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Abstract

The effect of constant velocity and constant residence time scaling on the local nitric oxide (NOy)
emissions and flame characteristics of complex partial premixed hydrogen burners were investigated
numerically and theoretically. A previously developed and validated computational fluid dynamic
(CFD) model was employed to conduct in total 11 simulations at various burner scales ranging
from a base case of 10 kW to an up-scaled burner design at 500 kW. The flame characteristics
were investigated by means of a novel CFD based regime diagram and compared to Damkohler and
Karlovitz numbers obtained from scaling theory. The flame is at laboratory scale mainly characterized
by the thin reaction zone regime. Employing constant velocity scaling was predicted to overall
decrease the Karlovitz number, which causes the combustion to appear partially in the corrugated
flamelet regime and at scales exceeding 250 kW also in the wrinkled flamelet regime. Constant
residence time scaling on the other hand leads overall to a combustion with constant Damkchler
numbers. However, for a constant Karlovitz number close to unity was observed for a significant
part of the flame-sheet, which leads in this flame regions to a variable Damkohler number. Both
investigated scaling principles lead to an increase of the overall NO, emissions, with constant velocity

scaling resulting in the highest emissions. This is mainly attributed to the larger volumes and longer
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residence times of the flame and immediate post flame region compared to constant residence time
scaling. The total NO, formation in the inner recirculation zone, on the other hand, is lower for
constant velocity scaling and is found to be dominated by the local oxygen atom (O) and hydroxyl
(OH) concentration. Constant velocity scaling causes a breakup of the inner recirculation zone at
the 500 kW scale, which leads to a fundamentally different flow field and causes the flame to impinge
onto the combustion chamber wall, whereas constant residence time scaling maintains the inner
recirculation zone at all investigated scales. The breakup of the recirculation zone is attributed to
the different effect of the scaling principles on the velocity to length scale ratio and momentum of
the annular jet flow.
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K proportionality constant (-)
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Lirz inner recirculation zone length(m)
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Q thermal input (W)

Sy laminar flame speed (m s™)

U velocity (m s)

u cartesian velocity component (m s)
u’ turbulent velocity scale (m s)
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y spacial coordinate (m)
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o4 scaling factor (-)

or, laminar flame thickness (m)
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Da  Damkohler number
Ka  Karlovitz number

Re  Reynolds number

Subscript
0 burner characteristic
ax axial direction
rt constant residence time
v constant velocity
Superscript

scaled
eq chemical equilibrium
Abbreviations

CFD computational fluid dynamic
EDC eddy dissipation concept

FL.  flame

IPF  immediate post flame

IRZ inner recirculation zone

MILD moderate or intense low-oxygen dilution
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NO, nitric oxide

ORZ outer recirculation zone

PDF probability density function

PF  post flame

PPBB partially premixed bluff body
RANS Reynolds averaged Navier-Stokes

WJ  wall jet

1. Introduction

Increasingly stringent regulations on emissions from stationary power and heat production has
motivated the development of various low emission technologies, including carbon capture and storage
units, flexi-fuel units enabling the use of non-carbon containing fuels such as hydrogen and recently
ammonia [1], and various low and ultra low NOy burners over the last decades. For the latter, dry
low emission (DLE) combustion has traditionally been the most common used technology to reduce
NO, emissions [2]. DLE combustion is dependent on highly controlled mixing of air and fuel to
achieve lean premixed combustion, thereby reducing the flame temperature and hence reducing NO,
formation. Due to the reduced temperatures, special considerations have to be made, to ensure an
environment that at the same time does not promote unacceptable levels of unburnt hydrocarbons
and carbon monoxide (CO), as well as combustion instabilities. When considering high hydrogen
content fuels, other issues come into play. Higher burning velocities and temperatures need to be
carefully controlled by design optimization to avoid flashbacks. As a result, burners with complex
flow regimes have been proposed. This involves for example swirl burners [3], flame-sheet burners

[4], micro-mixing burners [5] and recently partially premixed bluff body burners [6, 7]. Common
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for these burners are highly optimized flows and complex designs in order to obtain optimum low
emission, yet efficient operation.

The high cost associated with the development process of such complex burners motivates exper-
iments and numerical simulations at laboratory scale. This requires scaling of the burner geometry
by employing scaling laws that preserve the burner characteristics at different burner sizes. However,
the large number of scaling parameters found through similarity theory, many of them mutually
incompatible, make a complete scaling practically impossible. Scaling problems are therefore treated
by the use of partial scaling, which has been reviewed in detail by Spalding [8] and Beér [9]. Thus a
variety of different scaling laws can be found in literature, the majority of which have been developed
for “simple” axisymmetric, turbulent, jet flames, which provide a well-defined flow field [10]. How-
ever, for industrial burners typically only two scaling laws are considered, namely constant velocity
(i.e., the characteristic burner velocity, Uy, is kept constant while increasing the burner dimensions)
and constant residence time scaling (i.e., the ratio between the characteristic burner length scale and
velocity scale, Dy/Uy, is kept constant while increasing the burner dimensions) [11]. Both approaches

are based on the basic global equation for the thermal input, Q:

