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Summary
The rate of combustion in premixed flames is to a large etxtent controlled by the
level of turbulence. Fluctuations in the flow field deform the flame front that exists
between the premixed reactants and the fully combusted products. The surface area
of this flame front is increased as it becomes more wrinkled by the turbulent flow,
which increases the turbulent flame speed.
In this thesis two different methods to generate turbulence in an efficient way are
studied. This turbulence is used to increase the flame speed of a low-swirl burner.
In turn, this increases its power density and makes it more suitable for gas turbine
application. The term efficient can be interpreted two-fold. The turbulence can
either be increased at specific scales beneficial for the generation of flame surface. Or,
alternatively, the turbulence can be intensified over the whole range of turbulence
scales, but at a less than proportional increase of the energy input.
The first approach adopts an active grid that is composed of a stationary and a rotating disk with characteristic hole patterns. Upon rotation it forms a time-dependent
arrangement of pulsating jets. By changing the set of disks and the rotational frequency a wide variety of flow-forcing is possible. Hot-wire measurements performed
in the flow downstream of the active grid show an energy spectrum with distinct and
controllable peaks. The response, defined as the amount of energy contained in these
peaks, is high (up to 25%) when the introduced perturbations have a timescale in the
energy-containing range and decreases when these timescales are shorter and lie in
the inertial range. However, there is no frequency identified for the current design and
parameter range where the turbulent kinetic energy or the dissipation rate is maximized. The effect on the low-swirl flame is characterized by means of OH-LIF. The
variation in turbulent flame speed, measured by the amount of flame surface, is of the
same order as the measurement uncertainty. Therefore, it cannot be concluded that
the specific fluctuations introduced by the active grid are directly causing additional
wrinkling of the flame front. The amount of energy in these specific scales is too low
to induce a significant change in the combustion rate.
In the second approach so-called fractal grids are used to generate turbulence.
These grids are obtained by truncating a self-similar fractal pattern at some level
of refinement. A parametric study of fractal-grid-generated turbulence containing
24 different grids with variation in grid patterns, solidity and range of embedded
scales was conducted. This identifies the parameters of the fractal grid that affect the
level of turbulence and the turbulent flame speed. Here, a rod-stabilized, V-shaped
flame is used as such stabilization mechanism allows for considerable more variation
in upstream fractal grid geometry compared to low-swirl stabilization. The fractal
grids provide much more intense turbulence compared to classical grids and therefore
v

an increased turbulent flame speed. By increasing the range of embedded scales
the turbulence is intensified. With respect to the reference case of a classical grid
the turbulence intensity can be more than quadrupled while for the turbulent flame
speed more than a doubling is observed. From the energy spectrum of the velocity it
becomes clear that not only the largest scales are more energetic; also smaller scales
are introduced as the spectrum is further extended into the high-frequency range.
When the standard blockage grid in a low-swirl burner is replaced by fractal grids
a similar increase in turbulence and combustion rate is observed as for a V-shaped
flame. The turbulence is intensified when comparing the flow behind the multi-scale
grid to the reference situation. This increase is expressed by more than doubling of
the r.m.s. of the velocity fluctuations, while only marginal changes in pressure drop
are observed. The OH-LIF experiments show an increase in flame surface density and
widening of the flame brush as well as much finer wrinkling of the flame front for
the cases involving a multi-scale blocking grid. The grid parameters that were varied
are the range of embedded scales and the blockage ratio. The fact that the range of
embedded scales mainly controls the turbulence intensity and the blockage ratio the
low-swirl stabilization, engineering fractal grids for low-swirl combustion can be done
with relative ease. In addition to the effect on the turbulent flame speed, it has also
been verified that the low NOx emission levels, a key feature of low-swirl burners, are
not affected when using fractal grids.
This thesis presents a clear affirmative answer to the question whether it is possible to increase the turbulent flame speed of a low-swirl flame by efficiently generated
turbulence. It is shown that with fractal grids it is possible to elevate the turbulence
intensity significantly and, moreover, that these grids are a feasible option for implementation in real low-swirl burners. The active grid approach is considered to be of
limited value for combustion applications as it does not introduce sufficient additional
perturbations at the right scales.

vi

Samenvatting
De verbrandingssnelheid van voorgemengde vlammen wordt voor een groot deel bepaald door het turbulentieniveau. Fluctuaties in het stromingveld vervormen het
vlamfront dat zich bevindt tussen enerzijds het mengsel van brandstof en lucht en
anderzijds de volledige verbrandde productgassen. Het totale oppervlakte van het
vlamfront wordt verhoogd doordat het meer opgevouwen wordt door de turbulentie.
Dit heeft tot gevolgd dat de vlamsnelheid toeneemt.
In dit proefschrift worden twee verschillende methoden bestudeerd om op een efficiënte manier turbulentie in een stroming aan te brengen. Deze turbulentie wordt
gebruikt om de vlamsnelheid van een zogeheten ‘low-swirl’ brander te verhogen. De
toepasbaarheid van deze brander in gasturbines kan daarmee worden vergroot. De
term efficiënt kan hier op twee manieren worden uitgelegd. Enerzijds kan de turbulentie worden verhevigd door alleen specifieke schalen te introduceren die gunstig zijn
voor het creëren van meer vlamfront. Anderzijds kan de turbulentie geïntensiveerd
worden over het gehele bereik aan turbulentieschalen, zei het voor een minder dan
proportionele toename in benodigde energie.
De eerste methode maakt gebruik van een actief rooster dat bestaat uit een stationaire en een roterende schijf met karakteristieke gatenpatronen. Tijdens rotatie wordt
een tijdsafhankelijke matrix van pulserende jets gevormd. Door verschillende gatenpatronen te gebruiken kan een scala aan verschillende stromingsexcitaties gerealiseerd
worden. Hot-wire metingen, die zijn uitgevoerd stroomafwaarts van het actieve rooster, laten een energiespectrum zien met duidelijke, controleerbare pieken. De respons
gedefinieerd als de hoeveelheid energie in deze pieken, is hoog (tot maximaal 25%)
wanneer de geïntroduceerde verstoringen een tijdschaal hebben die in de ‘energy containing range’ ligt. Als de tijdschaal korter wordt en in de ‘inertial range’ ligt neemt
de respons af. Er is echter geen aandrijffrequentie vastgesteld voor het huidige ontwerp en het gebruikte parameterbereik waarbij de turbulente kinetische energie of
de dissipatesnelheid maximaal is. Het effect op de low-swirl vlam is gekarakteriseerd
door middel van OH-LIF metingen. De variatie in turbulente vlamsnelheid, berekend
op basis van de hoeveelheid waargenomen vlamoppervlak, is van dezelfde ordegrootte
als de meetonnauwkeurigheid. Er kan daarom niet geconcludeerd worden dat de specifieke verstoringen, aangebracht door het actieve rooster, extra vervorming van het
vlamoppervlak veroorzaken. De hoeveelheid energie in deze specifieke schalen is te
laag om een significante verandering van de verbrandingssnelheid te bewerkstelligen.
Voor de tweede methode worden zogeheten fractale roosters gebruikt om turbulentie op te wekken. Een fractaal rooster wordt verkregen door een eindig aantal iteraties te gebruiken van een zelfgelijkend patroon. Een parameterstudie is uitgevoerd
bestaande uit 24 verschillende roosters met variatie in fractaal patroon, doorlaatbaarvii

heid en het bereik aan lengteschalen om te bepalen welke parameters effect hebben op
de turbulentie en de turbulente vlamsnelheid. Er is gebruik gemaakt van een draadgestabiliseerde V-vlam aangezien een dergelijk stabilisatiemethode meer variatie in
fractale roosters toelaat vergeleken met low-swirl stabilisatie. Stroomafwaarts van
de fractale roosters wordt een veel hevigere turbulentie gemeten dan achter klassieke
roosters. Dit leidt direct tot een toename in vlamsnelheid. Een groter bereik aan lengteschalen in een fractaal rooster resulteert in een toename in turbulentie. Vergeleken
met de referentiesituatie waar een klassiek rooster wordt gebruikt, kan de intensiteit
van de turbulentie verviervoudigd worden. Voor de turbulente vlamsnelheid werd een
verdubbeling waargenomen. Uit het energiespectrum van het snelheidssignaal valt af
te leiden dat niet alleen de grootste schalen meer energie bevatten; er worden ook
kleinere schalen geïntroduceerd aangezien het spectrum zich verder uitstrekt in het
hoogfrequente gebied.
Wanneer het standaard rooster uit een low-swirl brander wordt vervangen door
een fractaal rooster wordt een vergelijkbare toename in turbulentie en verbrandingssnelheid waargenomen als voor de V-vlam. De turbulentie is heviger stroomafwaarts
van de low-swirl brander met fractale roosters dan wanneer een standaard rooster
gebruikt wordt. Dit uit zich in een meer dan verdubbeling van de standaardafwijking
van snelheidsfluctuaties, terwijl de drukval nauwelijks beïnvloed wordt. De OH-LIF
experimenten laten een verhoging van de vlamdichtheid zien evenals een verwijding
van de vlam. Dit gaat gepaard met fijnere lokale structuren van het vlamfront. Het
feit dat het bereik aan lengteschalen in het fractale rooster voornamelijk de toename
in turbulentie bepaald en de doorlaatbaarheid voornamelijk het low-swirl stabilisatiemechanisme, maakt het ontwerpen van fractale roosters voor low-swirl verbranding
relatief eenvoudig. Naast het effect op turbulentie en vlamsnelheid is ook gekeken
naar het effect op NOx emissies. Er is aangetoond dat het lage emissieniveau, dat
kenmerkend is voor low-swirl verbranding, niet beïnvloed wordt door het toepassen
van fractale roosters.
In dit proefschrift is een duidelijk bevestigend antwoord gegeven op de vraag of
het mogelijk is om de turbulente vlamsnelheid te verhogen met efficiënt gegenereerde
turbulentie. Er is laten zien dat met fractale roosters een sterke toename in turbulentie mogelijk is en dat bovendien deze roosters een goed uitvoerbare optie vormen
voor implementatie in echte low-swirl branders. Het actieve rooster wordt van beperkte waarde geacht voor verbrandingsdoeleinden aangezien er niet voldoende extra
verstoringen van de juiste schaal worden geïntroduceerd.
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Chapter 1

Introduction
The combustion of various fuels in gas turbines is an important way of generating
heat and power. These installations are responsible for a major part of the global
energy conversion and therefore it is essential that the combustion process inside is
as environmentally friendly as possible. Especially the clean combustion of natural
gas requires attention since this forms an attractive energy source with a number of
environmental benefits over other fossil fuels, such as lower emissions of CO2 , NOx
and particulates [1].
A very effective method to decrease NOx emissions in gas turbines, as well as in
other combustion applications, is to operate in the lean premixed regime. Although
this way of combustion is hampered by issues of flame stabilization, the excess of air
results in relatively low flame temperature which reduces the NOx emissions dramatically. The flame stabilization issues have traditionally been solved by the high-swirl
concept, where the premixed fresh gases enter the combustion chamber with a swirling
motion. This strong swirling motion results in a toroidal shaped recirculation zone
that transports hot products back to the inlet where it continuously ignites the fresh
mixture. NOx emissions have been reduced by a factor of ten, compared to older
non-premixed flames, when this concept was introduced in the 70’s [26]. However,
it is possible to reduce NOx emissions further by stepping away from the high-swirl
concept. The relatively high residence time caused by the recirculation in high-swirl
burners is responsible for the remaining NOx formation. A more recent and promising
development is low-swirl stabilization, which is based on flow divergence instead of
recirculation, resulting in a further reduction of NOx emissions by 60% [40].
The diverging flow field is constructed by a vane swirler with a central passage,
like depicted in Figure 1.1. The swirling annular flow and the central axial flow
are balanced by a grid with a certain porosity to control the amount of swirl of the
combined flow. When the flow emerges from the burner the swirl creates an outward
motion, though the central axial flow is preventing the formation of a recirculation
zone. In the diverging flow the axial velocity is decreasing and with a proper design
conditions can be created such that in a certain region the turbulent flame speed
equals the local flow velocity. It is this region where the flame can stabilize, resulting
in a distinct bowl shaped lifted flame as shown in Figure 1.2.
While the low-swirl concept provides low NOx emissions, the mixing near the flame
is limited resulting in limited flame surface area and therefore a limited conversion
1
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Figure 1.1: Schematic cross section of a low-swirl burner. The diverging flow field is
illustrated by the streamlines at the burner exit.

rate. As this conversion rate or turbulent flame speed can be increased by adding
more turbulent fluctuations [40], methods to efficiently create turbulence are pursued
in this study. Here, the term efficient can be interpreted two-fold. The turbulence can
be intensified over the whole range of turbulence scales at a less-than-proportional
increase of the energy input. Or alternatively, only energy can be invested to create
primarily very specific turbulence scales that are beneficial for the generation of flame
surface. For example, the more energetic scales with a lengthscale in the order of the
integral lengthscale wrinkle the flame more effectively compared to smallest scales
that are rapidly dissipated, especially in the vicinity of the flame surface [27].
The low-swirl burner was originally designed as a research tool to examine the
interaction between turbulence and premixed flames [5]. The combustion takes place
in mid-air and the wrinkling of the central part of the flame is mainly dictated by the
upstream turbulence, rather than by the swirling motion and shear with the stagnant
ambient air. Hence, it could be considered as a freely propagating flame, which makes
the low-swirl burner ideal to study the effect of turbulence on the combustion rate of
premixed flames.
2

Figure 1.2: Photograph of a typical low-swirl flame. The inner tube diameter is 44 mm
and the mean axial velocity is 8.4 m/s. As fuel Dutch natural gas is used at a thermal power
of 33 kW. The photograph is taken using a shutter time of 1/100 s.

