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Abstract: This work deals with the numerical investigation of a three-dimensional, laminar hydrogen-
air diffusion flame in which a cylindrical fuel jet is surrounded by in-flowing air. To calculate
the distribution of gas molecules, the model solves the species conservation equation for N-1
components, using infinity fast chemistry and irreversible chemical reaction. The consideration of
the component-specific diffusion has a strong influence on the position of the high-temperature
zone as well as on the concentration distribution of the individual gas molecules. The calculations
of the developed model predict the radial and axial species and temperature distribution in the
combustion chamber comparable to those from previous publications. Deviations due to a changed
burner geometry and air supply narrow the flame structure by up to 50% and the high-temperature
zones merge toward the central axis. Due to the reduced inflow velocity of the hydrogen, the
high-temperature zones develop closer to the nozzle inlet of the combustion chamber. As the power
increases, the length of the cold hydrogen jet increases. Furthermore, the results show that the axial
profiles of temperature and mass fractions scale quantitatively with the power input by the fuel.

Keywords: hydrogen combustion; multi-component diffusion; numerical simulation; flame structure;
OpenFOAM

1. Introduction

Hydrogen production and energy release during its combustion are some of the most
promising solutions for a sustainable future in the energy sector. For NO, reduction and
to avoid safety risks related to the high hydrogen-air flame speed (up to 50 m/s) and low
quenching diameters (up to 0.5 mm), required to ensure prevention of the flashback in case
of the fully premixed burner concepts, several micro-mixers or micro-nozzle burner solu-
tions were recently patented and results of their operation reported in the literature [1-3].
To optimize the flame stability and combustion properties of H,, a common approach is
the modification of the burner or nozzle geometry [4-6]. In this regard, previous studies
deal with the comparison of different combustion models using detailed chemistry and
concluded that the reduced reaction mechanism method showed the best agreement with
experiments in terms of capturing and mapping the typical flame structure [3,7]. More-
over, several studies indicated that the consideration of component-specific diffusion has
a non-negligible impact on the component distribution during the combustion and the
propagation characteristics of the flame [8-11].

Further numerical investigations of the ignitability of hydrogen and the analysis of
the combustion process have been done by Gruber et al. [12] and Taib et al. [13]. Whether
the group of Gruber et al. focused on the numerical perspective and the critical conditions
during the ignition process, Taib et el. analyzed the combustion characteristics and obtain
critical parameters and determine an optimal operation modus also experimentell. Focusing
on the flammability limit of hydrogen Joongoo et al. were able to determine the risk
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of a hydrogen flame by developing and validating a model for various hydrogen-air
mixtures [14].

The importance of considering differential diffusion in hydrogen combustion is also
demonstrated in the publication of Sannan et al. [15]. They were able to represent the
relevant regimes of diffusion, the evolution of the turbulences, and an accurate representa-
tion of the flame structure with low computational costs under consideration of molecular
diffusion in hydrogen-rich jets. Concentrating on the impact of the chosen combustion as
well as chemistry model Emami et al. [7] showed, that the chosen chemistry has an impact
on particle temperature. Moreover, the chosen combustion model influences the flame
properties like temperature and flame velocity.

Maragkos et al. [16] clarified the effect of diffusion calculation and its influence on tem-
perature distribution. Due to the modification of the existing fireFoam solver by considering
different diffusivity of the respective components, a better agreement of the temperature
and concentration distribution with experimental tests could be made. Moreover, it was
found that considering the high diffusivity of hydrogen, the maximum temperature is
close to the inlet. When the high diffusivity of H, was neglected, the maximum tem-
perature formed along the centreline of the burner. Complementing the above study,
Maragkos et al. [17] published the derivation for the calculation of reactive flows consid-
ering different diffusivity of each component. To consider component-specific diffusivity,
using the Burke-Schumann solution method, a so-called projection matrix was introduced.
Using this method, it was possible to analyze, on the one hand, the diffusion between the
conservation variables and, on the other hand, the reaction of the system, with the reaction
kinetics exerting a significant influence on the flow field.

In addition to creating a model to study a laminar hydrogen-nitrogen diffusion flame
Toro et al. [18], also conducted experimental tests. They found that the length of the
hydrogen jet increases with increasing velocity as well as the maximum temperature in the
combustion chamber. In addition, accounting for thermal diffusion resulted in a higher
temperature overall. Based on the model, it was found that the radiation losses during
hydrogen combustion are negligible. Further investigation into the power variation and
different equivalence ratios using a detailed reaction mechanism was performed in the
study by Li and Kobayashi [19]. It showed a narrowed flame width for a higher equivalence
ratio and a lengthened hydrogen flame length for higher powers.

