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Abstract

The present work deals with the development of an efficient modelling
approach for the flameless combustion of pure hydrogen with highly
preheated air. It contains an application of different flamelet-based
combustion models to achieve convergence in a computationally cheap
way in contrast to time consuming methods such as the Eddy Dissipation
Concept (EDC) model. Moreover, an evaluation of three detailed reaction
mechanisms for the application of flameless hydrogen combustion is also
included. The selection and implementation of a “Weighted Sum of Grey
Gas” (WSGG) model to predict the radiative heat transfer as accurate as
possible constitutes another important goal in the present work. The
results of all modelling approaches were compared with extensive
temperature measurements in the reaction zone. Additional temperatures
of the test rig’s control thermocouples were also compared with the
results of the simulation to strengthen the validation. Maximum
temperature deviation in the burner’s axis of about 50 K can be achieved.
Furthermore, the experimental and numerical results in this paper were
compared with the results of flameless combustion of natural gas at equal
furnace conditions and the same burner test rig. Higher temperatures in
the burner axis up to a distance of 1855 mm were observed at hydrogen
operation with a maximum difference of about 150 K to the natural gas

case. A concluding evaluation of the furnace efficiency showed an
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increase by about 7 percent by changing the fuel from natural gas to
hydrogen. This is achieved by reduced flue gas loss and an improved

heat transfer.
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1. Introduction

With the invention of flameless oxidation (FLOX) [1], also known as
“Moderate or Intense Low-oxygen Dilution” (MILD) combustion [2, 3] a
promising technology for reducing thermal nitrogen oxide (NOx)
formation was found. Remaining within present and future national
emission limits, especially in industrial furnaces [4, 5], is achievable
without any additional secondary waste gas treatment systems which
lead to a reduction in process efficiency [1]. Because international
climate agreements have been signed [6, 7], not only the nitrogen oxide
emissions but also carbon dioxide emissions must be reduced to the
lowest possible level. In the European Union, a tax for carbon dioxide
emissions has been introduced [7]. Emitters must own certificates which
limit the maximum emissions and they are obliged to pay for each ton of
emitted CO2 [8]. Driven by this, the combustion of fuels, which produces
less carbon dioxide than natural gas, is gaining more interest. An
upcoming approach to reduce CO2 emissions of combustion systems is
the addition of hydrogen to the original fuels or their complete
replacement, which is natural gas in many cases. Especially green
hydrogen [9], which is produced using renewable sources [10, 11], could
be a sustainable option as fuel for combustion processes. This approach
was evaluated for the application in heat treatment furnaces in a previous
study [12] and showed a potential in decreasing carbon dioxide emissions

and increasing furnace efficiency.

1.1. Hydrogen combustion application

A great number of experimental and numerical studies have been
performed in the flameless combustion technology [1, 13] since its
invention in the early 1990’s. As a result, the process is well explored for
natural gas with the benefits of a very stable combustion and
homogeneous temperature distribution in the reaction zone [2].
Additionally, research has been done on the flameless combustion

technology for liquid [14, 15] and solid fuels [16, 17] as well. Derudi et
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al. [18] present an experimental study which shows that the application
of MILD combustion with “Coke Oven Gas” (COG) is also possible. This
fuel gas has a typical hydrogen content of about 60 vol.% which leads to
higher nitrogen oxide emissions in comparison to natural gas.
Considering this investigation, one can expect that flameless combustion
of pure hydrogen is also possible. It has also been found that nitrogen
oxide emissions increase when hydrogen is added to the fuel supply of
natural gas burners operating in flame [19] and flameless combustion
[12]. This resulting effects on the combustion process and the formation
of additional nitrogen oxides have to be considered for design and
operation of new hydrogen burners. Fundamental experimental work in
flameless combustion of natural gas / hydrogen blends using
chemiluminescence was performed by Ayoub et al. [20] in a laboratory
furnace. Several fuel gas blends from pure natural gas to pure hydrogen
were applied. The authors showed that very low NOx emissions are
achievable by combusting pure hydrogen under MILD conditions without
air-preheating but with the drawback of reduced combustion efficiency.
An investigation of the flow field in a co-flow burner using “Particle Image
Velocimetry” (PIV) shows increased turbulent intensity by adding 25 vol.
% hydrogen to natural gas [21]. Further experimental work with different
hydrogen mixtures to natural gas in lab-scale furnaces can be found in
the bibliography [22, 23].

1.2. CFD modelling methodologies for hydrogen combustion

The addition of hydrogen to natural gas leads to complex effects when
applying MILD or flameless combustion, which must be modelled in
“Computational Fluid Dynamics” (CFD) simulations [24]. To capture this
behaviour in the reaction zone, an application of detailed reaction
mechanisms is necessary, which was found by several researchers [24,
25]. Ilvarone et al. [26] modelled the JHC Co-flow burner under MILD
conditions with different hydrogen contents up to 9 vol.% in the natural
gas. The authors used the Eddy Dissipation Concept (EDC) model with

the KEE-58 [27] mechanism to include the prediction of nitrogen oxide
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formation in their simulation. An investigation of a flameless radiant tube
burner with hydrogen enriched natural gas up to 20 vol. % was performed
by Parente et al. [25]. The combustion model and reaction mechanism
evaluation show that the EDC model with the detailed mechanisms GRI
3.0 [28] and KEE-58 [27] predicts promising results according to the
experimental data. Galletti et al. [24] investigated a lab-scale burner fed
with a highly hydrogen enriched fuel (60 vol.%) and operated it in MILD
and flame combustion. Eddy Dissipation / Finite Rate (EDM/FR) with a
two-step mechanism and the EDC with the detailed schemes KEE-58 [27],
DRM-19 [29] and GRI 3.0 [28] were applied. The best accordance with
the experimental data was achieved with GRI 3.0 [28]. Cellek and
Pinarbasi [30] investigated a low swirl burner with different methane /
hydrogen blends using CFD. The hydrogen content in the blends rises
from 25 to 75 vol.%. The authors used the EDM model in combination
with a modified two step reaction mechanism and observed increased
temperature peaks and NOx emissions at higher hydrogen contents.
Flameless combustion with different natural gas / hydrogen mixtures from
pure natural gas to pure hydrogen were investigated by Cellek [31]. In
this study, the chemical reactive flow was captured with the EDC model
and the detailed mechanism GRI 2.11 [28]. Furthermore, the paper
presents the influence of the turbulence model on the predicted results.
Different hydrogen enrichments of methane and syngas were investigated
with the EDC model for their application in MILD combustion in the work
of Mardani et al. [32]. It was found that hydrogen enrichment of syngas
leads to a better combustion situation in comparison to the methane
hydrogen mixtures. A modified EDC model approach was presented by
Mardani [33], which was validated with experimental data. This paper
proposes guidelines for adjusting the semi empirical model constants to
achieve an improved prediction for MILD combustion. Further
investigations in well-suited constants for the EDC are proposed by De
et al. [34]. Instead of using global model constants, Parente et al. [35]
suggested an approach for a local prediction of EDC coefficients
depending on the Reynolds and Damkdhler number. Another work of

