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Abstract: The paper focuses on the dynamics of turbulent hydrogen flames arising as the result
of the mixing of a fuel jet issuing from rectangular nozzles and a hot co-flowing stream of oxidizer.
We analyse the impact of the inlet conditions (an aspect ratio AR = 1 — 5, the Reynolds number
Re = 10000 and 23600, and a turbulence intensity 7% = 2% and 10%) on the flame characteristics
along the axial direction and the radial directions along the minor and major axes of the nozzles.
The research are performed applying large eddy simulation (LES) method and two numerical
codes, ANSYS Fluent and an in-house high order SAILOR code. The so-called no-model approach
is used for the combustion modelling, i.e., the reaction terms are computed directly based on the
filtered quantities. It has been found that that the impact of the nozzle AR is the largest when
the Reynolds number and turbulence intensity are small. In this case both the localization of the
point where the temperature started to rise along the axis and the localization of its maximum
values were significantly different. The differences in the temperature profiles were reflected by
the profiles of the main species (hydrogen, oxygen and water mass fractions). We observed that
depending on the Reynolds number and AR the flame stabilizes as attached or lifted.
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1 Introduction

The flow control methods can be classified into two main groups, i.e., active and passive ones. The first one
require sophisticated design, however, they allow to adjust the excitation to match broader range of flow
conditions. They also need an input of energy for driving actuators with a required amplitude and frequency
to provide variability of flow rate in order to get desirable dynamic flame response [1]. The passive methods
are simpler to realise in practice and they rely on a geometrical shaping of flow domains (injector shapes,
nozzles contraction, etc.) [2, 3] or addition of elements to the flow domain. During the operation of a given
device, the passive approach does not require any additional energy input and is very efficient. The passive
flow control methods are relatively inexpensive ways of obtaining desirable flow characteristics, leading for
example to improved mixing processes. This feature is important in sophisticates flow system, especially in
combustion, e.g., in burners, combustion chambers, boilers or engines where the mixing efficiency of reactants
is critical. In this study we aim at the mixing process improvement by analysing the potential of passive
flow control. By doing so we showed that one is able to adjust the combustion process characteristics, i.e.,
the flame lift-off height and other flames features in a desired and predictable manner. In previous studies
focused on non-reacting jets [3] and flames [4] it has been demonstrated that by shaping the jet/fuel nozzle
one can obtain significantly different flow dynamics. Compared to the classical circular jets or flames, it
turns out that those emanating from non-circular nozzles naturally enhance mixing, particularly, large-scale
mixing phenomena were found to be substantially intensified [2, 5]. In more recent work of Tyliszczak and
Geurts [6] devoted to jets, it has been shown that changing an AR of rectangular nozzle, one can substantially
change the jet spreading rate, amplify the vortices growth and even cause the bifurcation phenomenon.



In the present work we analyse sensitivity of the hydrogen diffusion flames to change in the inlet condi-
tions, including: (i) the inlet velocity (Reynolds number); (ii) varying aspect ratio of a nozzle, AR = 1, 2,
3 and 5; (iii) the inlet turbulence intensity, i.e., T% = 2% and 10%. As shown in [6], in case of isothermal
constant density rectangular jet flows the first two parameters influence a global jet dynamics, whereas the
third one affects a small-scale mixing provided that the Reynolds number is relatively small. In the present
investigations we analyse to what extent these findings translate to the flame dynamics.

The computations are performed applying the large eddy simulation (LES) method. We use both a high-
order in-house numerical code and also a commercial ANSYS Fluent software. For combustion modelling we
applied the Eulerian stochastic field (ESF) approach coupled with a detailed chemical scheme of hydrogen
combustion. The obtained results confirm the ability to enhance the mixing process of the fuel and oxidizer
and thus the combustion process by changing the nozzle AR through appropriate modulation the sizes and
time scales of emerging turbulent structures. This in turn allows obtaining the different flame characteristics
like a lift-off height or length of the flame and the fuel conversion rate.

2 Problem Description

The conditions and composition of the investigated jet flames are similar to those studied by Cabra et al. [7].
The fuel jet is composed of hydrogen (X, = 0.25) and nitrogen (Xpy, = 0.75) while its temperature is
equal to T; = 305 K. It mixes with a hot co-flowing oxidizer (ch = 1045 K, Xo, = 0.15, Xpg,0 = 0.1,
Xn, = 0.75) and auto-ignites at some distance downstream the nozzle. In the current study we consider
rectangular jets with the aspect ratios AR = L/h =1, 2, 3 and 5, where L and h are the dimensions of the
nozzle exit highlighted in Fig. 1b). In all the cases the cross-sectional areas S are the same and correspond
to a circle with the diameter D, = 24/5/7m = 4.57 mm. We consider the jets characterized by two Reynolds
number values, Re = U,D./v = 10000 and 23600, where U, is the bulk velocity and v is the kinematic
viscosity of the fuel. Changing the aspect ratio plays a role of the passive flow control method in the current
study.

