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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.18154/RWTH- In this work, a database analysis of three-dimensional direct numerical simulations using detailed chemistry
2025-07748 is presented considering a turbulent lean premixed hydrogen/air round jet flame at elevated pressure and
Keywords: temperature (¢ = 0.5, T, = 530K, p = 8atm), subject to different levels of domain confinement by solid walls. It
Hydrogen is shown that for sufficiently small domain sizes, a coherent recirculation zone is present as expected; however,
Differential diffusion this does not affect the flame structure, consistent with experiments of attached hydrogen flames. Examination
Confined jet of velocity statistics indicates that, while both turbulent kinetic energy and Reynolds shear stresses increase
Nitrogen oxide emissions with increasing domain size, these changes occur sufficiently far away from the flame. Each of the flames

experiences the same level of mean shear, leading to the same flame structure. Despite identical turbulence-
flame interactions between cases, nitrogen oxide (NO) emissions from the flames are observed to be different.
For flames with recirculation zones comparable in size to the flame height, the superadiabatic temperatures
caused by intrinsic flame instability are retained within the recirculation zone. Often, residence times in the
post-flame are too short for locally elevated temperatures to have a significant impact on thermal NO formation.
However, when these higher temperatures are coupled with the long fluid residence time in the recirculation
zone, despite lower global residence times, this analysis shows that NO emissions from the flame can be

enhanced.

1. Introduction leads to the formation of recirculation regions. Depending on the geom-
etry, structure of the flow and jet velocities, the fluid residence time in

With the ongoing transition to net zero carbon emissions, the usage such recirculation regions can be very long. It would be expected that

of hydrogen for power and propulsion systems is becoming an attractive in the presence of recirculation regions, mean shear would be increased
option due to its carbon-free nature and high potential combustion ef- compared to the presence of a coflow due to flow reversal. However,
ficiency [1]. In particular, burning hydrogen in a lean, premixed mode in a previous experimental study [9], it was noted that for attached
can mitigate the potential for nitrogen oxide (NO) emissions, which hydrogen flames, the structure of the flame was largely unaffected

need to be avoided in such systems. However, in this configuration
flames can be subject to strong differential diffusion effects, lead-
ing to thermodiffusive instability. Such instability is further enhanced
by turbulence [2-4] and persists at high pressures and temperatures
typically employed in industrial systems [5-7]. Characteristic mark-
ers of thermodiffusive instability include enhanced local reactivity,
cellular structures and superadiabatic temperatures [8]. In a turbu-
lent jet configuration, thermodiffusive instability leads to considerably
shorter flames than expected, due to the high turbulent burning velocity
resulting from enhanced local reactivity [3].

In a confined configuration, whether that be due to walls or the
presence of adjacent injectors, the pressure drop through the inflow

by the presence of recirculation. The behaviour was attributed to the
preheating of the system and high reactivity of hydrogen, but not
explained in detail.

NO emissions in lean premixed hydrogen flames have been consid-
ered before [10,11], with additional production found to be due to the
consumption of nitrogen through the NNH pathway, and is associated
with the effect of differential diffusion. Despite the presence of local
superadiabatic temperatures, the production of thermal NO is largely
unaffected due to both low temperatures and short residence time in
the post-flame. However, these studies only considered configurations
where the flow is allowed to escape the post-flame region rapidly,
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i.e. unconfined, statistically planar flames. In other configurations, such
as a confined jet, the geometry dictates the residence time of the flow,
and the production of thermal NO could be affected.

This work aims to determine why short, attached hydrogen flames
may be largely unaffected by the presence of recirculation, and whether
the wide range of fluid timescales, combined with superadiabatic tem-
peratures arising from thermodiffusive instability, can affect NO for-
mation and emissions of the flame. In Section 2, the numerical solver,
simulation configuration and different averaging procedures are dis-
cussed. Then, the structure of the flame and confined flow are analysed
in Section 3.1, before examining the NO emissions of the flame in
Section 3.2.

2. Direct numerical simulation database

In this section, the solver, database and different methods used for
averaging are briefly discussed.