Aminian et al. [36] improved the local extinction prediction of the EDC for
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MILD combustion. The prediction of nitrogen oxide (NOx) formation in
MILD combustion with hydrogen enriched natural gas or pure hydrogen
is another crucial task for modelling [37]. In addition to the well-known
thermal [38] and the prompt [39] formation route, the NNH route by
Konnov [40] and the N20O route [41] must be considered by the application
of natural gas / hydrogen fuels [42, 43]. Studies in the field of predicting
the NOx emissions of hydrogen enriched natural gas in CFD used
reduced kinetic schemes, which include these four formation routes [44,
45, 37, 46]. The consideration of the radiative heat transfer is an
important issue in combustion modelling which was solved using the
“Discrete Ordinate” (DO) model [47, 48] in several papers [24, 25]. The
absorption coefficient is determined by the “Weighted Sum of Grey Gas”
(WSGG) model with the coefficients from Smith et al. [49] for hydrogen
enriched natural gas up to a content of 20 vol.%. Higher hydrogen
enrichments of up to 100% in the fuel, change the flue gas composition
and therefore, the applicability of the commonly used WSSG model must
be proven. An evaluation of modelling approaches for pure hydrogen
combustion [50] presented further WSGG model parameters based on
correlations concerning gas emissivity in the literature. It was found that
the investigated WSGG model including other coefficients [51] predicts
better results in comparison to Smith et al. [49]. Furthermore, extended
WSGG models were presented by Yin et al. [52] and Bordbar et al. [53,

54] which captured a wide range of steam and carbon dioxide mixtures.

1.3. Objective

It becomes evident that numerous studies investigating the MILD
combustion of natural gas / hydrogen blends are presented in the
literature with valuable results, especially in CFD modelling [25, 24, 31,
55, 56, 57, 58]. Most of them use the EDC model in conjunction with a
detailed reaction mechanism with the drawback of computationally
expensive calculations. However, to the best of the authors’ knowledge,
there had not been any studies which evaluated flamelet-based

combustion models and WSGG models on the MILD combustion of pure
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hydrogen with pre-heated air including a validation with experimental

data. Thus, the following points are investigated in this paper:

e Experimental temperature field measurement in the reaction zone

at flameless combustion with pure hydrogen and preheated air.

e Evaluation of flamelet-based combustion models, detailed reaction
mechanisms and WSGGM approaches for their application to

predict a flameless hydrogen burner with preheated air.

e Development of an efficient model approach to perform parameter
studies in the field of flameless burner development and their

integration in furnaces.

e Comparison of the heat transfer and furnace efficiency by using
flameless combustion under natural gas and pure hydrogen with

air as oxidizer.

2. Furnace description — Burner test rig

The observed burner test furnace in this work is designed for the
investigation, development and optimization of industrial gas burners
under different operating conditions. A schematic overview with the main
components is presented in Figure 1. The test rig consists of an outer
steel construction with a 375 mm thick ceramic fibre insulation on the
inside. Hot flue gases leave the combustion chamber in a vertical
chimney, where the main gas composition and emissions can be
determined. A regulation of the temperature inside the furnace is made
possible by 6 ceramic radiant tubes. Three of them are located at the
combustion chamber’s top, which only have a cooling function. The other
ones are located at the bottom and can operate as radiant heating tubes
and as cooling tube as well. The temperature observation is done by
control thermocouples, which are located at the top of the furnace (TCH1,
TC2, TC3) and a flameless supervision thermocouple on a side wall
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(TC_FL). The test burner is located on the front side in the central
longitudinal axis to ensure no influence of the inner geometry on the
reaction zone. Discrete measurement positions along the burner’s axis
allow temperature and species concentration measurements with an
aspirating pyrometer. The operation temperature in this work is set to
about 1150°C in each furnace thermocouple (TC1, TC2, TC3), which is a
representative value for continuous stainless-steel annealing furnaces.
Preheated combustion air with a temperature of 450°C is provided by an
external electrical air-preheater. The heat flux on the ceramic tubes can
be measured and used as boundary conditions for the CFD simulation.
Several measurements were performed with a residual oxygen content of
3 vol.% in the dry flue gas. The investigated burner is an ECOBURN FL
burner, which can operate under air-staged and flameless mode.
Different operating conditions can be achieved according to their
application in heat treatment furnaces for steel, aluminium and copper-
based alloys, which are the main application areas. Only the flameless
case using pure hydrogen as fuel gas is observed in this work at a thermal
fuel input of 155 kW. Later, a comparison with the flameless combustion
of natural gas at the same furnace system will be done (see [59]). A more
detailed description of the investigated burner, the test rig and a
correction method for the measured temperature field is presented in a

previous work [59].
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Figure 1.: Schematic model of the burner test rig and measurement positions