There are several well-documented studies reported in the literature [3,8,16,18] either
worked with a diffusion matrix or binary diffusion to solve the diffusion velocities for each
component, used multi-component diffusion with constant Lewis number, or considered
detailed transport mechanism and finite rate chemical kinetics. To extend these existing
investigations by simulating a multi-component combustion process without using binary-
diffusion neither diffusion matrix and a simplified reaction mechanism, this work aims
to develop a model, based on the Hirschfelder-Curtiss approximation and considering
component-specific diffusion based on a single-step mechanism, to determine the high-
temperature zones in a combustion chamber computational efficiently and to compare
different numerical methods with the results from previous publications. Further, the study
will investigate the effect of varying combustion ratios between H, and air as well as the
influence of different input power.

2. Materials and Methods

To describe a continuous reactive fluid first of all the Navier-Stokes equations, contain-
ing the mass conservation Equation (1) as well as the momentum conservation Equation (2),
are necessary.

?

5+ V(pu) = 0 M
?
&(Pui) + V(poujuj) = pg+ V1 ; — Vp 2)



Appl. Sci. 2022,12, 3138

30f12

Thereby is p the density, u the velocity, 0; ; the stress tensor, p the pressure, and g the
gravity force. For the calculations, a compressible Newtonian fluid is assumed and the
pressure is determined by the ideal gas law.

During the combustion process, various gas components are consumed and created.
To describe this process of conversion mathematically, the species mass conservation
Equation (5) is implemented in OpenFOAM. The correction velocity Vf is introduced to
ensure mass conservation since the Hirschfelder-Curtiss approximation is used to determine
the diffusion velocity of the specific component in the gas mixture with an effective diffusion
coefficient of the species k into the rest of the mixture. In the first step, the component mass
conservation equation is modified concerning the Hirschfelder-Curtiss approximation [20].
The Hirschfelder-Curtiss assumption approximates the diffusion mass flux as follows:

Wi 0X
_pDkWTxi

ki ®)
W here is the molar mass of the total gas mixture, while Wy is the molar mass of the
respective component. Xj is the molar fraction of the component k of the total mixture and

is calculated via:

W
X = —Y, 4
k W,k 4)

By satisfying the continuity condition, the result for the component mass conservation
equation in the modified model is:

E)ka 0 d Wk an

_ . C —_ _K
ot T ax Pl Vi)Y = 5 (e 50

) + Wi ©)
Here the correction velocity V{ is calculated by:
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The continuity equation of the components is then solved for N — 1 gas molecules. The
last component is calculated via the normalization condition for numerical stability reasons.
In addition to the stability aspect, the application of the component-specific diffusivity
is automatically taken into account in both the physical and chemical domains when
calculating the numerical combustion. In the chemical domain, it is taken into account
by the calculation of the chemical production term or the reaction rate of the individual
elements. In the physical domain, it is included due to the solution of the transport equation
or the component mass removal equation according to the respective component [17].

Based on the assumption of a Lewis number unequal to one, the calculation of the
energy flow considering the diffusion velocity results in [20]:

oT
q= —K5—-+ Y loYiVii @)
ik =h

where hy, the specific enthalpy. The thermal conductivity « is calculated by the modified
Euchen formula and is given by Equation (8), where ¢, is the specific heat capacity at
constant volume and R

K = ucy(123+1.77(R/cy)) (8)

Vi i is the diffusion velocity of the k-th component in direction i. For Vj ; holds :

VX
Vij = —Di—s* +Vf ©)
k
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This results from Equation (7) leads to the corrected energy conservation equation,
where /; is the sensible enthalpy:

dphs =~ dpK dp

oT X
=Ko Y moYiVii + S+ wr
Y Kk =a

The thermal diffusion is calculated by the ratio of the thermal conductivity x and the
specific heat capacity c [16].

n = — (11)

For a more accurate calculation, the specific heat capacity ¢, is assumed not to be
constant in this work, but is calculated as a temperature-dependent polynomial according
to Equation (12).

cp = R((((asT 4 a3)T 4+ a2)T 4+ a1)T + agp) (12)

The coefficients ay,..., a4 are based on the Burcat database [21]. For improved prediction
of the heat capacity, the coefficients are divided into a low and high-temperature range.