Methods for efficient turbulence
Modulated turbulence A turbulent flow can contain more turbulent kinetic energy for a similar energy input rate when the energy is supplied at a specific (length
and time) scale. Various numerical and experimental studies have been performed
on this, so called, modulated turbulence [12, 15, 48, 49]. Of particular interest is the
work of Cardoso de Souza [14], who investigated numerically the effect of modulating
the kinetic energy input at the inflow plane of a premixed Bunsen burner setup. His
results show that the burning rate is increased, as quantified in terms of an increased
total flame surface wrinkling and a decreased average flame height, when the flow is
forced at scales close to the integral length- and timescale. Cardoso de Souza used
a forcing scheme inside a transversal plane, like a grid in a wind-tunnel, and unlike
other numerical studies where a forcing inside a three-dimensional volume is applied
[48, 49]. His results are qualitatively quite comparable to those obtained by using
a volumetric forcing concerning at which scales the maximum response is obtained.
Therefore, these results provide perspective to apply such forcing in real-life com3
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bustion applications. It is, however, not trivial how a forcing scheme as applied by
Cardoso de Souza should physically be obtained.
Several forcing strategies to introduce specific length- and timescales can be thought
of. One example is an active grid as introduced by Makita [66]. Such a grid consists of
horizontal and vertical rotating bars with flaps attached to it. By controlling each bar
individually a rich variety of forcing patterns can be realized, including a large-scale
modulated forcing as demonstrated in a wind-tunnel by Cekli et al. [15]. A different
approach could be the use of synthetic jets, which are cavities with an oscillating
diaphragm that produce a pulsating jet without a net mass flux [31]. Typical applications of these devices are found in flow control along surfaces. By adapting the size
and operating frequency of the synthetic jet a wide range in length- and timescales
may be introduced. A third example to obtain a specific forcing is to use a modulated movement of the boundary. This is demonstrated by Cadot et al. [12] who use
a ‘French washing machine’, i.e., a closed cylindrical volume with counter-rotating
disks at the top and bottom [12, 84]. When the rotational speed of the disks is modulated at a frequency close to the inverse of the integral timescale of the turbulence
it was observed that the flow contained more turbulent kinetic energy while the same
amount of energy was dissipated as in the unmodulated case.
Fractal-grid-generated turbulence Opposed to the time-dependent forcing strategy as described above, a static approachs to elevate the turbulence levels is the use
of a fractal-like object that excites the flow at different scales simultaneously. In
this context a fractal-like object is obtained by truncating a self-similar pattern, such
that it contains identical geometrical structures at different lengthscales. Hurst and
Vassilicos [38] reported significantly higher turbulence levels downstream fractal grids,
generated from three different patterns, compared to downstream classical single-scale
grids. A more than doubling of the r.m.s. of the velocity fluctuations was measured
during wind-tunnel experiments. Also downstream fractal flanges [75, 70], which are
in fact plates with a single opening but with a fractal shaped perimeter (e.g., like a
Koch snowflake), the flow exhibits an intensified turbulence compared to flows downstream standard circular orifices. For both these fractal approaches the intensified
turbulence does not come at the expense of a significant additional pressure drop.

Scope of the thesis
From the different options to elevate the turbulence levels the active grid and fractal
grid approaches are studied in this thesis. Both these grids are positioned perpendicular to the flow and influence the complete cross-section of the flow, which makes
them straight-forwardly compatible with the low-swirl burner, i.e., they can be placed
at the position of the standard blocking grid. Therefore, they can be used to address
the limited turbulence and combustion in the center of the flame. On the other hand,
the synthetic jets and the modulated boundary movement approaches are considered
unsuitable for the use in combination with a low-swirl burner. This can be illustrated
by the practical implementation of these concepts. The synthetic jets would be positioned along the inner surface of the burner tube and affect only the boundary layer
while the inner core, where most enhancement of the turbulence is needed, remains
unaffected. The modulated boundary movement approach could be implemented by
4

letting the outer tube rotate with a modulated rotational speed, creating both swirl
and turbulence. However, this will also mainly affect the outer annular part of the flow
instead of the inner core. The latter two methods are therefore not further studied
in this thesis.
To evaluate whether it is possible to increase the turbulent flame speed in a lowswirl burner by efficiently generated turbulence two separate questions are addressed.
First it is assessed whether it is possible to efficiently generate turbulence inside the
low-swirl flow field. By using hot-wire anemometry the mean velocity and turbulence
intensity are evaluated and, moreover, the energy spectra are obtained to provide
information at which scales the turbulence is modified [10]. This information tells
which specific turbulence scales are introduced. To monitor the energy input, also the
pressure drop over the burner is measured. The combination of these data provides
an answer to the question whether it is possible to efficiently generate turbulence.
Secondly, it is determined whether the turbulent flame speed is increased when the
low-swirl flame is exposed to the modified turbulence. To this end laser-induced fluorescence (LIF) measurement are employed providing two-dimensional cross sections
of the instantaneous flame front [28]. A dedicated image-processing algorithm [100]
is used to accurately extract the flame front geometry and to allow for calculation of
the turbulent flame speed, based on the amount of flame surface.

Layout of the thesis
The study of the different turbulence generating methods and their effect on a premixed flame is presented in three separate chapters. A compact active grid is presented
in chapter 2. The flow downstream of the compact active grid in a pipe flow configuration is investigated as well as in combination with the low-swirl burner. In chapter
3 a parametric study of fractal-grid-generated turbulence is presented which identifies the parameters of the fractal grid patterns that affect the level of turbulence
and the turbulent flame speed. This is done in combination with a rod-stabilized,
V-shaped flame. Such stabilization mechanism allows for considerable variation in
upstream fractal grid geometry. Therefore, trends are obtained, which are also applicable to other premixed flames, over a wider range than would be possible when
using a low-swirl flame. The combination of a low-swirl flame and fractal grids is presented in chapter 4. In chapter 5 the conclusions obtained in the separate chapters
are summarized.

5
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Chapter 2

A compact active grid

Abstract
A compact active grid is developed with which a pipe flow can be stirred in order to
enhance the turbulence. The active grid is composed of a stationary and a rotating
disk with characteristic hole patterns. This active grid is placed inside the pipe,
allowing flow to pass through it. With only one moving part the design is much less
complicated than current active grids. Several combinations of perforated disks are
investigated and the resulting control over the turbulent intensity and spectral energy
distribution is quantified over a wide range of rotation frequencies. We find that
significant turbulent fluctuations are introduced mainly in the energy containing range
and partially also in the inertial subrange. These additional fluctuations represent up
to 25% of the total energy and are not caused by pulsations of the mean flow. The
application of the compact active grid is investigated in a practical, industrial lowswirl burner. Also in this configuration significant peaks are observed in the energy
spectrum of the velocity signal. While the turbulent flow upstream of the flame is
altered by the compact active grid the low-swirl stabilization mechanism remains
intact. However, there is no strong influence on the turbulent flame speed reported
when the flame is exposed to the distinct scales introduced into the flow.

2.1

Introduction

The improvement of the mixing efficiency in various technological and natural flows is
a major topic in the field of turbulence. It is relevant to many practical applications,
e.g., in the field of process engineering and combustion. One way of improving mixing
is through the use of active grids, increasing turbulence levels as well as the integral
lengthscale significantly [41, 66, 71, 81]. However, active grids are technically quite
involved and composed of many moving components which make them impractical for
enhanced mixing in devices with a size of a few centimeters. The mixing of chemicals
Most of the contents of this chapter is based on publication:
A compact active grid for stirring pipe flow, A.A. Verbeek, R.C. Pos, G.G.M. Stoffels, B.J. Geurts
and T.H. van der Meer (2013), in: Experiments in Fluids, 54:10(1594).

7
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in a pipe or the combustion in a burner cannot benefit from currently available active
grids with sizes in the order of a meter. In this paper a compact active grid is
presented, which consists of two perforated disks; a static one and a rotating one. By
characterizing the flow downstream of this active grid with hot-wire measurements we
show that a significant amount of kinetic energy, up to 25%, is contained in a range
of specific modes, introduced to the flow by the active grid. These modes may be
controlled by the rotation frequency and the combination of disks used. This effect
of enhanced modes is strongest in the larger, energy containing scales. We establish
the extent to which the enhancement of modes penetrates into the inertial range.
Mixing is essential in many applications. As mentioned by Pope [82] this ranges
from releasing pollutant streams into the atmosphere, to mixing chemical reactants
in a combustor or a reactor. Usually, it is desired that the mixing takes place rapidly
and in a limited space, requiring low energy input. The ability of manipulating or
even controlling turbulence to improve mixing is a field of intense research [15, 21, 22,
47, 48]. In this chapter we pursue this by developing and characterizing a compact
active grid mixer which is considerably simplified relative to existing active grids.
This opens possibilities to apply such compact active stirrers in practice.
Several studies in the past were dedicated to intensify turbulence with non-classical
grids. For example Gad-el Hak and Corrsin [29] used a grid structure that introduces
high speed jets into the flow. When upwind jets are used the turbulence levels are
increased at the expense of a higher pressure drop. The active grid with vibrating flaps
by [61] also shows an increase in the turbulent intensity. But as noted by Larssen and
Devenport [55] perhaps the most successful forcing strategy to enhance the turbulence
is through the use of active grids as described by Makita [66]. However, all the grids
mentioned are composed of many different moving parts or are required to allow for
internal flow (for the jet-grids), which makes them not suitable for pipe flows with a
diameter of only a few centimeters. Here, we present a compact active grid to stir a
turbulent pipe flow. It is composed of a set of two disks of which one is stationary
and one is rotating. These disks have characteristic hole patterns that upon rotation
create a space and time dependent perturbation of the flow, with only one moving
part. The jets that are introduced show similarities with Gad-el Hak and Corrsin’s
jet grid, but since they are varying in time there is also an analogy with the grid
proposed by Makita when used in a deterministically forced way such as adopted by
Cekli et al. [15].
Research into flow control with an active grid is also stimulated by the phenomenon
of ‘resonant’ turbulence. As shown by Cekli et al. the dissipation rate of a flow
can be significantly increased (up to 50%) when the forcing frequency of an active
grid mode is close to the ‘internal frequency’ of the flow. In literature this ‘internal
frequency’ is always associated with an estimate of the large-eddy turn-over time
[12, 15, 48, 49]. Lohse [64] showed using a mean-field analysis that the turbulence
level may be increased by using a time-periodic forcing. In later direct numerical
simulations [48, 49] this enhanced turbulence was investigated in more detail. The
main turbulence enhancement at a frequency associated with the large-eddy turn-over
time was established at several Reynolds numbers and for a range of flow properties. In
these numerical studies a large-scale forcing was applied with an amplitude modulated
in time at a specified frequency. This type of agitation resulted in a response maximum
for the turbulent kinetic energy in the system when the modulation frequency is close
to the internal frequency of the flow.
8
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The phenomenon of resonant turbulence was observed experimentally in flow between two counter-rotating disks [12]. The rotational speed of the disks was modulated
with specified amplitude and frequency. A resonant behavior was observed when the
modulation frequency is close to the internal frequency of the flow. At these conditions the flow contained more turbulent kinetic energy while the same amount of
energy was dissipated as in the unmodulated case. Another experimental observation
of resonant turbulence is presented by Cekli et al. [15] where an active grid is placed
upstream in a wind tunnel. Although no energy input rate was measured in these
experiments, there is a significant response maximum present in the dissipation rate.
What all the studies on ‘resonant’ turbulence have in common is the observation
that a more intense turbulent state can be achieved when a large-scale time-dependent
forcing is applied with a frequency close to the inverse of the large-eddy turn-over time.
The compact active grid that is considered in this paper is designed such that it can
be operated in this frequency range.
In this chapter a study is presented on the flow emerging from a compact active
grid. This grid serves as a research tool to examine the possibility of creating a more
intense turbulent flow. As a first step the turbulence is characterized. Moreover,
by varying the rotation speed of the grid an optimal excitation frequency is sought.
Moreover, the application of the compact active grid for premixed combustion is investigated in a low-swirl burner [17], which is known for its extremely low NOx emissions.
When increasing the conversions rates of these flame by efficiently enhancing the level
of turbulence it is expected that the usable range of these burners can be extended
to more power-dense applications like gas-turbine power stations.
The organization of the paper is as follows. In the next section the compact active
grid is described in more detail. In section 2.3 the design and its peripherals are
discussed as well as the measurement equipment. In section 2.4 the properties of the
turbulent flow behind the grid are presented in terms of mean turbulent quantities and
the spectral distribution of the turbulent kinetic energy. In section 2.5 the application
of the compact active grid for low-swirl combustion is examined. Concluding remarks
are made in section 4.5.