3. Numerical Setup

3.1. Turbulent flow modelling

The turbulent flow inside the burner test rig was calculated using the
Favre-averaged Navier-Stokes equations (Eq. 1 & 2). All numerical
simulations in this paper are steady-state and were performed with the
commercial code ANSYS Fluent 2020 R1. Incompressible gas behaviour
was assumed because of the low Mach numbers and the density
fluctuations caused by temperature gradients were considered using the
ideal gas law. For the solution procedure, a double precision, pressure-
based coupled solver was chosen. The continuity and momentum
equations were solved with the coupled algorithm for the pressure-
velocity coupling and the pressure staggering option (PRESTOQO!) [60] was
used for pressure discretisation. All other transport equations were
discretised by a Monotonic-Upstream centred Scheme for Conversation
Laws (MUSCLE). Only the radiative heat transfer was spatially
discretized with the first-order upwind scheme, because of a low optical

thickness of 0.36 [61]. Higher discretization schemes for radiative heat
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transfer are suggested for higher optical thicknesses [61]. Gradients

were calculated with the Least-Square method.
2 (pi)) = 0 (1)
6xi pui -

0 [Am ~ 4 = i _—] —
f[puiuj + péi; + pu,"'w)" — TU] =0 (2)
0x;j

The Reynolds stresses (pu,”u,”) in Eq.2 were modelled with the realizable
k-¢ model proposed by Shih et al. [62]. This turbulence closure is a
modification of the standard-k-e-model and is suitable for predicting flows
with strong streamline curvatures and the spreading rates of
axisymmetric jets [61]. Two equation turbulence models are widely used
in industrial applications and different jet burner investigations [63, 64,
65] showed positive results with this approach. The standard wall
function was applied for the near wall treatment because of typical y*
values of about 25 [61]. Constant monitors of the control thermocouples
and flue gas temperatures with a maximum fluctuation of 5 K were used
to identify the convergence of the solution. Furthermore, all residuals
were below 10E-03 and the overall mass and heat imbalance was lower
than 0.1%.

3.2. Combustion modelling

In combustion modelling, chemical kinetics and turbulent mixtures are,
depending on the case, problematic. The task for combustion modelling
in this study is given by the flameless combustion of pure hydrogen as
fuel and highly pre-heated air as oxidizer. A suitable selection of the
turbulence/chemistry interaction model and the reaction mechanism
affects the computing time in general. Some researchers [24] used the
EDM/FR model which is a modification of the original EDM proposed by
Magnussen and Hjertager [66]. This model calculates, in addition to the
Eddy Dissipation Rate, the Arrhenius Rate as well. The smaller one is
then used for the calculation. A drawback of this approach is the

limitation to two chemical reactions. To use detailed mechanisms

1 O Manuscript_revised_clean_AcceptedVersion.docx



including radicals such as OH, many researchers use the EDC model
from Magnussen [67] which is an improvement of the EDM. This model
assumes that the reaction takes place in fine scales. The disadvantage
of this approach is the long calculation time for chemistry integration. To
capture the task in this paper with low computational costs, although
detailed reaction mechanisms should be used, the steady flamelet
combustion model (SFM) is applied. Different variants of the SFM were
successfully applied and validated for flameless combustion with the
used “ECOBURN FL” burner in previous studies [59, 68]. In this
approach, the turbulent flame is described as an ensemble of small,
laminar one-dimensional flamelets [69, 70]. These flamelets are usually
represented by counter-flow diffusion flames. In such flamelets, density,
species mass fractions and temperatures can be calculated by detailed
mechanisms and compared with measurements. The flamelet, or the
thermochemical state in the flamelet, is defined by the mixture fraction f
(Eq.3) and the scalar dissipation y =2D|Vf| (similar to the strain rate).
Computational extensive chemistry calculations of the flamelet were pre-
processed and stored in look-up tables. The advantage of this model is
the calculation of a turbulent reactive flow with a detailed chemical

reaction mechanism by solving only two additional transport equations

for the Favre-averaged values (f,]m) (Eq.6 and 7), with f'=f—f. A
disadvantage of the SFM model is the assumption of a fast chemistry,
where effects far away from equilibrium, like local extinction, flame lift
off and ignition delay cannot be predicted [61]. Small deviations from the

equilibrium are however considered by the scalar dissipation (y > 0).

Zi_Zi,ox

= T )
v(pif) = V(Z—va) (4)
v(puf?) = v (20 ?) + Coune (V)" - Cap g f (5)

In addition to the “Non-Premixed Steady Flamelet Model” (NP-SFM), the
Partially Premixed Flamelet Generated Manifold (PP-FGM) model
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proposed by van Ojien and de Goey [71] was applied. This model
parameterizes the flamelet over the mixture fraction and reaction
progress variable ¢ (Eq.8) instead of the strain rate. This has the benefit
that ignition delay and full flame quenching can be achieved in the model
[61]. As a result, two more transport equations must be solved for
reaction progress and reaction progress variance. Furthermore, an
extended flamelet model was evaluated (PP-SFM). This solves one
additional equation for the reaction progress variable without variance.
The three different detailed reaction mechanisms “GRI 3.0” [28], “San
Diego Mechanism” [72] and the mechanism of O’Conair et al. [73] were
evaluated for their application in modelling flameless hydrogen

combustion.

Yo _ S k(YY) (6)

€= Yl rag(v, T-v)

3.3. Thermal radiation modelling

The “Discrete Ordinate” (DO) model [47, 48] was used to predict the
radiative heat transfer between the furnace walls, flue gas and the
ceramic tubes in the burner test rig. Within the methodology, an angular
discretization into azimuth and polar angle is done for each octant. The
“‘Radiative Transfer Equation” (RTE) (Eq. 7) is solved for each direction
s and gray gas assumption. I(X,§) denotes the radiation intensity
depending on the position and the direction vector, k represents the
absorption coefficient of the flue gas, o is the scattering coefficient, n is
the refractive index, § is the direction of scattered radiation, ® is the
phase function and Q the solid angle. The optical thickness is modelled
with the second term on the left-hand side of Eq. 7 and determines the
loss of radiation intensity due to scattering and absorption in the gas
phase. Since there are no particles in the gas phase, the refractive index
and the scattering coefficient were set to values of 1 and 0 m™! .Each
octant was discretized with 4x4 solid angels leading to an overall number

of 128 directions for the radiative heat transfer.
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dI(x,s)
ds

+ (k+0)I(%,3) = kn? T+ % [ (2,3 (%, 3") d2 (7)
1
kgray = _Eln (1_8) (8)