Q= KpoUoDS, (1)
where K is a proportionality constant and py the inlet fluid density. They, furthermore, demand
geometrical similarity, hence all dimensions can be derived from the scaled characteristic burner
length scale, D{, and assume that the Reynolds and Froude number are sufficiently large, so that
the burner flow is turbulent and momentum controlled (i.e., buoyancy effects are neglected) at all
relevant scales. By keeping the characteristic velocity, Uy, constant and considering equation (1) the
scaled burner diameter for constant velocity scaling can be derived from the following relation:

* «\ 1/2
n(5) g

The objective of constant residence time scaling is to preserve the convective timescale, which rep-

resents the residence time for simple flames, by maintaining the ratio Dy/Uy constant and hence
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preserving in theory the macro-mixing characteristics of a burner [11, 12]. By obeying this require-

ment together with equation (1), constant residence time scaling can be described as:

D= . *t 1/3
o () &

The effect of these two scaling laws on the macro- and micro-mixing is further elaborated in ap-

pendix A.

The first studies concerning the scalability of NO, emissions aimed to develop scaling laws based
on equilibrium conditions for temperature and oxygen atom (O) concentration such as the study
by Lavoie and Schlander [13] and the asymptotic analysis by Peters [14]. However, flame stretch
can lead to a significant departure from equilibrium conditions, as has been shown by Drake and
Blint [15], as well as by Barlow and Carter [16, 17]. Various scaling models have, therefore, been
proposed that consider non-equilibrium conditions, which led to the finding that NO, emissions can
be characterized by a negative one-half power dependency on the flame Damkéhler number (i.e.,
the ratio of the characteristic time scale for macro-mixing to the characteristic chemical time scale)
[18-21]. Szego et al. [22] suggested that, under certain conditions, all parameters affecting global
NO, emissions can be characterized by a global residence time and furnace temperature as proposed
by Turns et al. [23, 24], following the hypothesis that a majority of the NO, emissions are formed
in large and nearly homogeneous eddies [25]. The scaling law proposed by Rekke et al. [26] is one of
few studies regarding NO, emissions from partially premixed flames and was re-evaluated by Santos
and Costa [27] for turbulent diffusion flames. Weber [12] concluded the effect of flue gas entrainment,
from internal and external flue gas recirculation, and the radiation heat loss in the post flame need
to be included in order to make the correlation by Rgkke et al. [26] applicable to industrial burners.

An important work regarding constant velocity scaling was conducted in the Scaling-400 project
[28] which led to an extensive data set for the NO, emission performance of swirl burners in the range
of 30 kW to 12 MW thermal input. The project was later extended to constant residence time scaling

by means of numerical simulations [29]. Several studies of pulverized coal burners [30-32] as well
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as gas burners [29, 33, 34] compared constant velocity scaling and constant residence time scaling
with each other. It is worth noticing that there is no consensus on one of these two scaling laws
being superior over the the other. Smart and Van Kamp [31] found that neither constant velocity
nor constant residence time scaling were able to preserve flame structures and thermochemical fields
adequately when scaling a pulverised coal burner. Furthermore, their study indicated the existence
of a minimum scale which is still representative for a full-scale burner and showed that both scaling
laws lead to a weakening of the inner recirculation zone.

The work by Weber and Mancini [35] provides the most recent overview on scaling of large scale
industrial flames. They emphasise that: “the scaling issue disappeared from the research agenda”
for almost two decades, which left many questions unanswered. This is especially true for partially
premixed flames, which are addressed in the present paper. Furthermore, only a limited number
of studies is found in the literature that investigate local scaling effects in different burner regions
and treat these regions individually [36, 37]. It is however expected that scaling of modern burners,
following the constant velocity or the constant residence time approach, will exhibit local scaling
effects due to the complex nature of the burner designs, which is not adequately represented by
a single length and velocity scale [36]. The objective of the present work is to develop a deeper
understanding of the scaling effects on the flame structure and NO, formation in different regions
of complex modern burners. The study case presented is a partially premixed bluff body (PPBB)
burner which consists of inner and outer recirculation zones, stagnation points, staged fuel injection
and varying degree of partial premixing. Hence, the burner shares many of the characteristics found
in complex industrial burners, but still allows the understanding of general scaling effects. The impact
of different scaling laws on the combustion regimes and NOy emissions performance of this complex
burner are investigated with hydrogen as fuel. Using hydrogen as fuel has the double advantage of
focussing on a single NO, formation route and to relieve the computational effort. Besides, hydrogen
is foreseen to be a dominant fuel in the low carbon society needed to achieve the global climate

change targets. The scope comprises furthermore the identification of potentially critical thermal
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loads that may limit the scalability of the burner, which have for example been found for the scaling
of pulverized coal [30] and natural gas burners [29]. The present work addresses the lack of research
regarding scaling of complex burners and aims to fill the knowledge-gap by investigating scaling
effects through the analysis of local combustion regimes and NO, formation in different regions of
the flames.

The scaling effects are investigated based on a set of 11 computational fluid dynamic (CFD)
simulations at different scales up to a thermal load of 500 kW. The paper presents first the impact
of the scaling approaches on the combustion characteristics in general. This is done by means
of combustion regime diagrams combined with hexagon binning and the analysis of the progress
variable source term distribution. In addition to the CFD based results theoretical considerations
are presented. Finally the work focuses on NO, emissions and scrutinizes the contribution of different

flow regions to the NO, formation.