2.2

Compact active grid based on a rotating disk

In this section the design of the compact active grid is discussed. First the concept
is discussed and subsequently, main features, perturbed scale range and a variety of
geometrical ‘hole’ patterns for the disks are described.

2.2.1

Concept of two perforated disks

The active grids as first described in [66] are composed of a mesh with horizontal
and vertical rotating rods with vanes attached to it. Depending on the rotation of
each rod, its vanes can be positioned anywhere from perpendicular to the flow, i.e.,
blocking the flow, to aligned with the flow, representing low local blockage. Such a
grid can create a wide variety of time-dependent patterns, see for example [15]. To
realize a time-dependent forcing which offers a similar control over local blockage and
passage of the fluid, but with a construction that is significantly simplified, we use
9
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Figure 2.1: Different active grid configurations. The two disks together form a timedependent arrangement of pulsating jets upon rotation of the (right) upstream disk relative
to the stationary, downstream (left) disk. In the graphs the open area fraction (porosity) as
function of the rotation angle is plotted. The dashed line indicates the mean porosity. The
level of variation in porosity is indicated by the ratio of the standard deviation, σ, and the
mean, µ, of the porosity signal.
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a set of two perforated disks of which one is rotating. This concept of two adjacent
perforated disks can be made much more compact.
The movement of one perforated disk in front of another will cause the perforations
to create an intricate, controllable pattern of periodically opening and closing local
streams. The time-dependent array of pulsating jets that is created in this way can
be controlled by changing the rotation speed of the moving disk. In Figure 2.1 four
different examples are shown that were used to create an active grid in this paper.
The list of combinations of perforated disks that can be used to create the active
grid is endless. We would like to point out that the current work is intended as a
first step to explore the possibilities of the presented compact active grid. Therefore
multiple grid parameters where varied to study a wide range of flow conditions, while
employing only a few grid patterns. These all have specific roles with respect to the
resulting flow manipulation, which will be presented later. Here four combinations
are used to explore the possibilities. These four are intrinsically different from each
other although the induced jet-frequencies lie in the same range and the porosity of
the grids are comparable.
Since the active grid contains a rotating disk it might induce a secondary, tangential flow. In order to minimize this effect the rotating grid was placed upstream of
the stationary one. By means of flow visualization with smoke it was verified that no
detectable amount of swirl is created by the active grid in the adopted configuration
when operated at maximum rotation frequency.

2.2.2

Dimensions

Dimensions of the pipe are chosen such that they are compatible with a lab scale
burner and compatible with large scale forcing of the flow. This resulted in a 44 mm
diameter tube with a grid placed 116 mm upstream as can be seen in Figure 2.2. The
measurements are mainly performed 20 mm downstream of the exit of the pipe.
In Figure 2.1 we show the porosity-variations as a function of the rotation angle
of the rotating disk. All the grids are designed such that their variation of total open
area is small. In this way it is investigated if turbulence can be enhanced by an
active grid without creating a pulsation of the mean flow rate. As a measure for the
porosity-variations we consider σ/µ in terms of the standard deviation, σ, and mean,
µ, defined as:
s
ˆ 2π
ˆ 2π
1
1
2
σ=
(A (φ) − µ) dφ and µ =
A (φ) dφ
(2.1)
2π 0
2π 0
where A(φ) denotes the open area available for the fluid to flow through at rotation
angle φ. For all the grids the porosity-variations are very low, with the relative
variation in open area σ/µ well below 0.5% apart from the spiral-spiral configurations,
for which σ/µ = 3.2%.
Large-eddy turn-over frequency The typical velocity fluctuations achievable in
our experimental set-up are expected around 0.7 m/s. In addition, in the available
geometry the order of the integral length-scale is around 1 cm. In total this leads
to an expected integral timescale of 0.014 s, implying a 70 Hz large-eddy turn-over
frequency. The design of the grids is such that a forcing with a frequency around
11
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70 Hz can be generated, within a maximum rotation frequency of 35 Hz for the disk
itself. It must be pointed out that τ −1 can be varied by changing the volumetric
flow-rate; here we limit ourselves to one specific case.

2.2.3

Variety of geometric patterns

Holes-holes
The static disk contains holes of 3 mm diameter that are placed at different radii.
These holes are opened and closed by the movement of the holes of the rotating disk
in front. Since the number of holes on the rotating disk changes with the radius,
also the frequencies of the jets that are formed differ. The six perforations at the
innermost circle of the static disk will pulsate at five times the rotation frequency,
i.e., 5fr , since there are five perforations at the innermost circle of the rotating disk.
For the perforations located at each subsequent radius the induced jet frequency will
increase with 5fr up to 25fr for the perforations at the outer ring. An optimization
was performed to obtain a low variation of the porosity. In fact, the angle offset
between the five rings of perforations on both disk was randomly varied for 100 times.
The configuration that yielded the lowest variation in porosity was selected.
Chopper3
The chopper3 configuration contains six holes of 12 mm of which at any time effectively three are open and three are closed. These are continuously alternating by the
openings in the rotating disk and will create a forcing with only a single frequency
contrary to the range of frequencies generated by the holes-holes configuration. Since
each hole is opened and closed three times in one rotation, jets with a frequency of
3fr are created. Compared to the holes-holes configuration, the forcing will apply at
a larger scale due to the larger diameter of the holes.
Hex-Spiral
To create pulsating jets with a single frequency all over the grid, the perforated
rotating disk is replaced by a disk with spiral shaped slots of 3 mm width. As this
disk is rotating, the spiral shaped slot is moving either outward or inward depending
on the rotation direction. The slots move across all perforations of the static disk
with a constant velocity, due to the arithmetic or Archimedean spiral shape, where
the radius of the center of the slot linearly increases with the rotation angle. This
causes a single jet frequency of five times the rotation frequency for all jets of the
static disk, equal to the number of spiral slots multiplied with the rotation frequency.
Spiral-Spiral
By using two spiral shaped disks, a pattern of moving non-pulsating streams is created,
meandering all over the opening. These streams are either moving inward or outward
depending on the rotation direction. This configuration results in a higher level of
variation in the open area with a clear period five oscillation as can be seen in the
bottom graph of Figure 2.1. It is therefore to be expected that this will force the flow
at five times the rotation frequency.
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Figure 2.2: Construction of the driving mechanism of the active grid. 1 - static disk. 2 rotating disk. 3 - rotor that is externally driven. 4,5 - housing. 6 - V-groove for external
drive. 7 - measurement location.

2.3

Construction of active grid and experimental
set up

Details of the experimental facility are presented in this section. In subsection 2.3.1
the compact active grid construction is described. Subsection 2.3.2 is dedicated to
the hot-wire technique, the data acquisition and the data processing to measure the
turbulent velocity fluctuations in the flow downstream of the active grid.

2.3.1

Construction

To place the active grid in a pipe flow a special construction is created. It is designed
such that only the active grid will obstruct the flow and no other (moving) parts
will influence the flow. The rotating disk is externally driven and therefore the disk
extends through the pipe dividing it into two parts. In Figure 2.2 a cross section
is presented where the different parts are labeled. The rotating disk is attached
to a rotor that is mounted with bearings in the specially developed housing. The
combination is externally driven by an AC motor that is connected by a V-belt. This
motor is connected to a frequency controller to regulate the rotation speed. The
actual speed of the grid is measured by an optical encoder that detects the holes of
an encoder ring attached to the rotor. With a closed loop control system the grid is
rotating at the desired set-point with a precision better than 0.1 Hz. The maximal
rotation frequency is 35 Hz, limited by mechanical restrictions of the bearings and
sealing. This maximum frequency is sufficient to perform a frequency scan with the
13
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induced jet frequencies of the different grids in the range of the flow’s large-eddy turnover frequency and beyond. The lowest jet frequency is generated by the chopper3
configuration, which is 3fr . This will be maximally 105 Hz, which is higher than
the expected large-eddy turn-over frequency of 70 Hz. The induced frequencies of
the other configuration are higher and are therefore also capable of exciting the flow
at even shorter timescales. For investigating the phenomenon of resonant turbulence
this should cover the relevant frequency range.
Besides an optical encoder for the measurement of the rotation speed there is a
second optical encoder that provides a single pulse per rotation to be able to calculate
the absolute position of the grid. In this way it is possible to obtain statistics that
are conditioned on the grid position.
The flow through the grid is regulated by a mass-flow controller and is set for
all experiments described here to 30 m3 /hr. This corresponds to a bulk velocity of
5.5 m/s. A mass-flow controller is used to ensure good repeatability of the experiments, with an error below 1% of the set-point value. The air is supplied to the grid
through a one meter long tube with a restriction installed upstream which cancels
upstream curvature effects and results in a symmetrical and axial flow profile.

2.3.2

Experimental methods

At 20 mm downstream of the exit of the tube, on the central axis (see Figure 2.2) a
locally manufactured single hot-wire probe of 5 mm diameter platinum coated tungsten wire with a length of 0.73 mm is placed. This probe is used in combination with
a Dantec 90C10 Constant Temperature Anemometer (CTA) module. The overheat
ratio is set to the typical value of 0.8. This results in a sensor temperature of approximately 230◦ C . To determine the frequency response of the hot-wire, the CTA’s
internal square wave test is used. This indicates a bandwidth of 75 kHz which is
sufficient to capture the Kolmogorov scales that have a frequency, f = U/2πη, between 10 and 25 kHz for the different grids, based on the mean bulk velocity U and
Kolmogorov lengthscale η. The data is captured with a NI 9215A BNC at 50 kHz
with 16 bit resolution. The internal low-pass filter of the CTA was used with a cut-off
frequency of 30 kHz to suppress noise and avoid aliasing.
To convert the voltage to velocity a calibration is performed. Velocities between
0.1 and 1 m/s are obtained by applying a calibrated volumetric flow rate through a
straight pipe such that a laminar velocity profile develops of which the central velocity
is known, similar to the method described in [59]. The high velocity range, between
3 and 15 m/s is calibrated by the commonly used calibration nozzle [10]. The largest
uncertainty originates from the limited accuracy of the manometer, measuring the
pressure difference over the calibration nozzle, which has a resolution of 1 Pa. At a
velocity of 4 m/s with an uncertainty of 0.5 Pa, the error in the velocity is 5%. Such
accuracy in absolute value is quite acceptable and appears adequate to obtain the
trends in mean velocity and turbulent intensity with changing rotation frequency. It
also allows an accurate evaluation of the dissipation rate and turbulent lengthscales.
The sealing between the rotor and the housing is lubricated to reduce external heat
production. In the current setting the heat production causes the flow to heat up a
few degrees, measured just downstream of the hot-wire probe. For the measurements
presented in this paper the maximum temperature rise is about eight degrees. This
rise in temperature needs to be corrected for. The most commonly used correction,
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as presented by Bruun [10], breaks down at temperature changes of more than two
or three degrees and is therefore not applicable. However, the method proposed by
Hultmark and Smits [37] incorporates the changes in fluid properties with temperature
and works very well for changes up to 15 degrees. The benefit of applying this
correction method is that only a single calibration is needed at a known temperature.
Since the heat is generated at the wall of the tube, this will induce some nonisothermal flow field, resulting in not only a rise in mean temperature, but also in
some turbulent fluctuations in fluid temperature, which may slightly bias the observed
level of velocity fluctuations. By employing the multiple overheat ratio method [10]
the standard deviation in fluid temperature is estimated to be 1◦ C at maximum fr .
The resulting bias in the standard deviation of the measured velocity is below 5% for
our measurement conditions. This is considered acceptable to identify the dependency
of turbulence properties on the operating frequency of the active grid.
In order to measure the pressure difference across the grid, which is a measure
for the energy input, a differential pressure sensor is mounted 10 cm upstream of the
grid. The pressure drop can be measured in a range of 0-2000 Pa with an error of 1%.
Measurements show that the time averaged pressure drop over the active grid remains
fairly constant. It is invariant of fr within 2% and does not reveal a frequency where
turbulence is generated at lower expense of energy; it is therefore not shown in this
paper.