The calculation of the absorption coefficient with gray gas assumption
(Eq.8) can be performed with different sets of coefficients for the WSGG
model. The total emissivity ¢ may be represented by the sum of the
emissivity of N hypothetical gray gases weighted by temperature-
dependent factors and can be written according to Eq.9, where a,; is the
temperature dependent weighting factor of the i-th gray gas band. For a
gas mixture, k; is the absorption coefficient and P is the sum of the partial
pressures of the participating gases. The equivalent-length according to
the domain-based approach [74] S =3.6V/A has a value of 1.36 m for the

burner test rig.
e= Xitoag(T[1 — e 9] (9)

Most of the existing WSGGMs are developed for hydrocarbon
combustion, either for air-fuel or for oxy-fuel conditions [52, 75, 76, 49,
77]. One of them is the well-known model by Smith et al. [49] for air-fuel
cases, which is mostly implemented in commercial CFD codes. Yin [78]
refined this model for the application in oxy-fuel combustion [79]. The
implementations and limitations of these approaches [49, 78] are
presented in Table 1 and 2. In hydrogen-air cases, the flue gas mainly
consists of steam, nitrogen and the residual oxygen. Since the
importance/impact of H20 vapor partial pressure (Py) on radiation heat
transfer is much larger than that of CO:2 (P;), it would be beneficial to
derive a new WSGGM for hydrogen combustion, without the CO2
involvement (P;) in the existing models. Based on the existing WSGGMs,
an alternative way for the simulation of MILD combustion of hydrogen
would be the implementation of a part of the refined air-fuel WSGGM [78]
in the following way: If P, <0.01, the table P, - 0 should be used,
otherwise if P, < 0.2, use the table Py, = 0.05 and for values of Py, > 0.2,
the P, =1 table is applied. Moreover, the model by Bordbar et al. [54],
which covers the full range of H20 / CO: ratios was also evaluated in this

work. The model is developed for a pressure of 1 atm and a pathlength
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range from 0.01 to 60 m. Furthermore, the non-gray DO model offers a
more comprehensive method to increase the accuracy of the predicted
heat flux [80]. In this approach, the entire spectrum is divided into small
intervals or fractions and one RTE per direction is solved for each interval
or fraction. The radiative intensity I, and absorption coefficient k; will be
used in the simplified RTE (Eq.10), where a; denotes the percentage of
the total blackbody radiation that belongs to the i-th spectral fraction.

B (0=~ 1) (10)

ds
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Table 1: Details of the WSGGMs of Smith et al. and Yin: Derivation, Formulation, and Implementation of the Models [78]

Smith et al. WSGGM refined/extended WSGGM
reference model EWBM EWBM
(1) Emissivity Database Generated Using the Reference Model: Summary of the Conditions
total pressure, Pr (atm) 1 atm 1 atm
gas temperature, T (K) 600-2400 K, with an interval of 50 K 500-3000 K, with an interval of 25 K
PL= (Py + Pc)L (atm m) 0.001-10 atm m; 12 discrete values beam length, L = 0.001-60 m; 146 values

representative conditions

(1) carbon dioxide: P = 0 atm (1) carbon dioxide: P- = 0 atm

(2) gas mixture: Py,/P; =1 (Pc=0.1 atm) (2) gas mixture: Py,/P; =0.05 (P; = 0.1 atm)
(3) gas mixture: Py,/P; =2 (Pc=0.1 atm) (3) gas mixture: Py, /P =1 (P, =0.1 atm)
(4) water vapor: Py, - 0 atm (4) gas mixture: Py, /P; =2 (P; =0.1 atm)
(5) water vapor: Py, =1 atm (5) water vapor: P, = 0 atm

(6) water vapor: Py, = 0.05 atm
(7) water vapor: P, =1 atm
(2) WSGGM: With Coefficients Evaluated from Fitting to the Emissivity Database

total emissivity, € egs 9 egs 9
where | = 3 and J = 4; model parameters (
k;and b, ;) where | =4 and J = 4; model parameters (k; and by ;)
seen in Smith et al. summarized in Table 2
(3) WSGGM Implementation: To Account for Variations in CO2 and H20 Vapor Concentrations in a Flame
gray implementation if (Py, <0.5Pc), use Pc - 0 atm table if (Py <0.01P;), use P - 0 atm table
else if (P, < 1.5P;), use (Py,/P¢) = 1 table else if (Py, < 0.5P;), use (Py,/Pc) = 0.005 table
else if (P, < 2.5P;), use (Py,/P¢) = 2 table else if (Py, < 1.5P;), use (Py,/P¢) = 1 table
else if (Py, < 0.5), use Py, - 0 atm table else if (Py, < 2.5P;), use (P, /P¢) = 2 table
else, use Py, = 1 atm table else if (P, < 0.01), use Py, - 0 atm table

else if (Py, £ 0.2), use Py, = 0.05 atm table
else, use Py, = 1 atm table
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In non-gray gas modelling with WSGG models, the RTE should be solved
for each of the gray gases of the WSGG models. The total (spectrally
integrated) intensity is then calculated by the sum of the individual
intensities. Hence, the computational cost of the non-gray modelling is
higher than that of gray models. Nonetheless, the CPU increment is not
essentially proportional to the number of the required extra RTE solutions
in non-gray models as it depends on the share of radiation calculation in
overall computational cost of the CFD calculations. However, with non-
gray modelling there is no need for estimation of path length and the

results are superior.