2.1. Numerical solver

Three-dimensional direct numerical simulations are performed us-
ing PeleLMeX. PeleLMeX solves the reacting Navier-Stokes equations
in the low-Mach number limit, where the fluid is treated as a mixture of
ideal gases. A mixture-averaged model is used to determine species dif-
fusion coefficients, and the Soret effect is included as presented in [12].
The discretisation is based on a second-order Godunov (finite-volume)
formulation, where the advection, diffusion and reactive terms are
coupled together through a spectral deferred correction approach [13].
A density-weighted projection method is used to enforce the divergence
constraint [14], which also incorporates the equation of state [15]. The
discretisation is integrated with timesteps determined by the advective
CFL number, where diffusion and reaction are treated implicitly. The
scheme is embedded into a block-structured adaptive mesh refinement
framework provided by AMReX [16]. Further details can be found
in [17]. Transport coefficients, thermodynamic relationships and chem-
ical kinetics were taken from a detailed chemical mechanism containing
18 species and 106 reactions [18]. In addition to the momentum,
species and energy equations, the solver has been supplemented with
a fluid age equation, given by

opA

% +V - (puA) =V - (DVA) +p, ¢))
where A is the fluid age [19], p is the density and D is a diffusion
coefficient. For this work, D was chosen to be equal to the dynamic

viscosity of the fluid.
2.2. Simulation configuration

The simulation was set up with a round jet of diameter d = 1 mm
on the low z boundary, with the rest of the boundary set to an
isothermal no-slip wall at T,,, = T,q4. The lateral x and y boundaries
are set as adiabatic no-slip walls, and the z high boundary is set as an
outflow. The usage of adiabatic walls naturally affects the production
of NO, with the present study designed to isolate the effects of the
flame and flow, rather than the impact of boundary conditions. A
precursor simulation was run of a turbulent periodic pipe flow at
a Reynolds number of 10000 to generate a turbulent inflow. This
was computed using the embedded boundaries feature provided by
AMReX to implicitly represent the round geometry. Mean profiles of
the streamwise velocity for the inflow are provided as supplementary
material. Slices are then sampled from this precursor simulation and
used as an evolving inflow condition to the reacting simulation. To
fully establish the recirculation zones, the simulation is firstly run at
the coarse resolution (4x, = 20 pm) for 20 bulk flow-through times,
which also establishes the steadiness of the fluid age variable. Adaptive
mesh refinement is then turned on, with the first level covering the
cold portion of the jet by tagging cells with a temperature less than
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Table 1
Simulation parameters.
Property Value
Equivalence ratio, ¢ 0.5
Unburnt temperature (K) 530
Pressure (atm) 8.0
Adiabatic flame temperature T,, (K) 1830
Second-order instability parameter w, 2.85
Unstretched flame thickness, /, (pm) 48
Unstretched flame speed, s, (ms™') 0.979
FP flame speed s, (ms™') 1.23
FP flame thickness /. (pm) 40
Jet velocity u; (ms™') 63
Jet Reynolds number, Re; 10000
Jet diameter d (mm) 1
Jet area A; (m?) 7.85x 1077
Kolmogorov length scale 7#,,, (pm) 6.8
Domain length L, (mm) 16
L2: 2
Domain widths L, , (mm) L3: 3
L4: 4
Coarse resolution Ax, (um) 20.8
Fine resolution Ax, (um) 5.2

700K and the second level covering the flame by tagging based on the
intermediate species HO,. This strategy allows for flow establishment
at a reasonable computational cost, before collecting statistics from
high-resolution data with accurate local flame speeds and chemistry
in the statistically steady region. Three cases are considered with
varying domain widths and are referred to throughout as cases L2,
L3 and L4. The parameters for each simulation are listed in Table 1;
note the different domain widths used in each case. The value of the
instability parameter w, is calculated following [6], and the freely-
propagating (FP) thickness /, and speed sy are calculated following
the model from [4]. Here, a freely-propagating flame is taken to be a
planar, laminar flame, potentially under the influence of intrinsic flame
instabilities.

2.3. Averaging procedures

Several different averages are used throughout this work. First,
ensemble averaging of a quantity ¢ is given by

IN
@)=+ Zows. @

Then, a surface-conditioned, ensemble average is given by

() = <Ai / ¢dr> ®)
T Jrc=cy .

on isosurface I'(C = C,) for a given scalar C, where the surface area
Ay and reference area A, are given by

AT = / ar, A4S = / dr. )
r(e=cy) r(e)=Cy

The conditioning of this average on the streamwise distance is denoted
b c=C, . .
y (d;)x‘z . An azimuthal average is constructed as
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for azimuthal and radial coordinates § = arctan(y/x), r = V/x2+ )2
respectively. The integral bounds are given by
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Fig. 1. Isosurfaces of cases L2, L3 and L4 coloured by local heat release; the
black box outline indicates the domain. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 2. Fuel flux F as a function of streamwise distance.