2.4

Turbulence behind the active grid

The turbulence that emerges from the active grid is analyzed in this section. The
main purpose is to characterize the turbulence to identify a possible optimal operating
frequency. This characterization is based on the r.m.s. of the fluctuating part of the
velocity, spectral distribution of the fluctuations and response of grid related velocity
fluctuations. The dependence of these quantities on the rotation frequency is well
estimated by studying only the axial component of the velocity. For a more accurate
quantification cross-wires could be used. Especially, to identify the degree of validity
of the isotropy assumption.
First, time-averaged quantities such as mean velocity and turbulent intensity are
presented as function of the rotation frequency. It is found that there is only a
limited effect of the rotation frequency on the mean quantities. The dependence of
the response due to changing the grids is more prominent. The fluctuating velocity,
that can be split in two parts, i.e., a deterministic and a turbulent one, are illustrated
by the phaselock averaged velocity and the probability density function (PDF) of the
velocity. Subsequently, energy spectra are presented which show a strong effect of
the active grid on the fluctuations. A range of definite peaks was observed on top
of the turbulent background spectrum, arising from the rotating disk perturbations.
The strength of the additional peaks is quantified in terms of their contribution to
the kinetic energy. Finally, the spatial structure of the fluctuations is presented,
displaying a low level of flow pulsation.
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2.4.1

Effect of rotating grid on mean quantities

Mean and turbulent velocity
For the different grids five-minute long velocity traces were recorded. These timetraces contain about 1 × 105 integral lengthscales, which is sufficient to obtain converged statistics. The rotation frequency, fr , was varied in integer steps between 1
and 25 Hz. Unless stated otherwise the rotation direction was clockwise when looking from downstream. Basic properties such as the mean velocity, U , and turbulent
intensity, I = u0 /U , with u0 being the standard deviation of the velocity at the measurement location, are plotted in Figure 2.3 for the four grids. Here, the averages are
taken over the entire time-trace of length T = 5 min, i.e.,
s
ˆ
ˆ
2
1 T
1 T
0
U=
U (t)dt ; u =
U − U dt
(2.2)
T 0
T 0
where U (t) denotes the recorded signal at the measuring point. The point at which
the signals were obtained is on the centerline of the pipe, 116 mm downstream of
the grid (Figure 2.2). It can be seen that there is a dependence of U on fr . With
the exception of the chopper3 case the mean velocity is increasing with increasing
rotation frequency. Since the volumetric flow rate is kept constant, the effect of
rotation is expressed as a changing radial profile of the velocity, or more specifically
an increased velocity at the centerline. For the two grids involving a rotating spiral
disk a secondary flow is induced by the inward motion of the spiral slots, resulting
in a higher flow at the centerline, with increasing rotation rate. When the rotation
direction is set counterclockwise the opposite effect was observed. For the holes-holes
case for both rotation directions an increasing trend for the velocity at the centerline
is observed. This can be understood by the argument that every time a hole opens,
the flow needs to accelerate to pass through it; this induces a resistance. For the holes
further from the centerline the acceleration, and hence the pressure drop will be larger
compared to the value at the centerline. This results in a relatively higher flow at the
centerline with increasing rotation rate, avoiding the higher flow resistance near the
edge of the rotating disk. The fact that U in the chopper3 case is independent of fr
can also be understood by this argument, since all the holes are at the same radius
and will have the same pressure drop contribution.
All the grids have a similar blockage percentage. Still, the turbulence level of
chopper3 is significantly higher than that obtained with the other three configurations.
Due to the larger scales that are introduced by the holes of the chopper3 grid it is
expected that these fluctuations will decay more slowly than for the other grids, hence
resulting in a higher signal at the measuring location 20 mm downstream of the pipe
exit. This is followed by the spiral-spiral case which has slightly larger openings than
the holes-holes and spiral-hex configurations. Besides the differences in the average
level of turbulence associated with the different grids, there is only a small dependence
on fr , which in all cases is decreasing with fr . No response maxima are observed in
this parameter range.
Phaselock averaged velocity and PDF
The phaselock averaged velocity, U α , for different frequencies, i.e., 2 , 15 and 25 Hz
is shown in Figure 2.4. At low fr the flow more closely follows the periodic forcing
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Figure 2.3: (a) Mean velocity. (b) Turbulent velocity. (c) Turbulent intensity. Measured
on the centerline 116 mm downstream of the grid.

of the grid than at higher fr . The fine scale fluctuations introduced by the grid are
detected at the measurement location primarily when fr is low as can be seen by the
fluctuations in U α . When fr is increased U α tends to be more smooth and of smaller
amplitude.
PDF’s of the velocity signal are shown in Figure 2.5 . These are shown for a
single rotation frequency (fr =12 Hz), since the shape of the distribution was found
not to change significantly when changing fr . The turbulence for the chopper3 grid
renders a non-Gaussian distribution. For the other cases the graph of the PDF closely
follows a parabolic shape on a log-scale corresponding with a Gaussian distribution.
For all cases the PDF’s indicate that U consists of turbulent fluctuations. Part of the
fluctuations in U are of deterministic nature as was established by the non-constant
periodicity in U α . To quantitatively compare the deterministic and random part of
the fluctuations, the energy spectrum is computed, analogously to [15]. The fraction
of energy represented by the peaks in the energy spectrum introduced by the active
grid is identical to the ratio of variances of U α and U .

Homogeneity
Although the upstream velocity profile is axisymmetric, it is not uniform due to the
nature of pipe flow. Within the inner region of the flow, defined as r ≤ 10 mm, the
level of inhomogeneity downstream (116 mm) of the grid is assessed. Measured by the
maximum deviation of U from the average value of U in the inner region the level of
inhomogeneity is below 6.7% for all grids with the exception of the spiral-spiral case
where a level of 14% is observed. In this case a velocity profile closer to a top-hat
shape is created. The heterogeneity in u0 measured in the same way is below 8.7%,
but here the exception is the spiral-hex grid with 24%. The level of inhomogeneity
remains fairly constant with varying fr . Therefore, we present only measurements
taken on the centerline for a characterization of the turbulence created by the active
grid and in particular its dependence on fr . This centerline information is a concise
and representative characterization for the turbulent flow in the entire inner region.
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Figure 2.4: Phase averaged velocity for different fr . For the sake of clarity the consecutive
graphs are vertically shifted by an offset as indicated between. Solid line: fr = 2 Hz, dashed
line: fr =15 Hz, dotted line: fr =25 Hz Measured on the centerline 116 mm downstream of
the grid.

Axial dependence

In this first step we focus on a single point of interest where we search for enhanced
turbulence. Obviously, the results obtained in this single point cannot be used to
make quantitative claims in the rest of the domain. To avoid expensive and possibly
unnecessary measurement campaigns quantitative results were obtained for a single
point to quantify the possible turbulence enhancement.
The selected measurement location is in the decaying region as can be inferred
from the mesh-size normalized downstream z/M distance. For the mesh-size M the
center-to-center distance of the static holes is used, which is 5 mm in the holes-holes
grid and spiral-hex grid and 13 mm for the chopper3 grid. For the spiral-spiral the
mesh size is less trivial to define. The width of the openings is 3 mm while the length
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grid.

of an opening is up to 10 mm. We use an average value of 5 mm.
For all grids expect the chopper3 z/M is in the order of 20 which is in the decaying
region [82]. For the chopper3 it is about 10, due to the much larger hole size. To
confirm this behavior the decay of turbulence is measured for two grids (holes-holes
and spiral-hex) and shown in Figure 2.6. The straight lines on the logarithmic scale
confirm the power law decay, especially at the location indicated by the vertical dotted
line where the majority of the measurements where taken.
Scales of turbulence
To quantify the turbulent scales present in the flow and the way they are affected by
the active grid, the dissipation rate, ε, the integral lengthscale, L, and the TaylorReynolds number, Reλ , are determined. The dissipation rate, characterizing the
smallest scales of the turbulence, is under the assumption of isotropy defined by
2
2
ε = 15ν(∂u/∂x) . We estimate (∂u/∂x) , by integrating the dissipation spectrum,
´
2
2
i.e., (∂u/∂x) = 4π2 f 2 E(f )df . To avoid the high frequency noise from biasing ε,
U
the method described by [3] is used, were the high frequency range of the measured
spectrum is replaced by a fitted model. Necessary correction for the finite wire length
and sample time are made according to [11]. It was observed that these two corrections
yield relative changes in the estimates for ε in the order of 3% and 40-70% for Antonia’s
and Burattini’s correction respectively. The significantly stronger turbulence for the
chopper3 case requires a higher correction factor for Burattini’s correction; up to a
factor of three.
We use as kinematic viscosity of air the value from [8] for a temperature of 20 ◦ C,
i.e., ν = 1.5 × 10−5 m2 /s .
The integral lengthscale, L, which is a measure of the largest structures present
in the flow, is defined by L = E (0) U /4u02 [82], where E (0) is determined from the
lowest wavenumber value of the filtered energy spectrum (Eb ) as defined in section 4.2.
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This approach is used to avoid biasing of L due to deterministic fluctuations induced
by the grid. Also the averaging involved in the Welch method to determine the
spectrum avoids biasing of the lowest wavenumber value due to drift or low frequency
unsteadiness. We averaged over 228 samples, and independently verified that this
amount of samples in the Welch method reduced the relative error to below 3% for
E(0).
A more common definition of the integral lengthscale would require integration
over the normalized autocorrelation of the turbulent velocity. In view of the periodic
forcing this formally equivalent approach is less suited here
q [77]. Finally, Reλ is
2

defined as Reλ = u0 λ/ν, with the Taylor length scale, λ = u02 /(∂u/∂x) .
To obtain these quantities from the recorded time traces spatial information is
extracted using Taylor’s frozen turbulence hypothesis. Although it is common practice
to use Taylor’s hypothesis, one should be aware of the fact that it is accompanied with
inaccuracies. [24] report an overview of error assessments when applying Taylor’s
2

hypothesis . A relatively reliable estimate of (∂u1 /∂x1 ) can be obtained with a
single wire using Taylor’s hypothesis, but the isotropy approximation is unlikely to
be adequate as stated by [3]. Absolute values in ε and other quantities derived from
it, like λ or η are likely to contain similar inaccuracies. However, a good correlation
between the estimate and the exact value of the dissipation rate was reported by [24],
which indicates that the described method is well suited to identify trends in various
characteristic turbulence quantities like ε and Reλ with changing fr . This is the way
we use the estimates for the dissipation rate, i.e., indicative more of trends when
changing the forcing frequency than of absolute values for this quantity.
Isotropy is assumed in the calculation of ε. This was not directly assessed. Based
on the observed power law decay of the turbulent intensity and on the fact that
the measurement location is more than two integral scale downstream of the grid
(x/U > 2L/u0 ), we expect a reasonable level of isotropy, as reported for other activegrid experiments [41, 66] at similar conditions. Specifically, an istoropy level of 1.2 is
expected to apply.
In the graph of Figure 2.7a ε/ε (1) is plotted as function of fr . Since the compact
active grid is not uniquely defined for the non-rotating case, the dissipation rate at a
rotation frequency of 1 Hz is used as a reference to be able to compare the dependency
of ε on fr for the different grids in a single graph. In the normalized representation
of ε different responses of ε on fr are obtained for the different grids. Only in case
of the spiral-spiral grid ε is increasing. This increase is up to 45% at 10 Hz where
a maximum is located. For the three other configurations only a decrease in ε is
observed. For the holes-holes and the chopper3 a monotonically decrease is measured
down to 50%. The response of ε is most invariant for the spiral-hex grid, where it
changes between 1 and 0.85. Although there is a modest maximum in ε for the spiralspiral grid it is believed that this is not directly related with a ’resonance’ as observed
in the work of Cekli et al. [15]. The main contradictory fact is the lack of a decreasing
response at frequencies beyond the maximum, which would would be expected based
on ’resonant’ turbulence [12, 15, 48, 49]. The absolute value of ε for the chopper3
grid is an order of magnitude larger than for the other three grids. This is related to
the much stronger turbulence.
The value of L is between 3 and 8 mm for all the grids. The holes-holes grid,
which has the smallest openings, corresponds with the lowest value of L.
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The other grids that involve larger openings, albeit only for the rotating disk for
the spiral-hex grid, results in larger L. For the grids involving a spiral, the graphs of
L roughly coincide up to fr = 12 Hz. For higher rotation frequencies the spiral-hex
case was found to have a lower integral lengthscale than the spiral-spiral case. It
was seen that the frequency dependence is stronger for active grids composed of two
very different disks. In fact, at high frequency the effect of the rotating disk appears
less important for the large scales in the flow. Apparently, the flow cannot follow this
rapid agitation. This would suggest that the integral lengthscale is mainly determined
by the properties of the static disk at these high frequencies.
With L being closely related to the typical size of an opening in the grid, our
rotating active grid acts very differently from the original active grid of [66], for which
L is found to increase an order of magnitude up to four times the mesh size. However,
in the work of [15], where similar to our case and unlike Makita’s study a deterministic
forcing pattern was used, the integral lengthscale is found to remain of the size of the
openings created by the active grid independent of the forcing frequency.
The Taylor-scale Reynolds number, Reλ , shows a significant difference between
the grids with small holes (holes-holes, hex-spiral) and the grids with larger openings
(chopper3 and spiral-spiral). The cases with larger holes have a higher overall Reλ ,
indicating a larger separation between the smallest scales and the largest scales [82].
Although there is variation in the integral lengthscale between these grids, with a
factor of two difference in Reλ there is more turbulence in the smaller scales for the
grid with large Reλ . This can be stressed by the fact that the separation of scales,
−3/2
η/L with η being Kolmogorov lengthscale, is proportional with Reλ
[82]. Hence, if
there is not much variation in the integral lengthscale, but a factor of two difference
in Reλ , this implies more mixing on smaller scales.
The time-averaged quantities that were presented show differences between the
various grids. Especially the chopper3 grid creates a much stronger turbulence compared to the other grids for all fr . This is expressed by the significantly higher values
of I, ε and Reλ . For all grids the dependence of the various quantities on the rotation
frequency does not reveal a specific frequency where the turbulence is maximized. A
maximum enhancement could have been expected based on other experimental studies on ‘resonant’ turbulence from Cekli et al. [12, 15]. However, there are differences
in Reλ and the level of fluctuation in the porosity of the grid. In [15] Reλ is about 500
and the level of porosity fluctuation, defined as σ/µ, is about 7%. These differences
might explain the absence of a pronounced optimal frequency to operate the grid as
far as dissipation rate and integral scales are concerned.