3 Numerical Approach
3.1 Flow Modelling

The applied modelling method is based on a low Mach number approximation of Navier-Stokes equations.
For chemically reacting cases we additionally solve a set of the transport equations for species, and the
transport equation of specific enthalpy. These are complemented with the equation of state. A full flow
model takes the following form [8]:

dp—+V-(pu) =0, (1)

PO+ (pu-V)U=—-Vp+ V- (7 +7°9°), (2)
POV it VVa = V - (3 (D + D) Vo) + i (3)
5O +70-Vh=V. (p (D + D*9%) V%) : (4)

po = PRT, ()

where u, Y,, h represent the velocity vector, mass fraction of « = 1,..., N species and specific enthalpy,
respectively. The LES filtered variables are denoted by bar symbol whereas Favre filtered variables are
indicated by the tilde. Symbols p, p, po, R, Dy, D and 7 represent the density, hydrodynamic and ther-
modynamic pressure, gas constant, species mass and heat diffusivities and the viscous stress tensor. The
sub-grid stress tensor 7°9° = 2,48 is modelled based on a sub-grid viscosity psgs and the rate of strain
tensor S. The 7%9° was calculated differently depending on the stage of the simulations, i.e., the results from
the first stage of simulations (see section 3.3) were obtained using the WALE model [9] while the Vreman
model [10] was used in the second stage of computations.
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Figure 1: Schematic of the numerical setup (a) and nozzle geometries with the axial velocity distributions
at the exit plane for the case with 7% = 2% and Re = 10000.

3.2 ‘No model’ approach for the combustion modelling

Modelling of a combustion process can be realized by applying a number of models, e.g., flamelet, thickened
flame, conditional moment closure, Eulerian stochastic field, etc. In this work we performed a series of time
consuming simulation and therefore the applied model had to be a compromise between the accuracy and
efficiency. For this reason we applied the so-called ‘no model’ approach in which the reaction source terms
in (3) are computed directly based on the filtered quantities as

o (Y, h) ~ wa(Y, h) (6)

and this means that the impact of the sub-filter unresolved scales is neglected. The ‘no model’ assumptions
would certainly fail in the Reynolds Averaged Navier-Stokes (RANS) framework as the fluctuations in RANS
models are large in general. On the other hand, in the laminar flows and in DNS of turbulent flows, where
all flow scales are resolved, the ‘no model’ approach is perfectly valid. Hence, one may assume that for a
sufficiently dense computational mesh, when the sizes of cells are of the order of the Kolmogorov length scale,
the use of this method is appropriate. The correctness of the ‘no model’” approach was verified in [11, 12, 13].

3.3 Numerical procedure

The simulations were performed in two stages. In the first one, we modelled the flow developing inside the
nozzles with variable cross-sections. Each nozzle ended as a rectangle with different AR (see Fig. 1a,b).
In this stage, the simulations were carried out using ANSYS Fluent software [14], applying the WALE
subgrid-scale viscosity model. At the same time, the unsteady velocity values from the outlets of the nozzles
were acquired. Examples of the instantaneous signals in terms of the axial velocity distributions at the