While for the calculation without considering component-specific diffusion, the dif-
fusion coefficient Dy is assumed to be equal to the thermal diffusion. In this model, Dy is
based on the Schmidt number. It is not calculated as a binary diffusion but it approximates
the mixing process of the specific species into the rest of the gas mixture and is given by:

_ _H
Dk = 6o (13)

where p is the dynamic viscosity and S, the specie specific Schmidt number. Scy is the spe-
cific Schmidt number. For this, according to Giacomazzi et al. [22] and Maragkos et al. [16]
the following values N, = 0.81, H, = 0.21, O, = 0.76 and H,O = 0.63 as been selected.

The dynamic viscosity depends on the temperature and is calculated by the Suther-
land’s law (14), where A; and T; are the Sutherland coefficients

_ AWT (14)
= 1517

Only the H,O molecules could theoretically increase hydrogen flame radiation. How-
ever, this contribution was found to be very limited [16,18], and is accordingly neglected in
this work.

Since the combustion of hydrogen is involved, a 1-step mechanism is assumed for the
reaction kinetics. In addition, the reaction is considered irreversible. One reaction model in
OpenFOAM that uses this method to calculate the reaction rate is the Eddy Dissipation
Diffusion model. In this modeling, the magnitude of the reaction rate is based on the time
scaling of the diffusion. Here, the reaction rate is given by Equation (15).

Wy = <t—min(Yi, Yo,/15) (15)
G

rs is the stoichiometric oxygen-fuel mass ratio and the diffuse mixing time scalar 745y is

based on the equation:

A2
Tiiff = ” (16)

The model constant C; is based on experimental results [23].
For the investigation purposes, a 3-dimensional cylindrical numerical domain (Figure 1)
was defined. The micro-nozzle with parallel jet flows of hydrogen and air was placed at the
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bottom of the domain. The edges of the combustion chamber, except for the base side, are
defined as open.

-—| Outlet

|
!
i Radius r = 10 mm

Height z = 50 mm

- 0.8mm
—| =
|
: 2.2mm
- | .~
[|{ 34mm
: .- p—
| ‘
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Figure 1. 2-dimensional cross section of the selected 3-dimensional geometry of the simulated domain.

The entire computational domain, as shown in Figure 1, is meshed with 41,000 nodes.
Conducted mesh studies indicate that a further increase in the mesh resolution does not
affect the results. For more efficient calculation, the area with the high required accuracy,
such as that of the reaction zone, is more finely meshed than the area before the outlet.
The conditions are based on the fact that the outer cylindrical combustion chamber is a
non-enclosed space. Thus, the surface, as well as the outlet at the end of the combustion
chamber, is determined to be permeable. To prevent back-flow and to exclude additional
supplied air as an influence, the surfaces and the outlet are specified such that the flow
can only flow out of the computational domain, but not into it. The bottom of the cylinder
and the partition between the air and hydrogen supply are assumed to be walls. Separate
inlets of hydrogen and air into the computational domain form, as in the case of most
micro-mixer combustion systems, nozzle in nozzle system with hydrogen jet in the middle.
The pressure at the walls and the inlet as well as at the outlet does not change and is set
to the atmospheric ambient pressure at the surface. The temperature at the walls and
the nozzle inlet is 298 K. The boundary condition for the flow velocity determines the
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velocity based on the specified mass flow. It thus provides a suitable tool to determine a
stoichiometric ratio of the combustion at the inlet of the gases.

The discretization is based on a three-dimensional mesh. The resulting non-linear
equations are solved in time using the implicit Euler method. The occurring gradients and
divergences are integrated with the help of the Gaussian integral theorem and interpolated
according to the linear method. The resulting system of equations is largely determined
through a stabilized preconditioned bi-conjugate gradient (PBiCGStab) iteration due to
the stability of the method. Only the pressure is calculated by the geometrically merged
algebraic multi-grid method because of the appropriate matrix form. For p, a simple
preconditioned conjugate gradient method is used. For stable calculation, the Courant
number is fixed at 0.5. Based on this, the time step is determined. For the determination
and coupling of the pressure and velocity field, the pressure implicit with the splitting of
operator (PISO) algorithm is used.

3. Results and Discussion

In the following section, the standard eddy dissipation diffusion model (EDM model)
in OpenFOAM is compared with the model modified within this work (KSD model).
Further, the impact of different A values and power supply using the new model will
be investigated.