2.4.2

Spectral distribution of energy

The active grid forms pulsating jets with frequencies that are integer multiples of the
rotation frequency. It is expected that this set of frequencies will be dominant in the
flow. The distribution of the turbulent fluctuations that are present in the flow can
be visualized in the energy spectrum. In this way it is investigated in which frequency
range the fluctuations were introduced and what their relative strength is with respect
to the total turbulence level.
The spectra are calculated according to the method introduced by [105] which
P
2
consists of the following steps. The spectrum is defined as E = n1 i |F (ui )| , where
22

2.4. Turbulence behind the active grid
the turbulent velocity signal u = U − U is divided in n blocks with 50% overlap. The
spectrum of each of these parts is determined using FFT, F (ui ). These individual
spectra are subsequently averaged over the n blocks. In order to acquire sufficient
resolution to capture the low frequency fluctuations at the slowest operating point of
the active grid at 1 Hz, the resolution should be well below 1 Hz. Therefore a block
size of nFFT = 217 is used,´which results in a resolution of df = fs /nFFT = 0.38 Hz.
E is normalized such that E (f ) df = k = u0 u0 . The spectra as shown in Figure 2.8
are shifted vertically such that they have a distance of a factor 100 to enhance the
readability of the figure.
In the energy spectra clear and distinct peaks appear in the energy containing
range. This shows that the periodically opening and closing holes of the active grid
introduces large-scale perturbations. The peaks appear at frequencies which are in-
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Figure 2.8: Energy spectra for the different grids. The spectra are vertically shifted by
a factor of 100 for subsequent higher rotation frequencies to enhance the readability of the
graphs. The vertical dotted lines indicate the range of the large-eddy turn-over frequency,
τ −1 , measured for the corresponding grid. Measured on the centerline 116 mm downstream
of the grid.
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teger multiples of fr . With increasing fr we observe that the peaks shift from below
the large-eddy turn-over frequency, τ −1 , i.e., the energy containing range, to well
above τ −1 , i.e., the inertial subrange. The peaks tend to decrease in magnitude when
penetrating further into the inertial subrange. The value of τ −1 depends on fr . In
Figure 2.8 we also indicate the minimal and maximal observed τ −1 for the studied
frequency range by two vertical dashed lines.
For the holes-holes case multiple peaks appear as expected due to the different jet
frequencies induced by this grid. The most pronounced peak emerges at 5fr . With
the chopper3 grid fewer peaks are introduced. Only at 6fr a strong peak is observed
and at 12fr a smaller one. In case of the spiral-hex configuration many more peaks
are observed. Besides the peak at 5fr , which corresponds to the jet frequency, also
at 6fr , 10fr and 15fr large peaks are observed. For the spiral-spiral grid also several
peaks are visible next to the main one at 5fr . The pulsating jets just behind the grid
undergo a complex nonlinear interaction which results not only in higher harmonics
of the jet frequency, but also several other modes due to mode-mode interactions.
For all grids fluctuations are introduced mainly in the energy containing range.
When fr is increasing, the frequencies of the induced fluctuations move into the
inertial subrange where their relative strength become lower. Besides the expected
jet frequency also the frequency that corresponds with the oscillations in the porosity
signal (Figure 2.1) appears in the spectrum.
Energy contained in the peaks
To quantify the amount of energy that is contained in the fluctuations represented by
the peaks, the approach of Cekli [15] is followed. The ‘frequency-selective’ part of the
energy, denoted by Ep , is determined by the procedure graphically shown in Figure
2.9a. First, a base spectrum, Eb , without peaks is obtained that represents a filtered
energy spectrum. This is done by median filtering the spectrum E with a filter width
of 10 samples, which is larger than the typical width of a peak. Peaks with a value
of at least 1.25 times the base spectrum are considered (E > 1.25Eb ) for Ep . This
step is needed to select only significant peaks from E and to neglect the peaks in the
noise-band present around Eb . A Gaussian curve fit is applied to the difference E −Eb
to represent the sharp peaks in the spectrum. The integral of E − Eb for each peak
is determined on the basis of the Gaussian fit. We also considered other numerical
integration rules, e.g., based on a piecewise linear representation of the peaks. This
gave rise to the same conclusions showing the robustness of the method.
In Figure 2.9b the energy contained in all peaks is plotted as function of fr for the
different grids. It can be seen that a significant fraction of the energy, k, is contained
in the fluctuations introduced by all grids. For the chopper3 and spiral-hex cases a
similar behavior is observed as in the experimental work of Cekli et al. [15] and the
simulations of Kuczaj et al. [48]. At low frequency a high susceptibility to the forcing
exists and at higher frequencies this susceptibility decreases. At low frequencies the
flow is able to follow the time-dependent forcing, while at higher frequency this is no
longer the case, due to the inertia of the flow, thereby filtering out the high-frequency
forcing. For the holes-holes and spiral-spiral grids first a maximum is observed before
the descending trend takes over.
The transition from high to low susceptibility to the forcing is expected when the
forcing frequency is close to the inverse of the large-eddy turn-over time τ −1 according
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Figure 2.9: (a) Calculation of fraction of energy contained by the peaks graphically explained. (b) Fraction of energy contained by the peaks in the spectrum as function of the
grid rotation frequency fr .

to literature [12, 15, 48, 49]. This is also observed in this work. When the frequencies
of the main peaks are below τ −1 a high Ep /k is observed and in the situation with
peak frequencies above τ −1 , the value of Ep /k is low. However, the precise onset of
the transition cannot be quantified exactly as in [15]. This is most likely due to the
presence of multiple peaks and the broad range of values for τ −1 .
What becomes clear from the energy spectra and the quantification of the energy
contained in the dominant peaks is that the frequency or the lengthscale of the introduced fluctuations can be tuned by setting fr . A maximum response in Ep /k is
found when the fluctuations are introduced in the energy containing range. When the
fluctuations are introduced with a higher frequency, their contribution to the energy
diminishes quickly with increasing frequency. This indicates that fluctuations in this
frequency range get damped more quickly in the time it takes to travel from the grid
to the measurement point.
Since this behaviour is observed in our experiments but also in the experiments
of Cekli et al. even though scales are completely different, it is expected that this frequency dependent response can be scaled by a dimensionless number. An appropriate
definition of the Strouhal number would be based on the rotation frequency of the
grid, fr , on the r.m.s. of the velocity, u0 and on the integral lengthscale L. With L
being determined by the mesh size of the grid it can be assumed to be constant. u0
is expected to scale directly with the mean velocity, U , so for similar St = fr L/U we
expect similar frequency dependent response. Varying U would be the first step for
further research to test this hypothesis.

2.4.3

Structure of the fluctuations

It is investigated to what extent the fluctuations discussed before are due to turbulent
eddies or due to pulsation of the total volumetric flow rate. The volumetric flow rate
is determined by obtaining the velocity field over the cross-section of the pipe as a
function of the grid angle. Integrating over the cross-section yields the volumetric flow
rate as a function of the grid angle, which ideally should be constant. We investigated
the variation of this quantity to determine the level of pulsation induced by the active
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Figure 2.10: (a,b) 2D plot of velocity deviation from the local mean, U (x, y)α − U (x, y), at
a grid angle of 0.35 rad for the chopper3 grid (a) and spiral-hex grid (b) @ fr = 16 Hz. The
locations where the measurements are taken are indicated by the grid of black dots. (c,d)
Volumetric flow rate, Qα , as function of the grid angle, α, for the (c) chopper3 grid and (d)
spiral-hex grid @ fr = 16 Hz obtained by integrating the grid-angle averaged velocity over
the cross-section.

grid.
The signal of the optical encoder, as discussed in section 2.3.1, provides information about the position of the grid, through the rotation angle, α. By using α it is
possible to calculate the mean velocity as function of the grid position. A traversing
mechanism was used to scan the velocity in the plane 20 mm downstream of the
tube exit. At the points indicated in Figure 2.10a and b the local conditionally averaged velocity, U (x, y)α , is obtained for the chopper3 and spiral-hex grids at rotation
frequencies 4, 8, 12, 16 and 24 Hz. Here, the averaging is over all values of the velocity recorded at instants at which the rotating disk was at an angle α. Hence, the
time-trace at position (x, y) was conditionally sampled and all occurrences at given
α were ensemble averaged. For the chopper3 case operated at 16 Hz the velocity distribution is shown in Figure 2.10a. Here the deviation from the local mean velocity,
U (x, y)α − U (x, y), at a particular grid angle is shown. This figure shows that there
are mainly local fluctuations. The structure of the chopper3 grid is clearly present in
the velocity distribution, where three regions with a positive value can be identified
and three regions with a negative value. For the spiral-hex configuration operated at
16 Hz, U (x, y)α − U (x, y) is shown in Figure 2.10b. Also here regions with positive
and negative value can be seen, but this pattern does not resemble the structure of
the grid. The small-scale details of the grid are seen to be spread out and only the
resulting large-scale structure is visible.
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Figure 2.11: Pulsation of the volumetric flow rate (lines with marker) and the mean level of
local pulsation (lines) as function of fr . Here the level of pulsation is defined as the standard
deviation divided by the mean of the phase-lock averaged signal.

To quantify the level of pulsation, the volumetric flow
Qα , is calculated by
´ rate,
´
integrating U (x, y)α over the cross-sectional area; Qα = y x U (x, y)α dxdy by using
the trapezoidal rule. In Figure 2.10c Qα is plotted for the chopper3 case operated at 16
Hz. The mean value of Qα of approximately 30m3 /hr suggests that the flow is covered
accurately by the number of measurement points used in traversing the domain. The
clear period-six oscillation shows that there is a pulsation of the volumetric flow rate
with a frequency that corresponds to the porosity as function of the grid position.
This is not the case for the spiral-hex grid of which Qα is plotted in Figure 2.10d. Here
at low fr a period-ten oscillation and at higher fr a period-five oscillation is observed
in the volumetric flow rate, while a dominant period-fifteen oscillation is present in
the porosity signal. This indicates that the measured pulsation is not directly caused
by the low level of variation in porosity of the grid during a rotation.
In Figure 2.11 the level of the flow pulsation is shown as function of fr . It is
defined as the ratio
of the standard deviation,
σQα , and the mean, µQα , of Qα , which
´
´
2
2
1/2π (Q − µ
are µQα = 1/2π Qα dα and σQ
=
α
Qα ) dα. The maximum level is 2.5%
α
for the chopper3 case and 0.8% for the spiral hex-case.
This level of pulsation of the volumetric flow-rate is small when compared to the
mean level of fluctuation of the local conditionally averaged velocity, denoted as χ
and defined as:

χ=

2
σU
(x, y)
α

1
A

ˆ ˆ
y

1
=
2π

x

σUα (x, y)
U (x, y)

ˆ 

dxdy ,with

(2.3)

2
U (x, y)α − U (x, y) dα

In Figure 2.11 both fluctuations of Qα and χ are plotted as a function of fr for the
chopper3 and the spiral-hex configuration.
The fluctuation in the local mean velocity as function of the grid angle, χ, is about
ten times higher than the fluctuations in the volumetric flow rate, σQα /µQα , in case
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of the spiral-hex grid. For the chopper3 grid this ratio is about six. This underlines
the fact that we have a flow with strong local fluctuations, while the total flow rate
is virtual constant.