2. Methodology

2.1. Burner design

The present work is based on the scaling of the PPBB burner, developed by Spangelo et al. [38].
This burner is intended for the use in boilers and furnaces that typically operate at pressures close
to atmospheric and with approximately 3% excess air. An illustration of the burner can be seen in
figure 1. The PPBB burner employs a frustum shaped conical bluff body to stabilise the lame and
allows for the dilution of the fuel-air mixture by internally recirculated flue gas. Fuel is partially
premixed via jets in an accelerating cross-flow. The degree of premixing can be adjusted via eight
primary and four secondary fuel ports. The primary fuel ports are located upstream of the burner
throat in a converging burner section formed by the burner housing. The secondary fuel ports are
located downstream of the burner throat. Primary and secondary fuel ports are, in angular direction,

offset to each other such that the secondary fuel ports are located in between every other pair of
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primary fuel ports. The burner was in recent years investigated experimentally by Dutka et al.
[6, 39-41] and numerically by Meraner et al. [42, 43| for the combustion of hydrogen and hydrogen

enriched fuels. Further details on the burners operational characteristics can be found therein.

2.2. Numerical methods

The numerical model that was employed for the simulations of the PPBB burner has been devel-
oped and validated against experimental data in previous work [42, 43]. A detailed description as well
as a discussion on modelling uncertainties can be found in the corresponding publications. Hence,
only a short summary is given here. The model was developed with the simulation of larger scales
in mind. Reducing computational costs have therefore been given a high priority, which resulted
in a model based on steady state, incompressible, Reynolds averaged (RANS) governing equations.
Another important aspect of choosing a relatively inexpensive numerical model is the possibility to
cover a wider range of burner scales. Steady state RANS simulations are order of magnitudes less
computationally expensive than for example large eddy simulations. This is not only due to the lower
special resolution needed for RANS simulations, but also due to the possibility to apply the steady
state assumption and to utilize the periodicity of the burner (i.e., reduce the simulation to one quar-
ter of the domain). The computational costs are further reduced by invoking non-equilibrium wall
functions and by employing a post processing approach for the NO, calculation, i.e. the NO, cal-
culation is decoupled from the combustion kinetics and based on a “frozen” combustion simulation.
The eddy-dissipation concept (EDC) [44, 45] in combination with a detailed combustion mechanism
for the hydrogen oxidation by Li et al. [46], containing 9 species and 19 reversible reactions, was
used to model the turbulent combustion process. A crucial property of the EDC is that its applica-
bility is not restricted to certain combustion regimes. RANS-EDC based models have already been
successfully applied to comparable burner configurations [47, 48]. Based on these studies, a tendency
to over-predict temperatures can be expected. The discrete ordinates radiation model was employed

to account for thermal radiation. The diffusive mass flux was calculated based on the dilute approx-
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imation (i.e., Fick’s law) for turbulent flows. A grid independency study, comprising meshes ranging
from 3.5 M to 14.4 M cells, was conducted for the burner at 100 kW and 500 kW scales assuming
that it is valid for the intermediate scales with lower Reynolds numbers as well.

The only deviation from the original model setup presented by Meraner et al. [43] are the
thermal boundary conditions for the lateral surfaces of the bluff body. These were originally modelled
adiabatic. The present study has, however, shown that this unrealistic assumption leads, at certain
scales, to a flame flashback within the boundary layer. The lateral bluff body walls have therefore
been modelled with a constant temperature of 293 K, corresponding the air inlet temperature. A

sensitivity analysis has shown that this change does not affect the global NO, emissions.

3. Results and discussion

This section scrutinizes initially the impact of the two applied scaling laws on the burner charac-
teristics, when the burner is scaled from laboratory scale to 50 kW and 250 kW respectively. This
is followed by an analysis of NO, emissions at different scales and parameters that are relevant for
the NO, formation. Finally the simulation of the PPBB burner with a thermal input of 500 kW,
scaled using the constant velocity scaling approach, is analysed since it reveals a special case of a

fundamentally different flow structure compared to all other cases.

3.1. Combustion regime and flame characteristics

Regime diagrams have historically been developed based on the interaction of homogeneous and
isotropic frozen (i.e., unaffected by heat release) turbulence with a premixed flame. In order to utilize
them for the partially premixed burners, special considerations need to be made. Meraner et al.[43]
proposes to extract data from CFD simulations on a predefined iso-surface that is close enough to
the flame, so that the mixture composition is representative for the combustion, but at a distance
where the turbulence is not yet heavily affected by the heat release. This is achieved by defining