Table 2: Coefficients for the Refined and Extended WSGGM for Air-Fuel Flames [78]

band i ki bs,i,l bs,i,z bs,i,3 bs,i,4
Carbon Dioxide, P - 0 atm
1 0.163233 0.204623 -0.378060 0.666639 -0.203453
2 13.096584 -0.020227 0.256006 -0.195201 0.040493
3 175.474735 0.044221 0.003850 -0.020175 0.004919
4 1310.847307 0.039311 -0.054832 0.025370 -0.003891
Mixture, Py, /P =0.05 (Pc=0.1 atm)
1 0.352505 0.315106 0.023475 -0.057930 0.008408
2 8.210621 0.092474 0.109146 -0.121000 0.027145
3 137.410012 0.031702 0.037396 -0.040731 0.008742
4 1269.710976  0.046138 -0.061392 0.027164 -0.003996
Mixture, Py, /P =1 (Pc=0.1 atm)
1 0.261021 0.500119 -0.447068 0.286878 -0.059165
2 3.147817 0.071592 0.508252 -0.384253 0.073477
3 54.265868 0.155320 -0.104294 0.014096 0.001643
4 482.900353 0.072615 -0.100601 0.046681 -0.007224
Mixture, Py /Pc =2 (Pc=0.1 atm)
1 0.179160 0.542458 -0.658411 0.466444 -0.100186
2 2.388971 0.101734 0.518429 -0.386151 0.073453
3 28.415805 0.146066 -0.008745 -0.058325 0.015984
4 253.059089 0.129511 -0.187993  0.090709 -0.014493
Water Vapor, P, - 0 atm
1 0.085523 0.966357 -0.790165 -0.050144 0.115202
2 0.475777 0.662059 -2.262877  2.309473 -0.572895
3 8.549733 0.060870 0.436788 -0.395493 0.085146
4 201.906503 0.103568 -0.153135 0.074910 -0.012091
Water Vapor, Py, = 0.05 atm
1 0.232724 0.340618 -0.105469 0.068051 -0.017828
2 2.134299 0.175818 -0.063466 0.086631 -0.026581
3 9.266065 0.044325 0.288376  -0.258205 0.054333
4 134.988332 0.126628 -0.186480 0.090755 -0.014569

Water Vapor, Py, = 1 atm
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1 0.065411 -0.077336 0.661776  -0.362515 0.053534
2 0.696552 0.506777 -0.758948 0.516146 -0.102909
3 4.862610 -0.079989 0.851078 -0.604264 0.113500
4 60.255980 0.373898 -0.540887  0.258923 -0.040957

aPr =1atm;0.001 <L <60m;0.001<PL=(Py +P;)L<60atm m; and 500 < T, <3000 K.

3.4. Mesh and Boundary conditions — Burner test rig

The investigated burner test furnace was evaluated in a previous work
[59], which includes a grid independency study and an evaluation of
different spatial discretisation methodologies of the computational
domain. It was found that a hybrid polyhedral / hexahedral mesh predicts
the best results according to the experimental data. Thus, the mesh
adjustments were reused in this study but nevertheless, meshes with
refined reaction zones were investigated to ensure the grid
independency. The applied meshes have about 1,334,000 (Mesh 1),
2,254,000 (Mesh 2) and 2,855,000 (Mesh 3) cells. A detailed wall
resolution with inflation was not realized because the influence of near
wall modelling on the velocity and temperature in the burner region is
negligible. This has also been verified for high temperature furnaces in
the literature [63]. The mesh quality can be specified with a maximal
aspect ratio of 12 and an orthogonal skewness of 0.84. Details of the
used hybrid polyhedral / hexahedral meshes are shown in Figure 3. The
reaction zone was discretised with very fine hexahedral cells. It can be
observed that the major part of the furnace was also made with
hexahedrons. The transition from the reaction zone and the ceramic
tubes to the global combustion chamber domain was made with
polyhedrons. The investigated burner is operated with a thermal input of
155 kW and preheated combustion air. The hydraulic diameter and the
turbulent intensity with a value of 5% were set as turbulence boundary
conditions at the inlets. All boundary and operation conditions for steady
state operation of the furnace at 1150°C are summarized in Table 3.
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Table 3: Boundary and operation conditions

Coupled wall boundary condition on inner surface wall

Internal emissivity [-] 0.75

Convective boundary condition at outer wall

Free stream temperature [°C] 20
Heat transfer coefficient [W/m2K] 30
Internal emissivity [-] 0.9

Material properties of the furnace walls

Density [kg/m3] 170
Thermal conductivity [W/mK] 0.38
Specific heat capacity [J/kgK] 800

Heat Flux boundary conditions on the ceramic tube walls

Internal emissivity [-] 0.965
Heat flux cooling tubes [W/m?2] -21599
Heat flux heating tubes [W/m?2] -10806

Mass-flow inlet for the fuel (100 vol.% H2)

Mass-flow rate [kg/s] 0.001235
Temperature [°C] 25
Mass-flow inlet for the oxidizer (79 vol.% N2, 21 vol. 02)
Mass-flow rate [kg/s] 0.049947
Temperature [°C] 450

The coupled boundary condition means that both, convective and
radiative heat flux is calculated on the cell face. Flue gas properties were
defined by mixing laws except for the absorption coefficient, the thermal
conductivity, and the viscosity. The absorption coefficient was calculated
according to different model approaches (see section 3.3) and was
implemented via an “User Defined Function” (UDF). The thermal
conductivity and the viscosity of the flue gas were also implemented via
an UDF as a function of the local mixture and temperature according to
the NASA polynomial expressions [81]. A pressure outlet was defined at

the top of the furnace’s chimney.
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Vertical cross section plane

Figure 2. Global mesh of the burner test rig with details of reaction zone

4. Results

This section is subdivided into four parts: the model validation (section
4.1) where the accuracy of the presented methodology is evaluated with
experimental data, an evaluation of different WSGG models (section 4.2)
and an evaluation of different reaction mechanisms and combustion
models (section 4.3). Furthermore, a comparison of flameless
combustion of natural gas and hydrogen is performed in section 4.4. This
includes an analysis of the reaction zone and the heat transfer behaviour

and a thermal efficiency evaluation.