2.5

Application in premixed combustion

Distinct turbulent fluctuations can be introduced with control over their frequency,
also into the inertial subrange, without creating a high level of pulsating flow. This
gives rise to the question whether these scales could be of practical use. One application in which these fluctuations with specific scales could be exploited is the
generation of flame surface in premixed combustion. According to Driscoll [27] the
eddies that contribute to the wrinkling of the flame are in the order of 20-50% of the
integral lengthscale and definitely not smaller than the flame front thickness, which is
about 0.7 mm for atmospheric natural gas flames. The corresponding frequency can
−1/3
be estimated using τ −1 = l2 /ε
assuming that these lengthscales are within the
inertial subrange [82]. Based on the observed integral lengthscales and dissipation
rates for the cold flow, the interesting frequency range for agitating the flow would
be between 140-250 Hz, 160-400 Hz, 180-380 Hz and 280-550 Hz for resp. the spiralhex, spiral-spiral, holes-holes and chopper3 grid. For all grids except the chopper3 it
is possible to directly inject energy in this range, although most of the energy is in
modes with lower frequency. For the chopper3 grid there is only a single dominant
peak present in the spectrum at relatively low frequency. The fraction of the energy
present in the different peaks decreases rapidly when a rotation frequency above, say,
20 Hz is used. Although there is limited energy present in the peaks for these operating frequencies, the specific modes are still over-represented when compared to
regular turbulence, where a smooth spectrum is observed. It is therefore expected
that the introduced fluctuations, even at higher operating frequency, will leave their
mark on the turbulent flame front, since they are capable of directly wrinkling the
flame. Furthermore, there is evidence that mixing can actually be enhanced when a
narrow-banded forcing at scales in the inertial range is used [47]. Hence, the turbulence generated by the active grid appears a good candidate to be used to increase
the mixing at appropriate scales and in that way the flame surface area to realize a
more dense flame [79].
In this subsection the application of the compact active grid in a practical, industrial low-swirl burner [18] is investigated. The conventional turbulence generating
blocking grid has been replaced by a compact active grid. The modifications of the
active grid to make it compatible with a low-swirl burner are described in 2.5.1. Additional measurement methods to investigate the flame characteristics are described
in 2.5.2. The properties of the flow and the flame under the influence of the active
grid are presented in 2.5.3 and 2.5.4, respectively.

2.5.1

Adaptation of active grid for low-swirl burner

Low-swirl combustion has originally been introduced as an academic, freely propagating flame to investigate turbulent combustion [16]. Due to the low NOx -emission
characteristic and the simplicity of the design it has led to the development of a
new type of burner [18]. The low-swirl stabilization mechanism is formed by a pipe
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flow of premixed reactants with weak swirl created by either swirl vanes (fig 2.12b)
or tangentially injected jets [16]. Upon exiting the tube the swirling flow creates
a diverging flow pattern where the mean axial velocity decreases linearly with the
downstream distance. This velocity decrease forms the stabilization mechanism for
the freely propagating turbulent flame, which will be positioned at the location where
the local flow velocity equals the turbulent flame speed. By using a low level of swirl
the formation of a recirculation zone, which is characteristic for, more conventional,
high-swirl stabilization, is avoided. This limits the residence time in the reaction zone
and limits the formation of NOx [40].
With a small alteration the active grid can be made compatible with a low-swirl
burner. In Figure 2.12a an overview of the adapted configuration is shown. Inside the
pipe a low-swirl generator is placed, which is depicted in more detail in Figure 2.12b.
The dimensions of this low-swirl generator are set in accordance with the design rules
of Cheng and Levinsky [17]. The swirl-number that characterizes the strength of the
swirl is approximated to be 0.45 using [17]:
S=

1 − R3
2


tan α
.
2
3
1 − R2 + m2 (1/R2 − 1) R2

Here R is the ratio between the radius of the central passage and the outer radius,
α is the exit angle and m is the ratio of the mass flows through the center and the
swirling outer annulus, which is typically 0.8. The value of S is within the typical
range of 0.4 < S < 0.55 needed for stable operation. The dimensions provided in
Figure 2.12b completely define the geometry of the low-swirl generator. The same
geometry is used for the experiments presented in chapter 4. The central passage
normally contains a static perforated grid that balances the flow between the outer
swirling flow and the central axial flow and produced turbulence in the central flow.
In the current configuration this central blocking grid is replaced by the active grid.
The active grid does not fill the entire cross-section of the pipe, but only covers the
central passage. It is attached to the rotating construction by three 0.7 mm thick
spokes. It is assumed that the effect of the spokes on the swirling flow is negligible
as they are located upstream of the swirling vanes. The static disk is mounted inside
the central passage by means of an interference fit.

2.5.1.1

Different grid patterns

Three different grid patterns have been used in combination with the low-swirl burner.
In Figure 2.13 these are shown together with the porosity as function of the angular
position of the grid. The spiral-spiral grid has been excluded from this set based on
the high level of variation in open area, which will lead to pulsations of the mean flow.
The blockage ratio of the grid should be comparable with that of the conventional
grid, which is typically between 0.6 and 0.81 [17]. The blockage ratio (1-porosity) is
for all patterns in this range. Compared to the pipe-flow configuration some small
changes were made in order to obtain a higher porosity for proper stabilization of
a low-swirl flame. The holes-holes grid contains 3.5 mm diameter holes instead of
3.0 mm. The number of holes per circle also slightly differs. The chopper3 contains
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Figure 2.12

six 9.2 mm holes instead of 12 mm. For the spiral-hex pattern the diameter of holes
and the width of the spiral-shaped slot is increased to 3.5 mm.
The induced jet frequencies remain the same for the chopper3 and the spiral-hex
grid as there is no change in the number of openings. For the holes-holes grid the
number of opening is changed. The jets formed by this grid will pulsate at 5fr for the
inner circle of jets. This increases to 11fr , 16fr and 21fr for each consecutive circle
of jets. Note that this does not change the range of induced frequencies significantly.

2.5.2

Experimental methods for flame analysis

The flow downstream of the active grid is characterized by performing hot-wire measurements along the centerline downstream of the grid. This provides an evaluation
of the mean velocity decrease, that forms the key for the low-swirl stabilization as
well as a measure of the turbulent kinetic energy that the flame encounters. However,
to characterize the flame itself additional experimental equipment is used. By means
of OH-LIF the instantaneous flame front is captured. From these images statistical
quantities like, mean reaction progress, c, flame surface density, Σ, and the flame
front curvature distribution can be obtained. In section 4.4.1 a detailed description
is provided on the experimental procedure concerning OH-LIF. Settings that are specific for the experiments performed in combination with the active grid are mentioned
here.
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Figure 2.13: Different active grid configurations used in combination with the low-swirl
burner. The level of variation in porosity is indicated by the ratio of the standard deviation,
σ , and the mean, µ , of the porosity signal.

First of all the operating frequency of the laser is different. The operating frequency of the laser is chosen such that the resulting images correspond with different
grid angles of the grid. This means that the repetition rate of the laser should not
be approximately the rotating frequency of the grid itself, since this results in OHLIF images corresponding to one specific position of the grid, which is undesired.
By using integer values (in Hz) for the laser repetition frequency, fl , and the grid
rotating frequency, fr , that do not share a common factor (i.e., gcd(fl , fr ) = 1), the
OH-LIF images are samples at fl different grid positions uniformly distributed over
one rotation. Here fl is set to 11 Hz, which satisfies the aforementioned condition for
the investigated fr = [2, 4, 6, ..., 30] Hz, with the exception of 22 Hz. Since the
laser is not actively synchronized with the rotation of the grid, the small inaccuracy
in fr leads to dispersion of the discrete grid positions over the measurement time. For
each operating point 1000 frames are recorded, which is sufficient to obtain converged
values of c and a converged curvature distribution.
The data processing of the OH-LIF images requires a smoothing parameter, σ,
to be set in order to suppress the influence of noise on the geometry of the detected
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flame fronts. Here, σ is set to 6 px (or 0.63 mm) in the case of the full width
measurements. For each operating point a zoomed measurement, centered around
the centerline and the middle of the flame brush, is performed for a more detailed
evaluation of the curvature distribution. For these measurements σ is set to 16 px
(or 0.36 mm). The value of 16 px is needed for sufficient suppression of the noise in
the images. By performing a spot-check of 500 samples from the final dataset the
number of frames that contain unphysical edges is, with 95% certainty, below 1.3%
and 2.1% for the zoomed and non-zoomed datasets, respectively. This is sufficient for
determining the mean reaction progress and the flame surface density (FSD) since the
errors introduced by the erroneous edges are certainly not greater than the percentage
of erroneous frames. The effect of these frames on the curvature distribution is also
very limited as demonstrated in [100].
Besides OH-LIF, also OH*-chemiluminescence is employed to obtain more information about the time-dependent behavior of the flame. A photomultiplier tube
(PMT, Thorlabs PMM01 with bandpass filter centered around 306 nm) is used to
captures the chemiluminescence of the OH*-radical, which is a measure for the heat
release rate [58] and therefore related to the amount of flame surface. Although only a
single volume integrated signal is obtained from the chemiluminescence of the flame,
this signal captures fluctuations in time up to 20 kHz. The spectrum of a time trace
of the PMT signal provides some qualitative insight at which frequencies the FSD
is oscillating. The PMT is mounted perpendicular to the laser sheet and such that
it captures the complete flame. The data is recorded at 50 kHz with the same data
acquisition system as the hot-wire data. As the laser pulse itself is also detected by
the PMT, removal of these spikes in the time trace is necessary. A median filtering
operation with a width of 3 samples removes these spikes, while the shape of the
frequency spectrum remains unaffected (in the interesting range).
The flow rate used for the experiments presented in this section is 46 m3 /hr,
resulting in a bulk velocity of 8.4 m/s. For the velocity measurements only air is
used, while for the combusting case a mixture of air and Dutch natural gas is used
at the same volumetric flow rate. The equivalence ratio, φ, was set to 0.73, such
that combustion takes place in the lean combustion regime and that the value is
comparable with other atmospheric low-swirl flames, e.g., [20]. The thermal power of
the flame is 33 kW based on the higher heating value of Dutch natural gas. The flow
rate is higher compared to the pipe flow measurements. This higher flow rate affects
the large-eddy turn-over time of the turbulence which determines at which frequency
the flow should be forced in order to obtain a resonant-like behavior. However, this
guideline is not ‘leading’ in these experiments. The focus here is to investigate the
flame response on the turbulent flow with energy in distinct low-frequency modes,
instead of the response to a flow with higher turbulent kinetic energy realized due to
an optimal grid forcing.

2.5.3

Flow characteristics

The mean velocity and the standard deviation of the velocity along the centerline
downstream of the grid are plotted in Figure 2.14. The values are obtained using an
integration period of 10 s instead of 5 minutes as used in the pipe flow situation. The
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Figure 2.14: The mean velocity, U , (a) and the standard deviation of the turbulent velocity,
u0 , (b) as function of the downstream distance. The location where z = 0 corresponds with
the exit of the burner. Instead of drawing the lines for each fr , the range of U and u0 is
plotted for fr = [2, 4, 6, ..., 30] Hz.

value of U does not deviate more than 0.5% from the mean velocity when recording
for 5 minutes. For u0 the deviation is less than 1%. These figures indicate that the
integration time of 10 s is long enough for our purposes.
As the mean velocity is not affected much when varying fr , only the range of
U is plotted. The figure clearly shows the typical linear decrease with downstream
distance. The ‘steepness’ of the decrease is different for the various grids, with for
the chopper3 case the most steep decrease and for the holes-holes case the least steep
decrease. This results in a wider range in downstream distance where the linear
decrease is located. Furthermore, the holes-holes case shows a higher value of U . The
stabilization of the flame for this grid will occur at a position further downstream
compared to the other two grids. Besides differences in the dependence of U on z,
there is limited dependence on fr as the bands are narrow. For all grids there is a
consistent trend in which U becomes lower when fr increases. This can be explained
by the same argument as presented in section 2.4.1, i.e., the opening and closing of
the holes induces a flow resistance that increases with the frequency of this opening
and closing. Even though there now is a bypass for the flow because of the presence
of the low-swirl generator, the increased flow resistance results in a somewhat lower
flow rate though the grid. However, this effect is small.
The standard deviation of the velocity signal, u0 , is plotted in Figure 2.14b. Also
here the range is plotted instead of each separate value to enhance the readability
of the figure. It can be seen that there is more effect of fr on u0 than on U as the
bands are thicker. For all grids there is a trend whereby u0 decreases with increasing
fr . The value of u0 is similar for the holes-holes and spiral-hex grid, while for the
chopper3 a significantly higher u0 is observed, which is in accordance with the higher
level of u0 measured in the pipe flow situation. The difference in u0 diminishes at the
exit of the pipe.
There is no indication that at a specific operating frequency the turbulence, measured by u0 , is enhanced. The dissipation rate and other lengthscales are not evaluated
since there is a high turbulent intensity in the interesting region close to the exit of
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the pipe where the flame will stabilize. At such high intensities Taylor’s hypothesis
2
is not applicable and furthermore the assumption of isotropy in ε = 15ν(∂u/∂x) is
likely to be wrong due to the presence of swirl.
2.5.3.1

Energy spectra

At the exit of the burner and on the centerline the energy spectra of the velocity
signals are obtained. For only three rotation frequencies the spectrum is plotted in
Figure 2.15a-c for the different grid configurations. Similar peaks emerge from the
base line spectrum at frequencies directly related to fr . For the chopper3 grid strong
peaks at 3, 6 and 12fr are visible. At 5, 6 and 10fr strong peaks are observed for the
spiral-hex case. For the holes-holes grid a multitude of peaks can be identified. At
almost all integer multiples of fr in the range of 1 to 15 a peak is present.
For low fr the peaks are again in the energy containing range of the spectrum and
when fr is increased and the peaks are located more into the inertial subrange, the
height of these peaks is reduced. The holes-holes grids tend to have the onset of the
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Figure 2.15: (a-c) Energy spectra for three grid rotation frequencies. For fr = 16 and
30 Hz the energy spectra are shifted vertically by a factor of 500 and 5002 respectively to
enhance the readability of the figure. (d) Energy in the peaks as function of the rotation
frequency. All measurements are performed at the centerline at the burner exit (z = 0).
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inertial subrange at a higher frequency, which is a result of the higher mean velocity
at the measurement location.
In Figure 2.15d the energy contained in the peaks is plotted versus fr , which is
of the same order as measured in the pipe flow configuration (see Figure 2.9). At
low fr the response is highest and is reduced for larger fr , with the exception of the
holes-holes case. Here, Ep /k is between 25-30% over the complete measured range.
This might be due to the higher mean velocity. With a higher U there is less time
for the introduced fluctuations to decay or break up and as mentioned before the
onset of the inertial subrange occurs at higher frequency, which renders the flow more
susceptible to the introduced fluctuations.