an iso-surface of 5% of the maximum heat release rate, which is then clipped using a normalized
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progress variable (i.e., (Yno, + Yu,0)/ (Yo, + Yu,0)°) of 0.5 as an upper limit to ensure that the
data is collected on the reactants side of the flame. The data obtained on this surface is then used
to categorize the flame by means of regime diagrams. Utilizing such scatter data provides a more
refined insight into the burner characteristics compared to the traditional approach of describing the
entire burner by a single point in the regime diagram, especially for combustion in burners which
likely occurs in a multi regime mode. Representing the burner by a scatter plot furthermore allows
the visualization of dependencies between local conditions, such as the equivalence ratio, and the
combustion regimes. However, the overlapping of data points in densely populated scatter plots can
make it difficult to identify the most representative regimes. Alternatively, hexagon binning [49], a
form of bivariate histogram, can be utilized to assign a more accurate weight to different combustion
regimes. This approach is employed in Figure 2 which shows the modified turbulent combustion
diagram based on Peters [50] for five different CFD simulations. Here, each visible bin contains at
least one data point and the colour assigned to it indicates the volume fraction that is represented
by the bin. The volume calculations are based on the volume of the cells that are intersected by
the predefined iso-surface. The global representation of the burner is marked by a single circular
marker. The turbulent length scale, I’, and the turbulent velocity scale, u, for this point are based
on the area weighted average conditions in the burner throat. The laminar flame speed, S, and
laminar flame thickness, 07, were calculated in the open-source software Cantera [51] based on the
global equivalence ratio of the burner. In addition the effect of scaling on the flame characteristics
in a global context, based on scaling theory (see appendix A) is outlined by a red and orange line
respectively.

At laboratory scale most of the flame falls into the thin reaction zone (i.e., 1 < Ka < 100) and the
corrugated flamelet (i.e., Ka < 1and ' /Sp > 1) regimes, with the Karlovitz number, Ka, defined
as the ratio between the characteristic chemical time scale to the Kolmogorov (i.e., micro-mixing)
time scale. From previous work [43] we know that the two distinct regions seen at laboratory scale in

figure 2 between Da = 1 and Ka = 1, with a volume fraction exceeding 2%, are attributed to the
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primary and secondary fuel streams at a equivalence ratios close to stoichiometry. The primary fuel
stream is characterized by lower length scale ratios compared to the secondary fuel stream. Fuel lean
flame regions fall mainly within Ka <= 100 and Da <= 1 where the Karlovitz number increases
with decreasing equivalence ratio due to the decreasing flame speed.

For constant velocity scaling, both the global representation of the burner as well as the peak
values of the hexbin plot follow the line for the theoretical scaling. At larger scales, parts of the
flame cross into the wrinkled flame regime (i.e., v//S;, < 1). It can furthermore be seen that
the regions assigned to the primary and secondary fuel ports are less distinct from each other with
increasing thermal input and collapse to the same location at the 250 kW scale. The same is true
for constant residence time scaling, where they collapse as well at 250 kW. However, the overall
trend for constant residence time scaling is different. The global representation of the burner and the
overall distribution shown in the hexbin plot follow the theoretical scaling with a constant Damkohler
number relatively close. The peak values in the hexbin plot, however, appear to lie on an iso-line for
the Karlovitz number close to unity. This is important for smaller burner scales where temperature
and NO, formation are more affected by micro-mixing compared to large scales where macro-mixing
and hence the Damkohler dependency dominates [35].

Figure 3 shows the scatter data of the 250 kW configuration coloured by the local equivalence
ratio. The data points for the scatter plots are sorted by their distance to the stoichiometric mixture
fraction. Hence, data points closer to the stoichiometric mixture overlay points that are further
away from stoichiometry, independent on which side (i.e., fuel lean or rich) they are located. For
both scaling approaches, a “flare” of lean data points can be seen that is leading towards larger
Karlovitz numbers, due to the reduced flame speed at lean mixture fractions. Constant residence
time scaling preserves the two distinct bands with a stoichiometric equivalence ratio, which have
been identified by Meraner et al. [43] for the base case. Constant velocity scaling, on the other hand,
shows a wider scatter of the stoichiometric mixture in the regime diagram and less distinct bands.

Generally a stronger separation of lean, rich and stoichiometric mixtures within the regime diagram
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can be seen for constant residence time scaling, where rich equivalence ratios show the largest and
stoichiometric equivalence ratio the least variation. Note, the data points that follow a constant
Karlovitz number show little variation and cannot be attributed to a certain equivalence ratio. An
important parameter for the flame speed and thickness is the dilution by entrained combustion
products, which cannot be identified based on the equivalence ratio only. However, mixtures close to
the stoichiometric equivalence ratio respectively are expected to show less variation in the amount of
entrained products, while mixture that are further away are expected to show more variation, which
translates in a wider spread in flame speed and thickness.

Figure 2 and figure 3 are per definition restricted to the flame leading edge. Figure 4, on the
other hand, provides an overview on the combustion process in the whole domain by integrating the
progress variable source term (i.e., Ruo, + Ru,0) along the axial and radial coordinates. This allows
the visualization of its probability density distribution in a two dimensional space, defined by the
angular coordinate and the local equivalence ratio. Figure 4 shows results from the same simulations
as figure 2. The fuel port location of +/ — 22.5° for the primary and 0° for the secondary fuel is
for all cases recognizable by peaks in the equivalence ratio marked as B; and B,. The difference
between the peak equivalence ratios (i.e. Bs - By ) in the two different fuel streams increases when
constant velocity scaling is employed and is more than twice as big for the 250 kW case compared
to the base case. Furthermore, both values, B; and By are at richer equivalence ratios. This trend
is opposite for constant residence time scaling where both peaks are at lower equivalence ratios and
slightly closer in value to each other, when comparing the 250 kW and 10 kW simulations.