4.1. Grid independency and model validation

The furnace model in this work is based on the grid independency study
of a previous work with similar configuration but with natural gas as fuel
[59]. Nevertheless, further evaluation of the grid independency was
performed based on “Mesh 1” in [59] with two refinement levels (Mesh 2
and Mesh 3). For this investigation, the PP-SFM model and the “GRI 3.0”
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were applied for the simulations. The predicted temperatures in the
furnace thermocouples (Figure 4 left) and in the burner’s axis (Figure 4
right) of each mesh were used for the evaluation. The results show that
“‘Mesh 1” and “Mesh 2” predicted quite similar results in each
thermocouple (Figure 4 left) and deviations were only observed in the
burner’s axis. Thus, a further refinement (“Mesh 3”) was only done with
the cells in the reaction zone through which the total number of cells
didn’t double. The results of “Mesh 2” and “Mesh 3” showed quite similar
results in the thermocouples and in the burner’s axis (Figure 4 right) with
only a slight deviation at the position of 305 mm in the burner’s axis.
Thus, further refinement of “Mesh 3” is not necessary and grid
independency is ensured. Furthermore, it was found that a finer grid
resolution in the reaction zone is necessary in comparison to flameless
combustion of natural gas (see “Mesh 1” in [569]). Nevertheless, “Mesh 3”
was used for all further simulations in this study due to a slightly higher
element quality. For a validation, the measured temperatures in the
furnace thermocouples and in the burner’'s axis were also included in
Figure 4 and compared with the predicted values of the CFD model. It
becomes visible that the numerical results are in close accordance with
the experimental data and maximal deviations by 15 K in the furnace
thermocouples are obtained. Temperatures in the burner’'s axis have
maximum deviations by 100 K to the experimental data at the
measurement position at 1180 mm. In the section from 305 to 730 mm,
the temperatures were underpredicted by the numerical model. The value
and position of the maximum temperature was predicted in close
accordance with the experimental data. In the region between 730 mm
and 1405 mm, the model overpredicts the temperature in the burner axis.
Overall, the results of this section show that flameless combustion of
hydrogen needs a finer mesh in comparison to natural gas due to the

higher gradients.
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Figure 3. Measured and predicted temperatures in the thermocouples (left) and the burner’s
axis (right)

4.2. Comparison of different WSGG models

The accurate prediction of the radiative heat transfer is an important part,
in combustion modelling. Therefore, the calculation of the absorption
coefficient of the hot flue gases plays an important role and is mainly
done by the WSGG model with the coefficients from Smith et al. [49]. In
case of hydrogen combustion with air, the validity of this approach was
evaluated and other sets of WSGGM coefficients were tested. The PP-
SFM model and the “GRI 3.0” [28] reaction mechanism was used in all
cases of the evaluation because it predicted the best results for a similar
configuration with natural gas [59]. Figure 5 shows temperature values
in each discrete measurement point in the burner axis of the different
WSGGM approaches. A sphere volume with a diameter of 30 mm was
used for the volume averaging of the temperature values. The results
show that the models by Smith et al. [49] and Yin et al. [52], which are
basically developed for the combustion of hydrocarbons, predicted quite
similar temperatures along the burner axis. In general, each WSGG
model predicted the highest temperature in the measurement points at
the correct position of 730 mm. Between 305 and 530 mm away from the
burner tip, the highest temperatures were obtained by the model
coefficients from Yin et al. [52], which are in best accordance with the
measurements. The coefficients from Bordbar et al. [54], which were
developed for pure steam as flue gas, were also tested for their
application in pure hydrogen flameless combustion. Results of this

modelling approach show lower temperatures at 305 mm away from the
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burner’s nozzle. Starting from 955 mm to 1855 mm, the temperature
distribution of this model coefficient predicted the best result in
accordance with the experimental data. The models by Yin et al. [52] and
Smith et al. [49] predicted quite similar, but higher temperatures in this
region (> 900 mm) than the model by Bordbar et al. [54].

Radial temperature distributions at the axial positions 730 mm (full lines)
and 1180 mm (dashed lines) from the experiments and the CFD
simulations are also presented in Figure 5. The furnace temperature of
1150°C was reached at a radial distance of about 250 mm with all applied
WSGG models. Yin et al. [52] and Smith et al. [49] predicted a similar
radial temperature profile at the 730 mm position but with higher
deviations from experimental data than the model by Bordbar et al. [54].
The best accordance with the measured temperature profile at the
position of 1180 mm was also reached with the model by Bordbar et al.
[54]. An evaluation of the non-gray gas approach with the models by
Bordbar et al. [54] and Yin et al. [52] is presented in Figure 6. The more
comprehensive non-gray gas approach predicted higher temperatures in
the axial region between 305 and 730 mm (Figure 6 left), which is in
better accordance with the experiment. Also, the highest measured
temperature is in alignment with the result of the simulation. Only in the
region between 1180 and 1800 mm, the non-gray approach predicted
higher temperatures than the gray gas approach. The radial temperature
distribution (Figure 6 right) looks similar to the results under gray gas
assumption. Furthermore, the computational time for the non-gray gas
model increases. Table 4 gives an overview of the maximum and
averaged temperatures and absorption coefficients of each WSGG
model. The coefficients from Smith et al. [49] and Yin et al. [52]
determined lower averaged and maximum values for the absorption
coefficients and the gas temperature in the combustion chamber than the
model by Bordbar et al. [54] with gray gas assumption. Higher values for
the absorption coefficient and the gas temperature were predicted by the

non-gray approach.
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Table 4: Parameters for the radiative heat transfer

WSGGM DO Model Tgyus ave Tgasmax Kave kax
[-] (-] [°C] [°C] [1/m]  [1/m]
Smith et al. gray 1139 1625 0.241 0.256
Yin et al. gray 1138 1617 0.264 0.288
Bordbar et al. gray 1142 1648 0.274 0.312
Yin et al. non-gray 1152 1651 - -

Bordbar et al. non-gray 1157 1657 - -
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Figure 5. Axial and radial temperature distributions with gray WSGG models
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Figure 6. Axial and radial temperature distributions with non-gray WSGG models

Contour plots of the temperature and the absorption coefficient in a
horizontal plane through the burner axis are presented in Figure 7. It
becomes clear that the results for the temperature are quite similar in the
burner axis according to the presented results in Figure 5. A comparison
of the temperature region away from the central burner axis in the burner
test rig shows similar results between the models by Smith et al. [49] and

Bordbar et al. [54]. Only the WSGG model with the coefficients from Yin
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et al. [52] predicted quite different results with a different shape of the
temperature contour lines. Detailed plots of the temperature contours in
the reaction zone are presented above the complete section planes.
Different explorations and locations of the regions with the highest
temperatures can be observed. In addition, contour plots of the
absorption coefficient, which is the quantity directly predicted by the
different model approaches, are also presented in Figure 7. The plots
obtained by Smith et al. [49] and Yin et al. [52] are quite similar. The
main deviation from the model by Bordbar et al. [54] cannot be detected
in the reaction zone but in regions, where the combustion is completed.
Based on the obtained results, the model coefficients from Bordbar et al.
[54] and gray gas assumption were identified as well suited for the case

in this paper.