3.1. Comparison EDM and KSD Model

Taking the higher diffusivity of hydrogen into account, the high-temperature zone
shifts downstream towards the nozzle and the outer sides of the flame. An example of the
influence of the selected diffusion model and its influence on the temperature distribution
within the flame is given in Figure 2. While this effect is not noticeable in the results of
the EDM model, the modified model can detect high-temperature risk points and predict
the heat development towards the nozzle. These findings are in good agreement with the
results reported in the work of Maragkos et al. [16] and Toro et al. [18].

Influence of the selected diffusion model in the temperature and mass is especially
emphasized in the flame zone, close to the gas inlet. The solid line demonstrates the results
from the calculation with differential diffusion while the dashed lines show the distribution
of components and temperature without component-specific diffusion.

It is a general tendency that the influence of the selected diffusion model on the
temperature and mass fraction distribution is reduced further upstream from the gas inlets.
For example, 25 mm downstream of the gas inlet (Figure 3) only slight differences are
noticeable in the case of mass fraction distribution of oxygen and water. Since for the KSD
model, the hydrogen is consumed by the reaction process closer to the nozzle, the oxygen
concentration is 30% higher compared to the EDM model, and therefore the ratio of water
is 35% lower. The temperature distribution at this height is similar for both models.

The impact of the high diffusivity of hydrogen causes higher differences as the obser-
vation plane comes closer to the gas inlet. At a 5 mm height (Figure 4), the temperature is
239 K higher and 30% wider.



Appl. Sci. 2022, 12,3138 7of 12

50 50
45 45
40 40
35 35
30 30
T 2600 = 2600
E E
N 25 ~ 25
5 5
@ 2000 T 2000
T 20 I 20
< 2
- -
15 —1500 o 15 —1500 o
= 2
o o
Q (7]
10 =3 10 Q
_ 1000 E — 1000 £
2 - @
5 5
500 500
0 298 0 298
-10 -5 0 5 10 -10 -5 0 5 10
Radius r [mm] Radius r [mm]

Figure 2. Temperature distribution for the model with (left) and without (right) considering compo-
nent specific diffusion.

. 2600
==H, ==H,0 ==N, «O, =T
0.9+ <2400
2200
0.8F
________ -2000
0.7F
1800 __
X
06 X
S 1600 @
17 1400 g
© £
S04 1200 @
0.3 1000
0.2 800
600
0.1
400
0 : >~
—10 10

Radius r [mm]

Figure 3. Temperatur and mass fraction at a height of 25 mm; solid line: with differential diffusion,
dashed line without differential diffusion.

This is a result due to the fast mixing of hydrogen with air and the therefore earlier
starting reaction process. While for the EDM model there is still 5% of H, left over, it is
completely consumed for the modified calculations which are also partially responsible for
the flatten curvature for the O, and H,O concentration.

The closer the results are taken from the nozzles, the higher is also the H, concentration
for both models. The distribution of hydrogen 0.5 mm upstream from the inlet is about
56% lower for the modified model than for the EDM model (Figure 5).
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Figure 4. Temperature and mass fraction at a height of 5 mm; solid line: with differential diffusion,
dashed line without differential diffusion.
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Figure 5. Temperature and mass fraction at a height of 0.5 mm; solid line: with differential diffusion,
dashed line without differential diffusion.

It is assumed that the combination of differentiated transport properties and the
changed number of moles in the gas mixture affect the nitrogen mass fractions. The
reduced decrease in the nitrogen concentration along the centreline is caused by the changed
hydrogen distribution. While in the EDM model, hydrogen flows into the combustion
chamber as a jet and displaces the existing air with a high percentage of nitrogen, H,
diffuses away to the outside more readily in the modified model. This results in a higher
N, concentration behind the nozzles. As the number of moles decreases during hydrogen
combustion, the N, concentration increases in this region.

Regarding the water concentration, the result of the calculation for the KSD model
differs from those obtained in previous studies. Due to the chosen nozzle diameter, the
inner two maxima for both models are much closer to each other than in previous studies
(Figure 5). Moreover, it is noticeable that there is a dip in the water concentration above
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the air inlet. The formation of the four local maxima is caused by the given air supply.
According to the KSD model, the water concentration results from the faster outward
diffusing hydrogen at the outer edges of the flame, which reacts earlier with the inflowing
air to form water than in the EDM model. In calculation by EDM model, a hydrogen jet
enclosed by the air is formed and reacts uniformly to water. The local minima caused by
the inflowing cold air jet are also represented in the temperature distribution as well as a
decrease in the O, fractions at the outer air nozzle diameter.