Another difference between constant velocity and constant residence time scaling can, however,
be seen in between primary and secondary fuel ports marked as point A and C respectively. Constant
velocity scaling leads here (see A), with increasing thermal input, to an increase of the local progress
variable source term. This can also be seen in the form of a second peak in the marginal plot marked
as A’, which does not appear when constant residence time scaling is employed. The probability

density distribution of the progress variable source term reaches for all cases its maximum around
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stoichiometry. However, this peak is more significant for larger thermal input and constant residence
time scaling, which can be seen in location D. This indicates, in combination with the “discontinuity”
point C, that the fuel streams on a macro scale are less premixed compared to the constant velocity
scaling. Indeed, figure 5, which shows the stoichiometric iso-surface for the five different CFD
simulations, reveals that each of the fuel stream is recognizable as a single “jet” at 250 kW when
constant residence time scaling is applied. All other simulations show a continuous, though wrinkled,
iso-surface and hence a fuel rich inner recirculation zone. Note that all subfigures are scaled to the
same bluff body diameter. It can also be seen that the iso-surface is characterized by four tips that
move closer together for constant velocity scaling and finally collapse to a single tip at 250 kW, while

they get further separated when constant residence time scaling is applied.

15

This is the accepted version of an article published in Combustion and Flame
http://dx.doi.org/10.1016/j.combustflame.2020.01.010



303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

3.2. NO, formation

The stoichiometric iso-surface in figure 5 is coloured by the volumetric NO, formation rate. The
peak rate is in all cases reached in between primary and secondary fuel ports in the concave region
formed by the iso-surface. This is in general the location where a stoichiometric mixture of fuel
and combustion air meets hot products that are recirculated in the inner recirculation zone. At
laboratory scale of 10 kW the peak values appear as a single region spanning from the primary to
the secondary fuel stream. Scaling the burner up by means of constant velocity scaling leads to the
formation of two separate elongated regions with elevated NO, formation rates that merge again after
a certain distance downstream of the bluff body trailing edge. The local peak formation rate on the
stoichiometric iso-surface for constant residence time scaling is, however, generally lower compared
to the constant velocity scaling approach. The two scaling approaches lead to a significant different
appearance of the iso-surface at 250 kW. Even though clear differences can be seen in figure 5 it is
not possible to conclude on the overall NO, performance based on a local volumetric source term as
the volumes for the different scaling approaches are significantly different. Figure 6 shows the global
NOy emissions at different scales for constant velocity and constant residence time scaling. Both
methodologies lead to increasing NO, emissions at increasing scales. However, constant velocity
scaling reaches higher NO, levels. None of the approaches reaches a plateau within the investigated
range. Note, that the largest reported simulation for constant velocity scaling in this section is
450 kW; the 500 kW case is a special case and will be discussed in section 3.3.

The fluid domain was subdivided into six sub domains during post processing, similar to the
approach presented by Hsieh et al. [36], in order to identify regions that contribute to the trend
seen in figure 6. The regions are the wall jet (WJ), flame (FL), inner recirculation zone (IRZ), outer
recirculation zone (ORZ), immediate post flame (IPF) and post flame (PF) as illustrated in figure 7.

Figure 8 presents the total NOy formation rate based on the described domain subdivision. For
clarity, only the three main contributing regions, immediate post flame, flame and inner recirculation

zone are shown. The formation rate for all other regions is in general more than one order of
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magnitude smaller than the formation rate in the inner recirculation zone, confirming the findings
by Hsieh et al. [36]. The constant velocity approach leads, with increasing scales, to a more rapid
increase of the formation rate in the immediate post flame and flame region compared to constant
residence time scaling. The inner recirculation zone on the other hand shows an opposite trend. The
rate increases here for constant residence time scaling, while it stays relatively constant for constant
velocity scaling.

The inner recirculation zone and the flame region are dominating in terms of a mean volumetric
rate as shown in figure 9. Constant residence time scaling leads in all three regions to larger mean
volumetric NO, formation rate than constant velocity scaling, which is the opposite trend than
what was seen in figure 8 for the flame and the immediate post flame regions. This difference
can be attributed to the different volumes and different residence times accordingly. The larger
volume/longer residence time of the inner recirculation zone for constant velocity scaling is, however,
compensated by a significant decrease of the mean volumetric rate compared to constant residence
time scaling.

Figure 10 compares the NO, formation rate at the 10 kW and the 100 kW scale based on
the constant velocity scaling approach, as this represents a most severe increase in global NO.
The contours are scaled to the same bluff body diameter, D. The inner recirculation zone can be
recognized by the iso-lines corresponding to zero axial velocity. The normalized dimensions of the
inner recirculation zone are comparable in both cases. In general, all conducted simulations predict
a recirculation zone length of approximately 1.7 D. It can be seen that, at the laboratory scale of
10 kW, mainly the upper part of the inner recirculation zone contributes to the NO, formation. The
formation rate is in this region significantly lower at 100 kW. The contour plot shows furthermore
a decrease of the formation rate in the flame and immediate post flame region, similar to what has
been seen in figure 9. However, the local volumetric NO, formation rate close to the flame anchor
point is larger for 100 kW compared to 10 kW.