Temperature
1600

H 1485
1370

1255
1140
1025
910
795
680
565

450
[C]

Assarton Costicent |
0.30
H 0.27
0.25

1022
‘ 0.19
0.16
0.14
0.1
0.08
0.05

003 I I

0.00
[m*1]

Figure 7. Temperature distribution in the burner axis with different WSGG models with gray

gas assumption

4.3. Comparison of different combustion models and reaction

mechanisms

An important issue in combustion modelling is the selection of the

combustion model and the reaction mechanism for the present case. A
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goal of this paper is the evaluation of different flamelet-based combustion
models, which have the opportunity to use detailed reaction mechanisms
without high computational time. Figure 8 shows the predicted
temperatures of the three combustion models, namely the NP-SFM, the
PP-SFM and the PP-FGM model as described in section 3.2. The “GRI
3.0” mechanism [28] and the gray WSGG model by Bordbar et al. [54]
were used for the combustion model evaluation. The results show that
the PP-SFM and NP-SFM models predicted a very similar temperature
distribution over the whole burner axis (Figure 8 left). Slightly lower
temperatures more in line with the experimental data were obtained by
the NP-SFM in the intervals 955 - 1855 mm. It is visible that NP-SFM and
PP-SFM underpredicted the temperatures from the burner’s nozzle up to
730 mm by observing the volume averaged values in the measurement
points. In the section between 955 and 1855 mm, higher temperatures
were predicted by these models with a maximum deviation by about 50 K
from the experimental data. Satisfying results in accordance with the
experimental data were obtained by the PP-FGM with diffusion type
flamelets. Unfortunately, the PP-FGM fails at predicting the complete
flameless combustion because an unburnt hydrogen content of 1.7 vol.%
was obtained at the outlet. Thus, the energy balance and the predicted
temperatures in the furnace thermocouples weren’t in close accordance
with measured data at the outlet. The radial temperature distributions of
all combustion models (Figure 8 right) showed close accordance with the
experimental data at an axial position of 730 mm for all combustion
models. Higher deviations up to 70 K are only present between the
burners’ axis and 100 mm at the axial position of 1180 mm. In the next
step, three detailed reaction mechanisms were evaluated for their
performance in modelling flameless combustion of hydrogen with air. In
this evaluation, the PP-SFM model and the WSSG model proposed by
Bordbar et al. [54] were applied for the comparisons in this section. The
results are presented in Figure 8. Quite similar temperature distributions
were predicted by the mechanisms GRI 3.0 [28] and the mechanism by
O’Conaire [73] in the burner’s axis (Figure 9 left). Slightly higher values

were obtained by the second one in the region between 305 and 730 mm
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which are more in line with the measurements. The Sandiego mechanism
[72] fails at predicting the location and the value of the maximum
temperature. An evaluation of the radial temperature profiles (Figure 9
right) shows similar temperature distributions at both observed axial

positions but with higher deviations to the experimental data at 1180 mm.
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Figure 8. Temperature distributions with different combustion models

1700 1700

1600 . x 1600 &

1500 /_ * 1500 +
o —-
2. 1400 . tl 1400
e o
3 I F
g 1300 . E 1300
2 2
E 1200 E 1200
[ &

1100 1100

1000 1000

900 900
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 50 100 150 200 250
Axial distance [mm] Radial distance [mm]
[ = Experiment GRI3.0 ——sandiego O'Conair | * EXP-730mm ——CFD-GRI3.0-730mm _ — CFD - Sandiego - 730mm —— CFD - O'Conair - 730mm
A EXP-1180mm = =-CFD-GRI 3.0-1180mm - - -CFD - Sandiego - 1180mm = = -CFD - O'Conair - 1180mm

Figure 9. Temperature distributions with different reaction mechanisms

A concluding analysis of the temperature contour plots predicted by all
evaluated models and mechanisms are presented in Figure 10. The
observed plane is a horizontal cross-section through the burner’s axis
(see Figure 3). It is shown that the temperature regions further away from
the reaction zone look quite similar for all applied mechanisms. Thus, the
detailed contour plot of the reaction zone (marked with dashed lines) is
presented above each global one, which show deviations from each
other. The higher temperatures in the region from 305 to 955 mm
obtained by the mechanism by O’Conaire [73] (Figure 9 left) depicted in

the detailed contour plot show close accordance with the experimental
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data. An interruption of the high temperature contour at a position of 505
mm predicted by the “GRI 3.0” and the “Sandiego” mechanism is also
depicted in the detailed plots. This circumstance agrees with the axial
temperature distribution in Figure 9. In case of the combustion model
evaluation, a similar, global temperature distribution in the burner test
rig was obtained by the PP-SFM and the NP-SFM. Only the PP-FGM
model predicted a differently shaped contour in the range between
1286°C and 1391°C (yellow). A detailed view of the reaction zone contour
plot below the global plots presents clearer deviations between the PP-
FGM, NP-SFM and PP-SFM. Based on the obtained results, the NP-SFM
with the mechanism by O’Conaire [73] was chosen for further
calculations.
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Figure 10. Temperature distribution in the burner axis with different combustion models and

reaction mechanisms

4.4. Comparison between flameless combustion of natural gas

and hydrogen

The model evaluations in the previous sections (4.1, 4.2, 4.3) show that

a combination of the NP-SFM model and the mechanism by O’Conaire
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[73] predicts the best results in accordance with the experimental data
and the full burnout of hydrogen. The calculation of the absorption
coefficient was done with the WSGG model coefficients from Bordbar et
al. [54] for pure steam and with gray gas assumption in this case.
Experimental data from the temperature field measurement and the
corresponding results of the CFD model at a furnace temperature of
1150°C are presented in Figure 11. The orange line (Figure 11 left)
represents the predicted volume-averaged temperature values at the
measurement positions and the corresponding experimental data is
illustrated with a black line. It is shown that the model approach predicts
the temperatures in a close accordance with the experimental data from
305 mm to 1180 mm. At greater distances from the burner’s nozzle, the
model predicts higher temperatures as measured with maximum
deviations of 50 K. A comparison with the well applied flameless
combustion of natural gas is also included (Figure 11 left). The data of
the natural case at an equal furnace temperature of 1150°C was taken
from a previous study [59]. This dataset also includes measured and
predicted temperatures from a validated CFD model. In case of natural
gas application, the PP-SFM with the “GRI 3.0” mechanism predicted the
most accurate results among the flamelet-based combustion models. The
flameless combustion of hydrogen has a higher temperature level over
the whole burner’s axis. A difference between the maximum measured
temperatures in each case of about 150 K was obtained at position of
955 mm away from the nozzle.

