.5 1.1
NH3-H,-N, 0.6 0.70 1.0 300 49.63 436 1.2 x 10* 25.0 0.9 8.5 1.1
CH4-H, 0.8 0.60 1.0 300 35.93 479 1.2 x 10* 25.0 0.9 8.5 1.1

021007-6 / Vol. 148, FEBRUARY 2026

Transactions of the ASME

920Z 1990100 €1 U0 18Sn Aleiqr] [B11USD / OUIolaIgIeusZ HAWS YoNnr wnuazsBunyosiod Aq ypd-zyeL-G2-diB/LGrEES./200120/2/8% | /Apd-ajoile/iamodsaulqnseB/B10"aWse  Uojoa||0o[e)BIpaLUSE Wolj PAPEO|UMOQ



LES: Fine LES: Coarse
DNS LES: Fine with model LES: Coarse with model
150 — — — = = 5.0
oN [l [al [al N
< w33 £ 1548l gl g gl |z é 20
= 125 1O DE 5 & S o S X X & . S
% - ~ ~ ~ ~ ~ i . X T
0 -
Sl - 100 L L 20 2
= i
,g,ﬁ E mF ) ‘ 40 % b
2 - .. | : : W3
’ 50 f =
m? g" ) 1 | 2.0 = 2t
. ' . ‘
~ = { 1 | |
0 0.0 0.0
150 o
k B
= 125 - ¢ 3.0
S N 0.8 20
o 100 | ¢ g "
e E J 06 = =
= E =} 2 " x 1o ¥
Pe;;é Ea - 04 o ON
25 sof ¢ 1 TR &
[ ‘ e
L ‘ |
0 0.0 0.0
150 6.0 3.0
b~
S 125 | ' ) ) o
Il (=} » B
o ”n |
A 100 | 40 | o
SO ' Y Hio
(&5 g 75} ) ] ) 7 X =
g — o~
SE ! i S
it 50 \ 2.0 g
E“ -y 25 ‘
0 0.0 0.0
150
5.0 6.0
oS 125 - ‘
cR] \ y 40 40 <
[ 100 F » ] \ o
o= g } y 30 = S
S5 8 s 4 b s 07 20 X
| g = 4 ¢ ¢ { 20 3 S
5'—4 50 I 9 L ] >~ >E:
o 1.0 -
o 25 | | .
O 1 Ll 1 1 Il 1 1 lli 1 L 1 1 1 1 1 00 00
—25 0 25 —-25 0 25 -25 0 25 —25 0 25 —-25 0 25
2 (mm) 2 (mm) 2 (mm) 2 (mm) 2 (mm)

Fig.8 Overview of the turbulent jet flame simulations. Instantaneous snapshots of the Yoy mass fraction are shown on
the left, while the time-averaged ( Y;02) mass fraction is displayed on the right of each contour. Each row corresponds to
an operating condition listed in Table 3. The columns are (from left to right) DNS, fine LES with the state-of-the-art model,
fine LES with model extension (Eq. (9)), followed by the coarse LES results with and without the model extension. Only a

part of the domain is shown.

flame wrinkling, this does not result in a significant improvement in
the flame speed prediction. Including TD instabilities in the
efficiency function as done in columns three and five results in a
more accurate flame speed prediction for all operating conditions
and for both (coarse and fine) resolutions. As expected, including the
TD efficiency function Etp does not increase flame wrinkling but
improves the global fuel consumption speed prediction. Although
the flame in the coarse LES shows significantly less wrinkling, the
model predicts similar flame heights as in the fine LES cases,
indicating that the chosen length scale A, is suitable for varying
mesh resolutions.

The model’s performance is evaluated by comparing the flame
heights predicted by the LES to those found in the DNS data. The
flame height is determined by the time-averaged mass fraction

Journal of Engineering for Gas Turbines and Power

(YHo,), which is found to be a good flame marker. The flames are
averaged until no visible changes in the flame position are apparent.
The flame height is determined by the maximum time-averaged
(YHo, ) mass fraction at the center of the domain. The resulting flame
heights are summarized relative to the DNS flame heights in Fig. 9.
The model significantly improves the flame height prediction,
indicating a more accurate representation of the global flame speed.
Specifically, for pure hydrogen, the flame length errors are reduced
from approximately 200% to around 30%, while slightly higher
errors are observed for hydrogen-enriched mixtures. Note that the
state-of-the-art model predicts turbulent flame speed more accu-
rately for the preheated hydrogen case compared to other operating
conditions, as TD instabilities are less pronounced with increased
preheating—an effect correctly captured by the developed model
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Fig. 9 Flame lengths for all operating conditions are shown
relative to the length of the respective DNS. Flame lengths are
determined by the maximum time-averaged < Yho, > mass fraction.
Error-bars indicate 50% of the maximum( Yo, ).

extension. Further differences in the flame length, as seen in the
methane-hydrogen case, could also be attributed to the underlying
turbulent efficiency function Ey, necessitating further develop-
ment of modeling the flame’s response to turbulence by, e.g.,
including stretch effects for detailed chemistry. Another uncertainty
is the different numerical treatment of oPENFOAM compared to the
high-order DNS code, which could contribute to the mismatched
flame length between LES and DNS through numerical dissipation.