Thermal NO, is the dominating NO, route for the combustion of pure hydrogen at low pressures
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and the temperature distribution is, therefore, an important factor for the overall NO formation
rate. Figure 11 shows the mean temperature in the three dominating regions. The mean temperature
in the inner recirculation zone is relatively constant and decreasing slightly at larger scales, for both
scaling methodologies. Hence, the temperature cannot be the leading cause of the different trend
for constant velocity and constant residence time scaling seen in figure 9. The spacial temperature
distribution within the recirculation zone is, furthermore, relatively constant while the NO, formation
rate varies as has been seen in figure 10. The mean temperatures in the flame and immediate post
flame region change slightly more with an approximately 8% decrease in the flame region and an
similar large increase in the immediate post flame, when scaling with constant residence time from
10 kW to 500 kW. The mean temperature stays, on the other hand, nearly constant when constant
velocity scaling is employed.

Since the temperatures in the flame and inner recirculation zone are generally sufficiently high
for the formation of thermal NOy, local species concentrations become the governing factor affecting
NO, formation. Thermal NO, formation is described by the extended Zeldovich mechanism [52].
Hence, the driving radicals are O and OH, where the latter is important particularly at near stoi-
chiometric conditions and fuel rich mixtures. Figure 12 shows the OH mass fraction distribution for
the laboratory scale burner compared to the burner scaled to 100 kW following the two investigated
scaling methodologies. The iso-lines show zero axial velocity to indicate the extend of the inner
recirculation zone. It can be seen that the OH contours display a similar distribution as seen in
figure 10 for the volumetric NO, formation rate, with constant velocity scaling leading to lower and
constant residence time scaling leading to higher OH mass fractions in the inner recirculation zone
compared to the base case. A similar distribution in all three simulations was found for the O mass
fraction, which is not shown here. The production of OH and O radicals is almost entirely attributed
to the flame-sheet. Note that this is not referring to the flame region defined for post processing.
Hence, the concentration of these two radicals in the inner recirculation zone is dependent on the flow

conditions and the entrainment into inner recirculation zone. The entrainment is strongly affected
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by the ratio between the penetration depth of the secondary fuel stream and the annular wall jet

height, which is differently affected by the two applied scaling laws.

3.3. Constant velocity scaling up to 500 kW

The main flow features of the PPBB burner, namely an inner recirculation zone and a larger outer
recirculation, where preserved in all simulations presented in the previous sections. The dimensions
of these zones were, furthermore, relatively constant with a length of approximately 1.7 bluff body
diameters for the inner and approximately 11 bluff body diameters for the outer recirculation zone.
However, scaling the burner up to a scale of 500 kW based on constant velocity led to a fundamentally
different flow field, causing the flame to impinge onto the combustion chamber wall, as can be seen
in figure 13. The temperature contours, overlaid by the velocity vector field for the 10 kW and the
500 kW constant velocity simulations are compared in this figure. Sudden changes in the overall flame
pattern, during scaling, have also been observed experimentally for other burners [35]. Applying
constant residence time scaling on the other hand allowed to scale the burner successfully up to
500 kW, although, with the disadvantage of reaching high velocities. The simulation of the 250 kW
and 500 kW scale with constant residence time scaling reached a local Mach number of 0.35 and 0.44
respectively, which exceed the upper limit of 0.3 generally applied as best practice for incompressible
solvers. Both cases are still considered as subsonic flows, however, the model uncertainties introduced
by neglecting compressibility effects become larger with increasing velocities.

Figure 13 shows the breakup of the inner recirculation zone at the 500 kW scale. Instead of the
inner recirculation zone a set of two equally sized vortices is formed in the outer chamber region,
which was previously characterized by a single large recirculation zone and smaller secondary vortices
in regions of flow separation from the chamber wall. Note that only one of these secondary vortices
is visible due to the coarsened resolution in the vector plot. These vortices cause the flame to be
bend outwards leading to an impingement of high temperature flow onto the chamber wall. The

breakup of the inner recirculation zone at this scale was only observed under reacting conditions.
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An additional non-reacting simulation was conducted in which the original flow field, similar to the
smaller scales, was preserved.

Based on the employed steady state RANS simulations it is not possible to determine if the
breakup under reacting conditions is a transient flow instability or if the flow will remain permanently
attach to the chamber wall. This could possibly be assessed by conducting unsteady RANS or scale
resolving simulations. However, the more profound question is what causes the breakup of the
inner recirculation zone. An apparent difference between the investigated scaling principles is the
fuel concentration in the recirculation zone, which is an important factor for the flame stability
[53]. Constant velocity scaling leads to an increased recirculation zone equivalence ratio, reaching
1.13 at the 450 kW scale, while constant residence time scaling leads to a decrease, reaching a lean
equivalence ratio of 0.9 at the 500 kW scale. However, this effect is expected to be of less importance,
since neither of the scaling laws leads to equivalence ratios far from stoichiometry.

Other important factors for the recirculation zone characteristics are the blockage ratio [53], the
bluff body position [54], and the ratio between bluff body diameter and chamber diameter [35],
which is 3.75 in the present study. However, these factors are not affected by the employed scaling
methodologies. Hence, the breakup of the inner recirculation zone is most likely associated with
a fundamental difference between the applied scaling methodologies. An inherent difference of the
investigated scaling laws is the ratio between velocity and length scales, Uy /Dy, which is per definition
constant for constant residence time scaling and decreases for constant velocity scaling. Hence, the
annular jet flow for constant velocity scaling has a lower momentum compared to the flow for constant
residence time scaling. The recirculation zone needs, furthermore, to span a significant larger distance
when constant velocity scaling is applied as the bluff body diameter is larger compared to constant
residence time scaling. This may indicate that the bluff body diameter and the annular throat cross
section require independent scaling similar to what has been suggested by Cheng et al. [37].