2.5.4

Flame response due to active grid forcing

2.5.4.1

Shape of the flames

The shape of the low-swirl flame under the influence of the active-grid-generated
turbulence can be seen in Figure 2.16 from the mean reaction progress, c, for a limited
number of rotation frequencies. Each grid appears to result in a different flame shape,
while not much variation is observed as a function of the forcing frequency.
The flames corresponding with the holes-holes grid result in a poorly stabilized
low-swirl flame. The high mean velocity on the centerline results in a ‘W’-shaped
flame brush instead of a ‘cup’-shaped flame, which is more common for properly
stabilized low-swirl flames. The cause of this improper stabilization is likely the nonuniform mean axial velocity profile in the center-section. A high velocity in the center,
as confirmed by the hot-wire measurements, will be accompanied by a lower velocity
at larger radius. According to the data presented in [20] the velocity profile is desired
to be more like a slightly convex profile as function of the radial distance from the
centerline.
Amongst the graphs with different fr a closer inspection also reveals some variation. The flame brush in the center is made more compact when fr is increased. The
distance between the c = 0.1 and c = 0.9 isocontours is reduced from 28 to 24 mm for
the chopper3 case and from 26 to 18 mm for the spiral-hex case. For the holes-holes
case also a reduction in flame-brush thickness is observed along the centerline.
From the mean reaction progress it becomes clear that proper low-swirl stabilization is possible with the compact active grid as a central blocking grid. The holes-holes
configuration renders a poor low-swirl flame due to the high velocity on the centerline,
while the other two configurations provide properly stabilized low-swirl flames. The
effect of fr on the shape of the flame shows that the flame can be made more compact. To quantify whether the more compact flames are associated with an increased
conversion rate, the amount of flame surface in the center region is assessed.
2.5.4.2

Turbulent flame speed

In order to assess the combustion rate at the center of the flame, the turbulent flame
speed is determined based on the amount of flame surface. Here, the approach as
discussed by Driscoll [27] is followed, where the local consumption speed, ST,LC is
used as definition for the turbulent flame speed. ST,LC normalized by the laminar
flame speed, SL0 , is given by ST,LC /SL0 = I0 Σmax δT , where Σmax is the maximal
flame surface density according to a fit Σ = 4Σmax c (1 − c) and δT is the flame-brush
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Figure 2.16: Mean reaction progress, c of the low-swirl flames under influence of the
active grid generated turbulence. Graphs in the same row correspond to the same grid
configuration as indicated by the label on the right. Graphs forming a column corresponds
to a single operating frequency, fr , indicated at the top. The isocontours of c correspond to
the values 0.1 0.3, 0.5, 0.7 and 0.9.

h

i
m)
thickness that follows from parameterizing c as c = 1 + exp −4(η−η
. In the
δT
latter expression η is the coordinate perpendicular to the flame brush and ηm is the
value of η at which c = 0.5. Both these fits are appropriate for flat flames [57, 87] as
well as other premixed flames [27]. This fact is also expressed by the 95% confidence
intervals for both fitted variables that are within 3.8% variation of the obtained value.
For δT it varies between 0.7% and 3.5% (2.2% on average) and for Σmax between 0.3%
and 3.8% (1.0% on average). The region where the data for Σ and c are extracted for
the two fits is bounded by |x| < 5 mm in order to study only that part of the flame
that is solely affected by the grid turbulence.
In Figure 2.17 the quantities relevant for the turbulent flame speed are plotted as
function of the grid rotation frequency for all three grid combinations. However, due
to the poorly stabilized flame for the holes-holes grid, no conclusions can be drawn
for this grid based on the quantities that are obtained in the center-section. For
completeness the data itself is included in the graphs, but the following remarks do not
apply to this grid. Figure 2.17a shows the dependency of δT on fr , which illustrates a
similar trend as observed from the graphs of c. The flame-brush thickness decreases
with increasing grid rotation frequency. The maximum flame surface density, Σmax ,
plotted in Figure 2.17b, shows an increasing trend with increasing fr . From both these
quantities it follows that the flame brush is made more compact when fr is increased,
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Figure 2.17: (a) Flame brush thickness, δT , according to the fit c = 1 + exp −4(η−η
,
δT
(b) Maximal flame surface density, Σmax , according to the fit Σ = 4Σmax c (1 − c), (c) Estimated r.m.s. of the velocity fluctuations at the leading edge of the flame brush, u0h . The
leading edge of the flame brush is here defined where c = 0.15. (d) The normalized consumption speed, ST,LC /SL0 versus u0h . The errorbars indicate the uncertainty due to several
factors, i.e., uncertainty in I0 , u0h , Σ and c and uncertainty as a result of the fitting of Σmax
and δT and also uncertainty in laminar flame speed, SL0 , due to the limited repeatability in
the equivalence ratio, see section 4.4.4.





i.e., there is a higher flame surface density accompanied with a smaller space where
the combustion takes place. To determine if also the combustion rate in the center
is enhanced due to the active grid generated turbulence, ST,LC /SL0 is plotted versus
the level of turbulence at the leading edge of the flame front, u0h , normalized by SL0 .
An estimate of the level of turbulence in the combusting flow from data obtained
in the isothermal flow can be made by using the results from [20] where in both
situations the velocity fluctuations are measured using PIV. Basically, the r.m.s. of
the velocity fluctuations in the combusting flow, u0h , is 16% higher than in the cold
flow measured at the same location. Estimating u0h from the isothermal flow data by
an increase of 16%, results in no more that 11% deviation from their hot flow data in
the region up to the flame.
Figure 2.17c shows u0h versus fr . It can be seen that in all cases u0h decreases
with increasing fr , indicating that the flame encounters a lower level of turbulence
for an increased operating frequency. In the graphs of Figure 2.17d the normalized
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Figure 2.18: Phaselock averaged graphs of c for the spiral-hex case operated at 6 Hz. Each
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OH-LIF images
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consumption speed is plotted versus u0h /SL0 . The points corresponding to the spiralhex configuration tend to form a linear relation between the increase in ST,LC and the
level of turbulence, which is characteristic for low-swirl combustion [20, 63, 87]. The
points for the chopper3 grid form a plateau rather than a linear relation, suggesting a
saturation in the increase of the consumption speed with increasing u0h /SL0 . However,
data of Cheng et al. [19] indicate that the characteristic linear trend persists up to
u0h /SL0 = 30 in their low-swirl flames in isotropic turbulence.
In non of the cases an enhancement of the local consumption speed is realized by
increasing the rotation frequency of the grid. The decreasing u0h with increasing fr
is accompanied by a decrease in ST,LC . Another observed effect is a more compact
flame for increased fr as indicated by the higher Σmax and smaller δT . As this is in
principal a desired property, it is worthwhile to investigate this more compact flame
in more detail. A possible reason of the more compact flame at higher fr can be the
low-frequency transient behavior of the flame position, which is discussed in the next
section.
2.5.4.3

Transient behavior of the flame

With the low operating frequency of the laser one is only able to obtain statistical
information about the flame and no time resolved measurements can be performed.
To gain some insight in the time-dependent behavior of the flame it is possible to use
phaselock averaging. In Figure 2.18 the phaselock averaged results for c for a single
measurement (spiral-hex @ 6 Hz) is shown. There is considerable variation in the
distribution of c between the consecutive graphs. Although the number of OH-LIF
images used to obtain a single phaselock-averaged graph is only 90, it was checked
that the observed variation is not due to limited statistical convergence. Using half of
the original 1000 OH-LIF images resulted in very similar variations of c between the
different phases. The isocontours are moving in the order of 10 mm, mainly vertically,
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Figure 2.19: Variation in the phaselock averaged flame position measured by max (z0.5 ) −
min (z0.5 ), where z0.5 represents the averaged value of z along the isocontour c = 0.5 in the
center region of the flame, i.e., |x| < 5 mm.

within a single rotation of the grid for the illustrated case.
For the time-averaged mean, the transient variation of the flame position will
cause a broadening of the flame brush and a lower flame surface density. The degree
of variation in height of the flame brush is depending on the operating frequency of
the grid. In Figure 2.19 this maximal variation is plotted versus fr . At the lowest
operating frequency the maximum variation in flame height is experienced, which is
for both the spiral-hex and chopper3 case approximately 11 mm. For the spiral-hex
grid it is reduced to 5 mm at 30 Hz and for the chopper3 grid to 3 mm.
The fluctuations introduced into the flow are designed to cause a limited pulsating
mean flow. Nevertheless, the grid induced fluctuations are causing a deterministic
variation in the height of the flame. The strength of this movement is related to
the frequency of the velocity fluctuations. When the active grid is operated at the
lowest frequency of 2 Hz, all peaks introduced into the energy spectrum are in the
low-frequency, energy-containing range and a large movement of the flame brush
is observed. When the velocity fluctuations are introduced more into the inertial
subrange of the spectrum, which is the case for the chopper3 grid operated at 30 Hz,
the flame is less capable to displace itself at these high frequencies. For the spiral-hex
grid operated at 30 Hz there are still peaks in the energy containing range present,
resulting in a larger movement of the flame brush compared to the chopper3 grid for
the same fr .
Using phaselock averaging to obtain time-dependent information provides only a
limited frequency range. With 11 different ‘bins’ the maximal frequency that can be
detected is 5.5fr , while the velocity fluctuations are introduced at frequencies ranging
up to 15fr . For a more extensive investigation of the movement of the flame brush
by phaselock averaging, the laser operating frequency should be set such that more
angular grid positions are assessed and a higher number of total OH-LIF frames per
operating frequency is required.
Variations in flame position will result in variations in the instantaneous heat
release rate that is captured by the photo-multiplier tube. This time resolved, volume
integrated heat release rate shows, similar to the spectra of the velocity signal, peaks
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Figure 2.20: (a) Example energy spectrum of PMT voltage signal. (b) Ratio of energy in
peaks to the total energy of the PMT voltage signal as function of the grid rotation frequency.

in its spectrum. The frequency of these peaks corresponds with frequency of peaks in
the energy spectrum of the velocity signal. An example of such a spectrum is shown
in Figure 2.20a for the chopper3 grid operated at 16 Hz. In Figure 2.20b the relative
amount of ‘energy’ in the peaks for the PMT spectrum is shown as function of fr . As
the operating frequency of the grid is increased, the strength of the heat-release-rate
fluctuations is reduced. This suggests that the trend of decreasing flame location
oscillations with increasing fr as observed in the phaselock averaged results remains
valid also for higher frequencies than detectable with the phaselock method.
2.5.4.4

Flame front curvature

We also studied the flame front curvature distribution and observed only a modest
dependence on the rotation frequency. It does not reveal any preferential curvature
that could have been induced by the specific turbulent fluctuations. The aspect of
flame front curvature will therefore not be discussed in more detail.