nozzles exit planes are presented in Fig. la. It can be clearly seen that the AR impacts on the internal
flow structures and thus the outlet velocity. The recorded signals were then used as the inlet boundary
conditions in the second stage of simulations. They were imposed on a bottom plane of a rectangular
computational domain for the second part of the computational procedure, as schematically presented in
Fig. 1b,c). At this stage, the computations were carried out using an in-house LES solver SAILOR. This code
is based on the 6th order compact difference scheme on half-staggered meshes [15]. The time integration is
performed applying predictor-corrector approach with the Adams-Bashforth and Adams-Moulton methods.
The Vreman model [10] is used for the sub-grid viscosity. The chemical reactions are computed using
CHEMKIN interpreter [16] and the detailed mechanism of Mueller [17] involving 9 species and 21 reactions.
The reaction terms are stiff and therefore they are integrated in time applying operator splitting approach
and the VODPK [18] solver that is suitable for stiff systems. The accuracy of the SAILOR code and the
applied modelling approach for the test cases similar to the present ones were verified in simulations of
non-reacting square jets [3] and also for the Cabra flame [7] in a paper [4]. In the performed simulations the
computational domain was discretized using 192 x 192 x 384 mesh points in the radial and axial directions,
respectively. The mesh points were compacted radially towards the nozzle region and axially towards the
inlet boundary. Preliminary tests have shown that the solutions obtained on the applied mesh are practically
independent on the mesh density.
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Figure 2: Instantaneous iso-surfaces of two temperature values, T = 1400 K, T = 1500 K, and vorticity
lw| =12 s71 for the cases at Re = 10 000.
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Figure 3: Instantaneous iso-surfaces of two temperature values, T = 1400 K, T' = 1500 K, and vorticity
|w| = 12 s~ for the cases at Re = 23 000.

4 Results

4.1 Flame structure

First we analyse qualitatively the instantaneous 3D flame structure of all analysed cases. Figures 2 and
3 show the instantaneous iso-surfaces of two temperature values, i.e., T' = 1400 K, T = 1500 K, and the
vorticity module |w| = 12 s71. It is evident that the flames are sensitive to the change of boundary conditions.
Regarding the influence of the turbulence intensity it can be seen that its change form T% = 2% to T = 10%
makes the flame structures more complex and more turbulent as one could expect. For Re = 10000 the flames
are attached to the nozzle (see Fig. 2) and in these cases the change of T seems to affect their structure
only far from the inlet. On the other hand, for the larger Reynolds number, the flames are lifted and the
lift-off height (L) for T4 = 10% is longer. In these cases also the influence of AR is the most pronounced.
One can observe that L, increases not only with 7; but also with the increasing AR.

4.2 Time-averaged results

In this section we analyse time-averaged result of the main parameters characterizing the flames. Figure 4
shows the distributions of time-averaged temperature in the ‘x-y’ cross-section plane in the center of the
computational domain (z = 0). The black iso-line represents the stoichiometric mixture fraction Zs = 0.476.
It can be seen that its axial localization extends downstream the most for the case with AR = 1. It decreases
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Figure 4: Planar distributions of time-averaged temperature in the ‘x-y’ cross-section plane in the center
of the computational domain (z = 0). The black iso-line represents the stoichiometric mixture fraction
Zs = 0.476.

for the larger Reynolds number and 7. Also when the AR increases the Zg; line moves closer to the nozzle.
The only exception is the case with T4 = 2% and Re = 10000 where for AR = 5 the axial localization of Z
is longer than for AR = 3. Taking account the temperature distributions, it can be seen that for Re = 10000
the flame occurs in the mixing layer in the region close to the nozzles. For Re = 23600 the situation is
different and in these cases the flame positions depend both on 7% and AR. Regarding the impact of AR,
the significant differences are seen for the cases with T% = 2%. For AR = 1 and AR = 2 the flames appear
in the mixing layer and are almost attached, while for AR = 3 and AR = 5 they are visibly lifted and their
anchoring points move downstream, particularly for AR = 5. For Ti = 10% the temperature distributions
in the flames issuing from the rectangular nozzles seem very similar. In the next sections we examine its
values along the axial and radial directions.

4.3 Axial statistics

In Fig. 5 the axial profiles of (T, (Yu,), (Ym,0), (Yo,) are presented. The hydrogen mass fraction can be
regarded as an indicator of the potential core length (L,) and it can be assumed as a measure of a penetration
distance along which the fuel does not mix with the co-flowing stream. For Re = 10000 and T = 2% for
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Figure 5: Axial profiles of the selected quantities, i.e., (T}, (Yu,), (Yu,0), (Yo,). Legend: (—) AR = 1.0,
() AR =20, (---) AR =3.0, () AR = 5.0.

which the influence of AR is the largest, it can be seen that L, extends up to y/D. ~ 12 for AR =1 and
then gradually decreases to y/D. = 7.5 for AR = 3. These localizations can be directly related with the
points where the temperature starts to grow. Note that initially the increase of the temperature and the
values of (Yy,0) and (Yp,) are not due to combustion process but only because of the mixing with the hot
co-flowing stream. As the point where the combustion begins in the axis (Lj, ,) we assume the location where
the temperature is 1% higher than the oxidizer temperature. For Re = 10000 and T% = 2% this point lies in
between y/D. ~ 10 for AR = 3 and y/D, = 20 for AR = 1. Worth noticing is that for AR =1 and AR = 2
the slopes of the temperature profiles in the region upstream of the occurrence of its maximum value does
not change, while for AR = 3 and AR = 5 it becomes less steep starting from Ly, ,. The same is found for
the (Y,0) profiles.