The second case in Eq. (5) arises from taking an azimuthal average
in a non-cylindrical domain to weight the corners appropriately. The
corresponding Favre-average is given by = ﬁ/ﬁ. Finally, a standard
planar average is given by

I L, L
W= [ [ @naxa @

with corresponding Favre average (¢)p = (pp)/{p)-

3. Results

In this section, the instantaneous and mean velocity and scalar
statistics are analysed to determine the effect of confinement on the
flame, flow and emission characteristics.

3.1. Flame structure

Isosurfaces throughout this work are constructed using the fuel-
based progress variable, given by

Yu,

, ®

CH, 1 YHz,u
where Yy, is the mass fraction of hydrogen, and the u subscript denotes
unburnt quantities. Instantaneous isosurfaces of each flame are shown
in Fig. 1, taken at the ¢y, = 0.9 isosurface, and coloured by local heat
release. It can be immediately seen that the flames appear to be nearly
identical. To identify the flame length, Fig. 2 shows the normalised fuel
flux 7, defined as

by 9
=—— ug).
PuszyuujAj <p Hyp z> ( )

At z =7.5d, F ~ 0.02 for all cases, indicating that the flame length is
approximately 7.5d, and analysis from here on is restricted to z < 7.5d.
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Fig. 3. Flame surface wrinkling ¥, normalised local reactivity I, and nor-
malised turbulent flame speed s;/s; as a function of streamwise distance.

Fig. 3 shows the flame wrinkling ¥, normalised local reactivity I, and
normalised turbulent flame speed s;/s; given by

cy, =09
gl @ (10)

T ey =09

A, (z)

L.L,

Iy = ———(wy. ), an
0 puYHz,uAT(Z)< H, )

sp/sp = IyWP. 12)

These quantities are identical in all three cases; however, the trends
are notably different from those found in hydrogen slot jets. In the slot
jet, I, has a spatially uniform value from just after the nozzle until just
short of the flame tip [3]. Here, however, I, monotonically decreases
from around 2 to a less than 1 near the flame tip. To understand this
trend, Fig. 4 shows the Karlovitz number Ka, calculated as

13)

where the surface average has been performed at the ¢y, = 0.1
isosurface to obtain statistics close to the flame on the unburnt side.
Note that this is different to previous procedures used in other studies
of turbulent hydrogen jets (e.g. [3]), so that the turbulence is only char-
acterised by quantities sampled on the unburnt side of the flame. This
allows for direct comparison with models developed based on planar
flames propagating into homogeneous isotropic turbulence (HIT) [4].
Ka decreases rapidly in the streamwise direction from 70 to less than 5
near the flame tip. Previous work has investigated the effect of Karlovitz
number on I, [4,20,21], and found that they are positively correlated.
Specifically, in HIT, I,/ I(’)‘”" -1~ \/E. To see if this relationship still
holds in the jet, Fig. 5 shows Ka against I,/I}*" — 1 (here I} ~ 1.2)

on a log-log plot. While a positive correlation is apparent, the \/E
scaling does not appear to hold, with a faster decay than expected in
the developed turbulent region (z/d > 1.5). A possible reason for this is
the negative mean curvature of the jet. To test this hypothesis, another
line is plotted weighted by the Markstein model provided in [4], where
the mean curvature is taken to be inverse mean radius of the jet. As can
be seen, this recovers the profile observed in the developed turbulence
region, before significant flame-flame interaction at the flame tip.

Fig. 6 shows T for all three cases, with the mean velocity streamlines
superimposed. In case L2, the recirculation zones are approximately the
same length as the flame (Lg, = 5d), and increase to Ly, = 13d
for case L4. Another feature is higher average temperatures in the
recirculation regions for case L2 compared to cases L3 or L4. Since the
condition considered here is thermodiffusively unstable, superadiabatic
temperatures are present along the flame front, which can be seen
more clearly in instantaneous slices shown in Fig. 7. In all three cases,
streamlines emanate from the side of the jet due to dilatation. However,
in case L2, a separating streamline impacts the side wall, creating a
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Fig. 4. Karlovitz number Ka as a function of streamwise distance.
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Fig. 5. Rescaled I, as a function of Ka; points close to the nozzle are on the
right, and points downstream are on the left. The solid red line corresponds
to scaling (not the exact model) observed in HIT, and the solid magenta line
corrects this scaling based on the mean curvature. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

)
1000 1500 2000
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Fig. 6. Average temperature T with superimposed velocity streamlines for
cases L2 (top), L3 (middle), L4 (bottom).
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Fig. 7. Slice through x = 0 of instantaneous temperature field for case L2
(top), L3 (centre) and L4 (bottom). The red colour corresponds to the adiabatic
flame temperature (7,, = 1840 K, indicating superadiabatic temperature
overshoots around the side of the jet. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. Normalised Favre-averaged radial velocity #,/u; as functions of nor-
malised radius r/d (left) and ¢y (right) for positions of z/d = 2,4 for black
and red lines respectively. (For ‘interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

closed recirculation volume. Fluid inside this cell is effectively trapped,
circulating locally rather than being convected downstream.