It is not yet known if the breakup of the inner recirculation zone would also occur in an uncon-

fined burner configuration. Hence, adjusting the chamber to bluff body diameter ratio may lead to
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improved stability. Furthermore, the effect of different lance heights (i.e., the elevation of the bluff
body with respect to the burner throat) on the recirculation zone could be explored. Tong et al. [54]
suggested that the flame stability can be improved by modifying the bluff body position. However,
altering the position of the conical bluff body changes inevitable also the cross-sectional throat area.
This changes consequently the velocity of the annular jet flow, which will impact the flame stability

as well and needs therefore to be investigated further.

4. Conclusion

Eleven CFD simulations of a complex burner configuration, at various scales ranging from 10 kW
to 500 kW, were conducted. The characteristic combustion regimes and the NO, emissions at the
different scales were analysed, employing a novel approach of combining hexagonal binning and
combustion regime diagrams. The scaling of the burner was conducted following two different scaling
principles; the constant velocity and the constant residence time scaling.

Employing constant velocity scaling shifts the flame towards lower Karlovitz numbers and leads
to combustion that spans multiple combustion regimes. The variation in the combustion regimes
was shown to be less dependent on the local equivalence ratio compared to flames that were scaled
by constant residence time scaling. Constant residence time scaling leads, on the other hand, to a
constant global Damkohler number. However, a detailed analysis by means of CFD based regime
diagrams showed that a considerable part of the flame follows a constant Karlovitz number, which
is unexpected in relation to the theory of constant residence time scaling and evidenced the need for
individual scaling laws for different burner regions.

Increasing the burner scale led, independent of the applied scaling law, to an increase of the
total NO, emissions. The fact that no plateau was reached within the investigated range and the
observed Karlovitz number dependencies for constant residence time scaling suggest that the critical
thermal load for the investigated burner was not reached. The immediate post flame, flame and

inner recirculation zone regions dominate the NO, formation while the influence of the post flame
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and outer recirculation zone regions are negligible, which may explain the failure of global furnace
residence time models to predict NO, emissions at different burner scales.

Constant velocity scaling led to a lower total NO, formation rate in the inner recirculation zone
compared to constant residence time scaling, despite its larger volume and longer residence times.
This was linked to the different effect that the scaling approaches have on the flow conditions and
entrainment into the inner recirculation zone, such as the ratio between the penetration depth of the
secondary fuel stream and the annular wall jet height. The entrainment affects consequently the O
and OH concentrations, the dominating parameter for the NO, formation in the inner recirculation
zone.

A fundamental change of the flow field was observed in the narrow band between 450 kW and
500 kW scale when constant velocity scaling was applied. At this scale the inner recirculation zone
breaks up and a vortex pair is formed in the outer region of the combustion chamber that causes
the flame to be bend outwards and consequently impinge onto the chamber wall. Constant residence
time scaling, on the other hand, preserved the inner recirculation zone at all investigated scales. The
sudden breakup was attributed to the different effect of the scaling laws on the velocity to length

scale ratio and momentum of the annular jet flow, and needs to be investigated further.
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Appendix A Scaling

In what follows is the examination of the effect of constant velocity and constant residence time
scaling on macro- and micro-mixing in terms of Damkohler and Karlovitz number, following the
considerations made by Farcy et al. [55]. Given geometric similarity, all burner length scales, [, are
increased by a factor, f > 1, when the burner is scaled up from laboratory scale to larger thermal
loads:

I* = pl, (4)
where the star superscript represents scaled properties. For the following considerations it is further-

more assumed that the turbulent intensity stays unchanged for both scaling approaches.

A.1  Constant velocity scaling

Based on equation 2 the scaling factor for constant velocity scaling is:

By = (Q:)m. (5)

Q
Since the velocity scale is unchanged, u; = u, and all length scales are scaled up, I = 3,/, we obtain:
ou? 1 Ou
k:l/? ~ l;* vl ﬁvl/ i R 1{31/2, 6
Ay By Oy ®)

where k is the turbulent kinetic energy. Furthermore we see that the turbulent Reynolds number,
Rer, scales with the factor (,:

_ R KB

Re; = [y, Rer, 7
eT,v Y y B er ( )
the Kolmogorov scale, 1y, scales with the factor Bi/ ..
L Bol! 1/4
* ~ v — — 8
Mew R€§v3/4 (BURGT)3/4 6rt Nk ( )

and the dissipation rate, ¢, scales with the factor ;!