For Re = 10000 and T = 10% there are visible differences between the solution obtained for the case
with the nozzle with AR = 1 and the remaining cases. However, considering the differences due to AR it can
be seen that they are much smaller than for T = 2%. The maxima of the temperature are shifted upstream
but their localizations for AR = 2, 3, 5 are practically the same. The differences between the profiles of the
species mass fractions are also small, especially if one takes into account the profiles of (Yo, ).

The scenario is different for the flames at Re = 23600. At first, it can be seen that L, is definitively
shorter and it varies in between y/D. ~ 4 — 7 for T% = 2% and y/D. ~ 3—4 for Ti = 10%. Additionally, one
can observe a significant initial entrainment of O, to the axis region. On should also note that the profiles
of (Yo,) are influenced by the nozzle geometry. For T% = 2%, after an initial quick rise of (Yp,) for AR =3
and AR =5 it drops down significantly. For T% = 10% this happens for all the cases and is accompanied by
a linear growth of the temperature and (Y,0) of which profiles are characterized by significantly different
slopes in the regions y/D, ~ 6 — 12 and y/D, = 12 — 19.

4.4 Radial statistics

Figure 6 presents the radial profiles of (T'), (I"T") and (Yo ) taken from different axial locations (y/D. = 2,
4, 8,12, 16, 20, 24 and 30) along the semi-major and semi-minor symmetry axis of the nozzles. They show
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Figure 6: Radial profiles of selected quantities, i.e., (T), (T"T") and (Yo ) taken from different axial locations
(y/D. =2, 4, 8, 12, 16, 20, 24 and 30) along the semi-major and semi-minor symmetry axis of the nozzle.
Legend: (—) AR=1.0, (- ) AR=20,(---) AR=3.0, (-----) AR=5.0.



the variability of the flame with respect to the long side of the nozzle in Fig. 6a) and the short side in
Fig. 6b). Only the results for the cases with Re = 23600 and T = 2% are presented.

They show clearly that the flame structure is non-homogeneous in azimuthal direction. For example the
solutions in Fig. 6 indicate that the flame issuing from the nozzle with AR = 5.0 starts to develop at the
distance almost 8 D, faster along the short side than along the long one. This is confirmed by higher values of
(T) and (Yo ) found along the minor symmetry axis, which suggests that the auto-ignition appears faster.
This fact can be partially explained by the fact that the hot co-flowing gas is transported in a higher rate
toward the jet along the short side.

Starting from the location y/D, = 24 the profiles of the mean values and fluctuations of temperature
are almost the same irrespectively on the nozzle AR. Ounly the radical (Yog) profiles show different levels.
Non-zero values in the cases with AR = 1.0 and 2.0 suggest that the combustion process is further from
equilibrium than for higher AR jets, as non-negligible amount of fuel prevails further downstream.

5 Conclusions

This paper presented the results of LES of hydrogen diffusion flames issuing from square and rectangu-
lar nozzles. The research concentrated on the influence of the initial conditions (the Reynolds number
Re = 1000023600, turbulence intensity T% = 2%, 5%, nozzle aspect ratio AR = 1, 2, 3, 5) on the flame
characteristics. Both the instantaneous and time averaged results were presented. The latter along the axial
and two radial directions along the minor and major nozzle axes. It has been shown that the impact of the
nozzle aspect ratio is the largest when the Reynolds number and turbulence intensity are small. In this case
both the localization of the point where the temperature started to rise along the axis and the localization of
its maximum values were significantly different. It has been shown that the flames issuing from the nozzles
with AR = 1, 2 are attached, while those issuing from the nozzles with AR = 3, 5 are lifted. For Re = 23 600
we observed that the impact of AR on the flame behaviour in the axis was pronounced only for the cases
with 7% = 2%. For Ti = 10% the solutions obtained for the nozzle with AR = 1 differed from the ones
obtained for AR = 2, 3, 5, but differences between the latter were very small. Analysis of the flame along
the radial directions along the minor and major nozzle axes revealed a significant flame inhomogeneity. It
has been shown that the flame appears closer to the nozzle in the mixing layer region, which is initially
perpendicular to the minor nozzle axis.
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