The increase in O, concentration and decrease of H,O correlates with the maximum
temperature along the central axis (Figure 6). Since for the KSD model the hydrogen is
completely consumed at a height of 7 mm, the peak temperature is shifted downstream
towards the gas inlet, whereas for the results from the EDM model, H, is not entirely used
until a height of z =12 mm.

i 2600
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08 2200
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X
c06 X
-% 1600 2
Los s
@ 1400 §
© £
=044 1200 '0_)
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Figure 6. Axial temperature and mass fraction distribution; solid line: with differential diffusion,
dashed line without differential diffusion.

However, for completeness, it is noted that the maximum flame temperatures com-
pared to the adiabatic flame temperature is overestimated by 4%. This could be due to
the assumptions that radiation is neglected, and the adiabatic calculations lead to higher
temperatures. Another possible factor can be the infinitely fast chemistry assumption.
Under the selected conditions the diffusive and chemical time scales have the same order
of magnitude which can lead to a deviation in the mixing and burning behavior compared
to finite-rate chemistry. Last but not least the thermal diffusion impact is neglected in this
study which can lead to a variance of the flame speed of up to 10% and therefore also
impacts the temperature development. Both possible reasons can also lead to an over
prediction of H, and an under prediction of N, at the centerline of about 20%.

3.2. Various Air-Fuel Ratios and Power Inputs

With an increase of the A-values the peak temperature shifts along the centreline up-
stream towards the nozzle. Along the z-axis, the oxygen distribution locally increases at the
H, nozzle inlet. Due to the high diffusivity of hydrogen, the incoming air displaces the exist-
ing hydrogen at this point (Figure 7). Further along the central axis, the oxygen is consumed
during combustion and its concentration increases again behind the reaction zone.

For stoichiometric combustion, the mass fraction of H,O decreases slower than for
higher A values and is for A = 1 at the outlet below the water concentration for lean
combustion. Moreover, the oxygen fractions increase slower than for lean combustion.
Therefore, for an air number of A =1, the reaction takes place closer to the inlet of the gases.
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Figure 7. Temperature and mass fraction for different A; solid line: A = 1.5; dotted lines: A =2 ; dashed
lines: A = 1.

In Figure 8 it can be seen that for larger A-values the high-temperature zone becomes
narrower since for higher air numbers a larger mass flow of cold air is injected into the
combustion chamber. This leads to the fact that for A = 2, the high-temperature zone is half
as wide as for stoichiometric combustion.
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Figure 8. Radial temperature distribution at 2.5 mm for different A; solid line: A = 1.5; dotted lines:
A =2 ; dashed lines: A = 1.

In Figure 9 it is shown that with higher powers, the length of the cold hydrogen jet is
extended since the maximum temperature is shifted along the central axis. After the peak
temperature, the flame temperature drops again more rapidly along the central axis for
low power levels. Considering the axial course of the oxygen and water concentration in
Figure 9, the quantitative scaling of the mass fractions with power input becomes clear.
Further one can also observe the minimum increase of the oxygen concentration at the
hydrogen nozzle inlet. It can be seen that a lower velocity leads to an earlier increase in
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oxygen and a faster decrease in water in the combustion chamber. Thus, a lower velocity
leads speed leads to a delayed reaction overall.
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Figure 9. Temperature and mass fraction for different input power; solid line: performance decrease;
dotted lines: performance increase; dashed lines: initial power.

4. Conclusions

The results of the modified model find comparable agreement with those from previ-
ously published studies. The consideration of different diffusivities in the numerical calcu-
lation of hydrogen combustion is indispensable since the position of the high-temperature
zone shifts 9.5 mm downstream towards the nozzle. Although the maximum achievable
flame temperature is overestimated by about 4%, the new model nevertheless leads to
a precisely local determination of the high-temperature zone. With the modified model,
the positions of the high-temperature zones can be predicted in a better agreement with
experimental measurements from previous studies than in the existing combustion model
in OpenFOAM. Thus, a possible overheating of the nozzles and the hydrogen supply
line material can be prevented. The comparison of varying A-values and power shows
that the air number significantly affects the flame structure and the distribution of the
high-temperature zone. As the air number increases from stoichiometric combustion to
A = 2, the flame width decreases by 50%. A change in the input power of £50% leads
to different temperature distribution in the entire combustion chamber and proportional
varying length of the hydrogen jet. Both parameters cause a change in the reaction behavior
during combustion. This paper shows that a simplified model assuming a single-step
mechanism under the assumption of an infinitely fast chemistry model and a non-binary
diffusion as well as without diffusion matrix gives comparable results to more complex
models and can be used to determine the flame structure of hydrogen diffusion flames.
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