Figs. 8 and 9 show the Favre-averaged radial and streamwise ve-
locities as functions of the Favre-averaged fuel-based progress variable
cy, and normalised radius r/d for z/d = 2 and z/d = 4. Slices
through the mean temperature field at these locations are provided
as supplementary material. At z/d = 2, u, > 0 across most of the jet
for all cases, indicating that there is little to no entrainment through
the flame. Note that by using Favre-averaged velocities, rather than
Reynolds-averaged, mass fluxes are explicitly examined, rather than
volume fluxes as typically done in incompressible jets. If volume fluxes
were used instead, the effects of dilatation would need to be considered.
Additionally, the streamwise velocity is essentially stagnant outside of
the jet, with @, > 0. This changes further downstream at z/d = 4, where
for cases L3 and L4, there are significant regions with &, < 0. However,
these are not situated near the flame, with i, > 0 across the whole range
of FHZ due to thermal expansion. For the streamwise velocity, there are
now some regions with @, < 0, but similar to the radial velocity, it is
positive and consistent through the flame for all cases.

Figs. 10 and 11 present the normalised Favre-averaged turbulent
kinetic energy (TKE) and Reynolds shear stress (RSS) analogous to Figs.
8 and 9. At z/d = 2 there are low levels of both TKE and RSS, with much
lower values than seen in typical non-reacting jets [22]. At z/d = 4,
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Fig. 9. Normalised Favre-averaged streamwise velocity u /u; as functions of
normalised radius r/d (left) and ZH, (right) for positions of z/d = 2,4 for black
and red lines respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Normalised Favre-averaged turbulent kinetic energy %1’47’74"/’ /ujz. as
functions of normalised radius r/d (left) and ¢ (right) for positions of z/d =
2,4 for black and red lines respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

the levels of both quantities have increased and are different for the
three cases. As the domain grows, larger eddies can form from the
shear layer between the jet and recirculation zone, which inherently
break down and increase the Reynolds stresses. However, it can be
seen that these differences occur away from the flame. TKE remains
essentially constant in the flame between the two positions, while the
RSS decreases, indicating a weakening influence of shear on turbulence
generation as the flame shifts away from the mean shear layer.

3.2. Nitrogen oxide emissions

Although the flame itself is largely unaffected by the presence of
confinement, the mean temperature field is dictated by the presence of
recirculation. Since the timescales of the recirculation zone are at least
an order of magnitude larger than the jet or bulk flow, high residence
times may lead to increased NO emissions through the thermal NO
pathway.

Fig. 12 shows Yyq for each of the three cases. In case L2, consider-
ably more NO is found in the recirculation regions than in cases L3
or L4. Since the flame structure is identical in each case, the effect
of local reactivity fluctuations on NO production through the NNH
pathway cannot be expected to change. To demonstrate the difference
in residence time in the different cases, Fig. 13 shows the fluid age
A. The fluid residence time in the recirculation zones increases with
increasing domain width; this can be simply explained by lower bulk
velocities and a larger recirculation bubble. However, in the wider
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Fig. 11. Normalised Favre-averaged Reynolds shear stress 1;;717;’ /ujZ. as functions
of normalised radius r/d (left) and ?Hz (right) for positions of z/d = 2,4 for
black and red lines respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Yno x107°

r/d

r/d

Fig. 12. Yy for the cases L2 (top), L3 (middle) and L4 (bottom).

cases, mean temperatures in the recirculation bubble are lower, and
approximately equal to the adiabatic flame temperature (see Fig. 6).

To explain the potentially counterintuitive trend of increasing NO
with decreasing global residence times, joint probability distribution
functions (JPDFs) between the temperature, fluid age and mass fraction
are compared in Fig. 14. It can be seen from the JPDF of T and Yy, that,
as expected, Yyq increases exponentially with increasing temperature.
Additionally, case L2 exhibits the higher NO mass fractions. This can
also be seen as a function of age, where, again, Yyg is positively
correlated with A, but with noticeably different gradients across the
different cases. This gradient will be closely tied to the temperature,
with fluid at higher temperatures not needing to reside for so long
to produce NO. The final JPDF between T and A demonstrates how
these regions manifest. In case L2, hot fluid resides for a non-negligible
amount of time, leading to a higher conditional mean than seen in
the other cases, and producing considerably more NO in these regions,
which are found in the recirculation zone.