Lastly, the local effect and characteristics of the introduced
efficiency function are discussed. Therefore, close-up contours of
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Fig.10 Close-up contour plots of the LES at ambient conditions
with pure H,. The shown quantities are normalized temperature
O=(T-T,)/(T.a—Ty), normalized local equivalence ratio
Djocal/ Dy, efficiency functions Erp, Ewrb, Etota=Etp - Ewurb and
thickening factor F.
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the fine LES with the improved efficiency function (Eq. (9)) at
ambient conditions are shown in Fig. 10. All contours include the
flame sensor as white isolines for easier identification of the flame
front. The normalized temperature ® and normalized local
equivalence ratio ®jcy/®, show the effect of hydrogen’s
characteristics leading to local mixture stratification (Pocal/
@, # 1) and super-adiabatic temperatures (® > 1) in locally richer
regions in the turbulent flame. Even though the flame front is
strongly influenced by turbulent structures, super-adiabatic temper-
atures, similar to the laminar configuration (Fig. 3), are not
suppressed. Additionally, since the flame is thickened by F, the
impact of nonresolved wrinkling and mixture stratification needs to
be included in the subgrid modeling, underlining the importance of
the new efficiency function E1p. Hereby, Etp takes similar values as
the turbulent efficiency function Ey,,. The superposition of Etp and
Eyyp is represented by Eiy, demonstrating that the efficiency
function increases the reaction rates, especially in regions of positive
curvature. Overall, the proposed model enhances the prediction of
global turbulent flame speeds across various conditions and fuels
while preserving the flame structure, including key features such as
mixture stratification and super-adiabatic temperatures.

5 Conclusion

This study introduces an enhanced ATF model tailored for lean
premixed hydrogen and hydrogen-enriched flames, focusing on
improved predictions under gas turbine-relevant conditions. The
key steps and findings are as follows:

(1) Over 200 DNS of laminar TD unstable flames were
conducted under conditions relevant to gas turbines, includ-
ing high preheating temperatures and elevated pressures.

(2) The resulting database was extensively analyzed to develop a
general TD sub-grid model tailored for these scenarios.

(3) The subsequently developed model was validated against a
simplified configuration, showing excellent agreement with a
reference DNS, with errors below 2%. In contrast, neglecting
the model resulted in errors exceeding 40%.

(4) The model was integrated into LES and applied to four
turbulent jet flames with varying mixtures and temperatures.
LES results on both fine and coarse grids were compared to
high-fidelity DNS data comprising close to two billion cells.
The novel sub-grid model demonstrated substantial improve-
ments in flame speed predictions compared to state-of-the-art
approaches across all four cases.

(5) Remarkably, the model captures phenomena associated with
instabilities, such as mixture stratification and super-
adiabatic temperatures, showcasing its robustness and
versatility.

Future research aims to explore nonlinear interactions between
turbulence and thermodiffusive instabilities, with the potential to
even further enhance the agreement between model predictions and
reference data.
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Nomenclature
Ao

initial perturbation (m)
C = normalization factor
E = efficiency function
E, = activation energy (kg m?s~2 mol™1)
F = thickening factor
largest intrinsic instability size (m)
y = domain size in y-direction (m)
Le.s = effective Lewis number of the mixture
N = number of grid points
p = pressure (Pakg m~! s72)
R = universal gas constant (kg m*s~2 K~! mol~")
Re = Reynolds number
s. = fuel consumption speed (m s~')
s; = laminar burning velocity (m s
T = temperature (K)
ui, = inflow velocity (m s
V,.; = diffusion velocity of species & in direction i (m s~')
X = species mole fraction
Y = species mass fraction
Ze = Zel’dovich number
f = coefficient
Or = thermal flame thickness (m)
A = length scale (m)
A, = grid size (m)
Jerie = smallest intrinsic instability size (m)
p = density (kg m~3)
¢ = thermal expansion ratio
T = flame time (s)
@ = equivalence ratio
(@; = source term of species k (s™!)

Lcell,max

<
Il

Chemical Species

CH,4 = methane
H, = hydrogen
N, = nitrogen

NH; = ammonia

Superscripts and Subscripts

ad = adiabatic value
= burned value
f= fuel value
i = dimension i
k = species k
model = model predicted value
ox = oxidizer value
turb = turbulent
TD = thermo diffusive
u = unburned value
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