V3 V3 1
6:: ~ * 4 = 4 = 5 € (9)
nl{;ﬂ} (/81%/477]6) ﬁ’U
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As a result, the turbulent time scale, 77, scales with the factor 5,:

ky k

7'* = = = T
T,U 6; /BU_IC /8’0 T,

and the Kolmogorov time scale, 73, with the factor Bi/ 2,

U\ /2 Lo\ /2 s
e ()" ()" e

The scaling relation for the Damkohler number is thus:

*

TT, BoTr
Da* = — === = 3,Da,

v

*
T Te
and for the Karlovitz number:
*
T 1
x« U c o
Ka;, - 7 ——1/2Ka.
v v Tk v

and

A.2  Constant residence time scaling

Based on equation 3 the scaling factor for constant residence time scaling is:

AN
ﬂ”_(Q) |

(10)

(11)

(12)

(13)

(16)

Additionally to the length scales also the velocity needs to be scaled up, w}, = [,u, in order to

preserve the residence time, which leads to:

f O
6rt ay

« | our
k:tl/Q ~ 1, aZ:t = Bl = Brtk1/27
rt
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or equivalently

Ky = Etk- (18)

Here the turbulent Reynolds number, Rer, scales with the factor 32:

k* 1/2[/ * ; kl/Q ; 14
Re}yrt _ rt rt 6t Bt _ thRGT, (19)
v v
the Kolmogorov scale, n;, scales with the factor ﬁ;l/ 2.
. Bl 1
Mot & =371 = = —75 Mk (20)
krt e*T’Tt3/4 (B2, Rer)3/4 5T1t/2
and the dissipation rate, €, scales with the factor 32:
» V3 V3
€t ¥ a1 "2 4 = 67216' (21)
nk,rt (5% 77’6)
This leads to a constant turbulent time scale, 77:
k. 2k
TTort € PBhe TT’ (22)

and a scaled Kolmogorov time, 73, by the factor 8,

1/2 1/2

v v 1

T*’r‘ fd —* g _— = — Tk. 23
ot (ert) (531&5) Bre ( )

The Damkohler number, Da, representing macro-mixing is thus constant for a fixed chemical time

scale, 7., = T

T*
Da*, = Lt =T _ pg. 924
rt

The Karlovitz number, Ka, that represents micro-mixing on the other hand scales with factor S,

*

* 7—C7’I“ TC
Kai, = " = 2 = 3,Ka, (25)

*

Tk,rt ﬁ'r:f Tk

which together with equation (16) leads to:

£\ 1/3
Ka!, = ( Qt) Ka. (26)
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Equation (14) and (15) together with equation (24) and (26) show the inherent problem of

5

ey
o

si6 scaling turbulent flames, namely that the non-linear character of turbulence makes it impossible to
si7 preserve both macro- and micro-mixing, even when the majority of other non-dimensional groups
sis are neglected. Hence, one needs to decide which mixing mechanism is given the higher priority by
s19 choosing an appropriate scaling law. The present work discusses the effect of this on the combustion

s20 characteristics of of complex low emission burners, here represented by the PPBB burner.
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Figure 1: 3D rendering of the PPBB burner and illustration of the flow pattern. Primary and secondary fuel ports
are drawn in the same plane for illustration purpose.
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Figure 2: Modified turbulent combustion diagram based on Peters [50]. The hexbin distribution is obtained from
CFD simulations and coloured by the volume fraction that is represented by each bin (i.e., the volume associated to
one single bin normalized by the total volume represented in the hexbin plot). The red and orange lines show the
theoretical scaling for the global burner representation. The single circular marker shows the global representation of
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the burner within the regime diagram.
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Figure 3: Modified turbulent combustion diagram based on Peters [50] containing the scatter plot for the burner at
the 250 kW scale based in the two different scaling laws. The scatter plot is coloured by the local equivalence ratio.
Data points closed to stoichiometric conditions overlap data points that are further away.
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Figure 4: Hexbin plot of the the progress variable source term probability density distribution integrated along axial
and radial direction, plotted in a two dimensional space formed by the equivalence ratio and the angular coordinate.
The marginal plots show the probability density function of the progress variable source term along the corresponding
axes.
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Figure 5: Iso-surface of the stoichiometric equivalence ratio coloured by the NOy formation rate.
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Figure 6: Global NO emissions monitored at the chamber outlet.
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Figure 7: Tllustration of the post processing regions. Note the zones are not to scale and the fuel ports are drawn in
the same plane for illustration purpose.
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Figure 8: Volume integral of the volumetric NOy formation rate. Solid lines and filled marker show constant velocity
scaling, while dashed lines and open marker show constant residence time scaling.
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Figure 9: Volume weighted average volumetric NO formation rate. Solid lines and filled marker show constant velocity
scaling, while dashed lines and open marker show constant residence time scaling.
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Figure 10: Volumetric NOy formation rate contours for 10 kW (left) and 100 kW (right) thermal input, where the
latter was scaled based on constant velocity scaling. The black iso-lines indicate a zero axial velocity component. Note
that the dimensions in the figure are normalized by the bluff body diameter.
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Figure 11: Volume weighted average temperature. Solid lines and filled marker show constant velocity scaling, while
dashed lines and open marker show constant residence time scaling.
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Figure 12: Contours of the OH mass fraction distribution. The black iso-lines indicate a zero axial velocity component.
The size of all figures is normalized by the bluff body diameter.
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Figure 13: Temperature contours overlaid by the velocity vector field for 10 kW (left) and 500 kW (right) thermal
input, where the latter was scaled based on constant velocity scaling. The size of both contours is normalized by the
bluff body diameter.
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