Figure 11 (right) presents the measured and volume averaged radial
temperatures of flameless hydrogen combustion. It can be observed that
maximum deviations between predicted and measured temperatures are
present between 0 and 150 mm away from the burner axis. At
measurement points which have a higher radial distance as 150 mm to
the burner’s axis, close accordance with the experimental data is
achieved with the presented methodology. Figure 12 presents a
comparison between the radial temperature profiles of pure hydrogen (full
lines) and natural gas (dashed lines) as fuel for flameless combustion at

different axial positions. Only experimental data is used in this
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illustration. It is visible that the radial temperature profiles at hydrogen
operation reach similar values as natural gas at a radial distance of about
200 mm. The radial temperature distributions are an important

information for an evaluation of the burners position and the thermal load
on the insulation.
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Figure 12. Radial temperature distributions of hydrogen and natural gas

Furthermore, the contour plots of the temperature, the velocity and the

OH-radical species concentration for natural gas and hydrogen

combustion are presented in Figure 13. By comparing the temperature

plot it becomes clear that the temperature region above 1255 °C is more
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extended and has different propagation at pure hydrogen operation.
Higher reaction zone temperatures of about 1610°C are generally present
with the application of hydrogen as fuel at similar furnace boundary
conditions. By comparing the velocity contour plots it can be noticed that
hydrogen operation has higher fuel nozzle velocities caused by the higher
volume-flow rate in comparison to the natural gas case. Furthermore, the
velocity region with values higher than 5 m/s is more extended in case of
pure natural gas operation compared to hydrogen operation. This
circumstance leads to a lower local mechanical load of the fibre insulation
close to the burner position. Therefore, a fuel change of an existing heat
treatment furnace to hydrogen can be made from the point of the
maximum allowed fluid velocity. The contour plots of the OH-Radical
volume fraction showed a higher concentration in the centre of the
reaction zone at flameless hydrogen combustion compared to the natural
gas case. Furthermore, the volumetric evolution of the OH concentration

is slightly smaller at hydrogen operation.
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Figure 13. Temperature, velocity and OH concentration contour plot at H2 and CH4 operation

A study of Mayrhofer et al. [12] showed an efficiency increase by adding
hydrogen to natural gas with a maximum content of 40 vol.%. Thus, the

potential of a fuel change from pure natural gas to pure hydrogen is also
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investigated in this section by CFD simulations. The flameless burner
was operated with a nominal thermal input of 155 kW and an air to gas
ratio that 3 vol.% oxygen in the flue gas is ensured. The results of the
energy balance were compared with the data of a previously investigated
case at flameless natural gas combustion [59]. Table 5 shows a heat flux
comparison between hydrogen and natural gas operation. Deviations
between the thermal input of the preheated combustion air are due to
different stochiometric amounts of air for the different fuels. A furnace
temperature of 1150°C in both cases leads to similar wall losses. It can
be apparent that the flue gas loss is reduced by about 16 percent at
hydrogen operation. Furthermore, an increased heat flux to the cooling
tubes of about 24 percent from 34.3 up to 42.6 kW is observed in the
simulations. A concluding evaluation of the combustion efficiency
according to Eq. 9 was done for both experimental and numerical cases.
The changed heat fluxes at hydrogen operation lead to an efficiency

increase by about 7 percent.

QFlue Mflue gas Cpl;l;fluegas Tflue gas
Nrp = 1 — 2 - =1-—— , Toir (9)
QFruet+Qair preheat Mpyel LHV +Mgir Cp|0al T qir
Table 5: Energy balance and efficiency from CFD models

Case QCombustion QAir QFlue QTubes QWall Nrp

[-] [kW] [kW] [kW] [kW] [kW]  [%]

CFD - H2 155 23.5 76.3 43.1 59.1 57

EXP - H2 155 23.5 78.3 43.1 57.1 56

CFD - CH4 [59] 155 29.2 93.4 30.9 60 49

EXP - CH4 [59] 155 29.2 92.4 30.9 61 50

5. Conclusion

The present work shows a 3D CFD modelling study of flameless

combustion with pure hydrogen as fuel and highly-preheated air (450°C)
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as an oxidizer. In order to keep the computational effort low, the main
goal of the work was the development of an efficient modelling approach.
This concerns the evaluation of different flamelet-based combustion
models. Furthermore, experimental data from temperature field
measurements of the reaction zone were used to present the suitability

of the predicted temperature field in close accordance.

e A model of the burner test rig was developed and validated with
experimental data. Maximum temperature deviation of 5 K at the
furnace control thermocouples and about 50 K in the burner axis

were observed.

e Three detailed reaction mechanisms, suggested by the literature
and three flamelet-based combustion models were applied. The
results show that the NP-SFM model with the mechanism proposed
by O’Conaire et al. [73] predicts the best results in accordance with

the experimental data and correct prediction of the heat losses.

e Gray and non-gray WSGG modelling approaches of the flue gas
were evaluated caused by the changed composition. The
coefficients for pure steam, suggested by Bordbar et al. [54] and
gray gas assumption predicts the best results in accordance with
the experimental data. The models by Yin et al. [52] and Smith et
al. [49] predict higher deviations.

e A comparison of flameless combustion of natural gas and pure
hydrogen shows differences in temperature field. Furthermore,

efficiency increases by about 7 % was observed by the fuel change.
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