Fig. 15 shows (Yyo)r normalised by the exhaust value in case L2
((YI\%) r(L,)). More NO is found near the inflow as expected and this
extra formation leads to an increase in NO at the exhaust, but only 15%
more than case L3 and L4. To understand why elevated local values of
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Fig. 13. Favre-averaged fluid age A for cases L2 (top), L3 (middle) and

L4 (bottom). With increasing domain width, fluid residence time in the
recirculation zones increases.
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Fig. 14. JPDFs of each combination of temperature 7, fluid age A and Yyo
for cases L2 (left), L3 (centre) and L4 (right). Conditional means are given as
red lines, and the adiabatic temperature is marked with a black line in the
top and bottom figures. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

NO in the recirculation zone are only leading to a small increase in the
exhaust value, the mean convective and diffusive fluxes into the jet are
computed, defined by

_ YNo
Cno = —pur¥no- Do = —pDno—
These quantities, as well as their sum, are evaluated at the u, = 0
boundary are shown in Fig. 16. The largest fluxes are found for case
L2, with this decreasing for cases L3 and L4. The dominant mechanism
for transport is lateral convection through entrainment, however, the
degree of entrainment has been reduced by heat release compared to a
typical jet. This can be seen by evaluating the entrainment coefficient
at this boundary, defined as

(14

a(z) = —u,(r(u, = 0), z)/u,(0, z) (15)
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Fig. 15. (Yyo)r as a function of streamwise distance, normalised by the
exhaust value for case L2.
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Fig. 16. Convective and diffusive fluxes of NO across the u, = 0 boundary for
each case.
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Fig. 17. Entrainment coefficient « as a function of streamwise distance for
cases L2,L.3 and L4.

which is shown in Fig. 17. The value peaks around 0.03 very near
the nozzle before falling quickly to 0.01. This is considerably lower
than values seen in incompressible jets, which are typically around
0.05 ~ 0.07 [23]. Hence, while NO is transported into the jet via both
entrainment and diffusion, this is slower than would be in the case in
an incompressible jet, leading to a modest increase in NO downstream.

4. Discussion and conclusion

Generation and analysis of a database of direct numerical simu-
lations using finite-rate chemistry of confined hydrogen turbulent jet
flames has been carried out to examine the effect of confinement on
the structure and NO emissions characteristics.

The structure of the flow is different in each case, with larger
recirculation bubbles, and wider domains allowing for the formation
of larger turbulent structures. Such structures lead to larger turbulent
kinetic energy and Reynolds shear stresses, but sufficiently far away
from the flame to not change the flame structure. This results in the
same turbulent flame speed, and hence flame length, in all cases. In
regions away from the jet exit, the scaling relationship between Ka and
I, found in HIT (J, /Ié‘"" -1~ \/E) is seen not to hold with the data
suggesting a faster decay than expected in the developed turbulence
region away from the nozzle. The hypothesis for this is that mean
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negative curvature of the round jet facilitates this faster-than-expected
decay, which is backed up by applying the Markstein model from [4].
Nevertheless, exploring the precise reason for these differences, and
comparisons to planar jets which do not experience a negative mean
curvature, will be the focus of future work.

Despite the identical structure of the flames, NO emissions from
each configuration are different. Interestingly, NO emissions are found
to increase with decreasing domain size and residence time, which
is opposite to what would typically be anticipated. By comparing the
correlations between temperature, fluid age, and NO mass fraction, it
was shown that, in the most confined case, superadiabatic tempera-
tures arising from differential diffusion are trapped in the recirculation
region, resulting in additional thermal NO production. In the less con-
fined cases, this fluid is expelled rather than recirculated; in a practical
system, designs could consider this flushing mechanism to mitigate
NO emissions. Due to inhibition of entrainment by heat release, NO
is transported slowly into the jet, leading to a modest increase of
15%-20% at the exhaust.

Novelty and significance statement

The novelty of this research is twofold. Firstly, it explains why fast,
attached turbulent jet flames are relatively insensitive to the presence of
recirculation as observed, but not explained, experimentally. Secondly,
this is the first work to demonstrate that combinations of geometry
and intrinsic instability can lead to increased NO emissions. It is
significant because it demonstrates that mechanisms driving pollutant
formation can arise from coupled flamespecific and geometric effects.
This highlights the importance of considering flame-flow interactions
and intrinsic instabilities in the design of low-emission combustion
systems.
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Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.proci.2025.105851.
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