2.6

Conclusion

The device that was presented in this chapter makes it possible to create an active
grid in a small-size pipe flow. With only one moving part a grid with periodically
opening perforations was created. By changing the set of disks that forms the grid a
wide variety of flow-forcing is possible. This forcing could be used in small pipe flow
of which a typical application could be premixed burners.
By using an active grid it is possible to create a large-scale time-dependent forcing which expresses itself by a range of peaks emerging in the energy spectrum. This
forcing is realized without creating a large pulsation of the mean flow. The response,
defined as the fraction of energy contained in these peaks, is high when the introduced scales have a timescale in the energy-containing range and decreases when
these timescales are shorter and lie in the inertial regime. This observation is in
agreement with literature. In between the two regions a maximum in this energy is
observed for the holes-holes and spiral-spiral case, while for the other two configu40
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rations no significant maximum can be distinguished. A resonant enhancement of
the total turbulent kinetic energy or the mixing at the smallest scales expressed by
the dissipation rate was not observed with any of the grids in the studied range of
parameters. The velocity fluctuations u0 are invariant or decreasing with increasing
fr , but in no case an increased u0 was noticed. We also did not observe a minimum in
the energy input rate, i.e., pressure drop, for the current design and parameter range.
A small modification makes the compact active grid compatible as a turbulence
generator in a low-swirl burner. It has been verified that a proper low-swirl stabilization mechanism is realized based on the characteristic linear decrease of U with
downstream distance at the exit of the pipe. For the holes-holes grid a relatively high
U on the centerline resulted in a poorly stabilized flame, which illustrates the fact that
a proper balance between the central axial flow and outer swirling flow is needed. The
shape of the flames for the other two grids are in good agreement with conventional
low-swirl flames. In the center of the flow for the swirling case the energy spectrum
shows similar peaks indicating that turbulence here is dominated by the active grid.
The amount of energy related to the grid is also in the same order as for the pipe
flow. However, there is no enhancement of u0 at any specific fr and subsequently,
there is no enhancement of the turbulent flame speed, as u0 is the most dominant
parameter in determining the turbulent flame speed. Using phaselock averaging it
is shown that at low fr there is substantial movement of the flame (in the order of
10 mm) and when fr is increased the movement reduces. The fluctuations introduced
by the compact active grid do not intensify the turbulence. It might be that part of
these fluctuations are directly capable of wrinkling the flame front (as pointed out in
the beginning of section 2.5) and increasing therefore the combustion rate, but this
has not been confirmed by the experimental results. The relative amount of energy
in these fluctuations is most likely too low to effectuate a significant change in the
combustion rate.
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Chapter 3

Fractal grids and premixed
combustion

Abstract
A variety of fractal grids is used to investigate how fractal-grid-generated turbulence
affects the turbulent flame speed for premixed flames. The grids are placed inside a
rectangular duct and a V-shaped flame is stabilized downstream of the duct, using a
metal wire. This flame is characterized using OH-LIF. The turbulent flow is characterized by means of hot-wire anemometry. In total 24 grids containing variation in
grid patterns, solidity and range of embedded scales were assessed. The results quantify in detail the relation between grid parameters and the turbulence downstream
of the different grids. The increase in turbulent flame speed is found to be primarily
related to the level of turbulent fluctuations and the time available for the turbulence
to wrinkle the flame. The fractal grids provide efficiently much more intense turbulence compared to classical grids and therefore an increased turbulent flame speed. By
increasing the range of embedded scales the turbulence is intensified. With respect to
the reference case the turbulence intensity can be more than quadrupled and for the
turbulent flame speed a more than doubling is observed. In practice the maximum usable increase in turbulence will be limited by the allowable transversal inhomogeneity
in mean velocity that is accompanied with the inhomogeneous blockage of the fractal
grid.

3.1

Introduction in fractal-grid-generated turbulence

There has been a lot of interest in fractal grids to generate turbulence. The extensive study on fractal-grid-generated turbulence of Hurst and Vassilicos [38] marks the
This chapter is based on publication:
Enhancement of turbulent flame speed of V-shaped flames in fractal-grid-generated turbulence, A.A.
Verbeek, P.A. Willems, G.G.M. Stoffels, B.J. Geurts and T.H. van der Meer, submitted to Combustion
and Flame.
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Figure 3.1: Three different families of fractal grids as introduced by Hurst and Vassilicos
[38]. Left: ‘square’, middle: ‘cross’, right: ‘I’.

start of an intensification of interest in this field. However, already earlier, 3D fractal
structures [94, 83] were placed in a flow to study whether the scaling behavior of
the turbulence downstream of these object can be controlled by the lengthscales contained in of the objects. These experimental investigations led to simulation studies
of flows with multi-scale forcing to resemble the flow downstream a fractal-object and
to investigate how small-scale fluctuations are affected by the method of supplying
energy [7, 50, 69].
In the work of Hurst and Vassilicos the flow downstream of a planar fractal object
is investigated. They use two-dimensional grids to compare the decay and scaling
characteristics against those of the well-established ‘classical’-grid turbulence. As the
flow downstream of fractal grids is much more intense and scales differently with
downstream distance, it has led to an increased interest from a physical point of view
as well as from the point of practical applications.
Before going into detail about how fractal grids enhance the combustion rate of
premixed flames, first we provide an overview of related previous work and some
important observations. We briefly discuss the particular characteristics of fractalgrid-generated turbulence and possible applications that are reported in literature.
Subsequently, we review the effect of fractal-grid-generated turbulence on combustion.
One of the main finding of Hurst and Vassilicos is the increase in turbulence intensity and Taylor-Reynolds number for the flow downstream of fractal grids compared to
the situation using classical grids, but with the same blockage and effective mesh size.
A more than doubling in turbulence intensity is reported for all three fractal patterns
considered. These three different patterns are denoted as ’square’, ‘cross’, and ‘I’. As
an illustration Figure 3.1 shows these three patterns. The reported level of anisotropy
for the cross and square grids is about u0 /v 0 = 1.2, where u0 and v 0 denote the standard deviation of the velocity flucuations in longitudinal and transversal direction,
respectively. This value is comparable to values found by others using active instead of
static grids to elevate turbulence levels (Kang et al. [41] reports 1.16 and Makita [66]
<1.3). With such level of anisotropy the turbulence is considered as ‘nearly isotropic’
as it is close to the values of 0.95 < u0 /v 0 < 1.05 reported downstream classical grids
[23]. The I-grid results in a higher level of anisotropy, u0 /v 0 = 1.5. It should be noted
that the values reported in [38] are obtained along the centerline.
The turbulence intensity along the centerline for fractal square grids developes
rather differently compared to other grids. First the intensity builds up, reaches a
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maximum and than starts to decay [38, 68]. Mazellier and Vassilicos [68] show that
this dependence is self-similar for different realizations of the fractal-square pattern
when the downstream distance is scaled by a ‘wake interaction’ length that is determined by the dimensions of the largest square, i.e., L20 /t0 with L0 the length and t0
the thickness of the bars forming the square [68]. Experiments involving much smaller
duct sizes show the universality of this scaling (e.g., [92, 93]). Gomes-Fernandes et al.
[33] improved the ‘wake interation’ theory by incorporating effects of the drag and
free-stream turbulence.
Besides the increased turbulence intensity it was observed that the turbulence
behind a fractal or multi-scale grid decays in a different fashion [38] when compared
to regular grid turbulence. Especially, the flow downstream the square grids shows
an interesting deviation from the dissipation anomaly, where the dissipation rate
ε = Cε u03 /L with Cε being a constant and L the integral lengthscale [82, 86]. Since
the dissipation anomaly is seen as a cornerstone of homogeneous turbulence theory,
the observed deviation has led to a series of papers, e.g., [45, 46, 98]. However, for
practical applications the near field may be of greater importance, since the turbulent
intensity is higher there. Valente and Vassilicos [99] investigated the decay close to
the grid. The non-classical behavior (εL/u03 = Cε 6= const.) for the fractal square
grids is also observed for classical grids when looking close enough to the grid. In
this previously unexplored region Cε is not constant and turns out to be a function of
Reλ . Therefore, it was concluded that the ‘wake interaction theory’ is not restricted
to multi-scale grids.
A reason why fractal grids result in higher turbulence levels can be found in
the fact that the region where the turbulence is produced is elongated. A fractal
grid acts as a ‘magnifying lens’ for the non-equilibrium region as stated by Valente
and Vassilicos [99]. The production of turbulence is due to gradients in the mean
ii
flow, i.e., P = − hui uj i ∂hU
∂xj [82], where P is the production term in the turbulent
D
0
kinetic energy budget equation: Dk
Dt + ∇ · T = P − ε (here Dt is the mean flow
hUi i material derivative). When using different lengthscales in the grid it is likely
that gradients in the mean velocity are induced in a wider range compared to a
regular grid. In [38] P normalized by ε is shown along the centerline. The region
before the decay of u02 starts contains high values of P/ε (> 5%) which is therefore
denoted as the production region. Transverse inhomogeneities in the mean velocity
just behind a grid result in the production of turbulence. For multi-scale grids these
inhomogeneities persist for tens of integral lengthscales as shown by Nagata et al. [72].
The importance of the turbulence production due to transverse velocity gradients is
further stressed by Nagata et al. [73] who assessed experimentally the turbulent kinetic
energy budget of the flow behind a fractal square grid. Within the transversal plane at
the downstream location where the turbulent intensity at the centerline is maximal
and where the ‘decay’-region starts, P/ε reaches values between 80-100%. This is
much higher than the 10% reported at the centerline and indicates that there is still
considerable turbulence production.
Especially the high level of turbulence in combination with a low pressure drop,
implies that various applications can benefit from fractal-grid-generated turbulence.
As fractal grids and also fractal orifices enhance the mixing downstream of these
structures (shown for fractal grids in [53, 95] and for orifices in [70]) a wide range of
application could benefit from this property: fractal fences to tailor boundary-layer
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properties in environmental engineering [43], ventilation [104], fractal stirrers [22] and
combustion [30, 32, 91, 93].
Flow metering that is often done by measuring the pressure drop over an inline
orifice could efficiently use the low pressure drop associated with fractal structures.
As shown by Abou El-Azm Aly et al. [2] for a given flow rate the pressure drop is
lower when using fractal shaped orifices instead of standard circular orifices with the
same cross-sectional area. This is further assessed by Nicolleau et al. [75] with more
patterns. Numerical simulation of this kind of flow has been done by Van Melick and
Geurts [70] and Zheng et al. [108].
Some other applications of fractal shapes in flows that can be found in literature
are flows along fractal surfaces to resemble the flow over forests [42], noise reduction
on air brakes of planes [54, 74] or effective flow conditioner before orifice flow metering
device [67].

3.1.1

Fractal grids and combustion

In the field of combustion fractal grids have been used to increase turbulent intensities.
Geipel et al. [30] use fractal cross grids in an opposed jet to increase the ratio of
turbulent strain to mean flow strain. This solution is claimed to be preferable over
using a larger separation between the two jets, since this introduces undesirable low
frequency motion of the flow. Their fractal grids have a blockage in the range of
50-77% and an Rt between 0.5-0.74. Here, Rt is the ratio of the thickness of the bars
used in consecutive iterations [38]. Only the fractal cross family was investigated. It is
concluded that the blockage is primarily determining the level of turbulence and that
the dimensions of the fractal grid can be used to ‘tailor’ the turbulence characteristics
to some extent. An increase of more than 100% in turbulent intensity was observed
compared to using only a perforated plate. However, it should be noted that the
reference case contains only a perforated plate (45% blockage, 4 mm holes) while
in the improved fractal case, the fractal grid is placed in addition to the perforated
plate 10 mm downstream. The flow field is investigated in more detail by Goh et al.
[32], showing that in fractal-grid-generated turbulence slightly larger structures are
present. The effect on combustion is only assessed for the fractal case and this is not
directly compared to the conventional situation.
A different study on the effect of fractal-grid-generated turbulence on combustion
was performed by Soulopoulos et al. [92]. Here, a grid from the fractal square family
(22% blockage, Rt = 0.4) is used to generate turbulence upstream of a premixed
V-shaped flame. An increase of 40% for the turbulent flame speed, ST , is reported
when using a fractal grid instead of a regular grid. This is accompanied with a wider
flame angle and a thicker flame brush. Sponfeldner et al. [93] compared three other
fractal square grids with a regular grid in the same V-shaped flame configuration. It
is especially interesting to note that an increase in u0 due to a decrease in Rt results
in more increase of ST than when a similar increase in u0 is realized by an increase
in the blockage ratio. This suggests that ST is not solely a function of u0 , but also of
the structure of the turbulence. With only experiments for three fractal grids it can
not be considered as a conclusive proof for this assertion.
Clearly, there is evidence that the combustion rate can be enhanced in premixed
combustion by using fractal grids. It is also clear that turbulence is generated more
efficiently (higher u0 with similar pressure drop) [38]. However, it is not clear yet if the
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enhancement is only due to an increase in u0 or if fractal-grid-generated turbulence
increases combustion even more.
In this work a wider range of grids is investigated to identify which parameters
control the turbulent flame speed. A burner similar to the one used in Soulopoulos
et al. [92], Sponfeldner et al. [93] is constructed in which a turbulent premixed Vshaped flame is stabilized. The turbulent flame speed is evaluated for two families of
fractal grids, as well as classical grids for multiple blockage ratios. By incorporating
similar grids as used by Sponfeldner et al. we confirm independently that the experimental results agree and increase thereby the reliability of the presented results. The
range of blockage ratio is extended beyond values typical for wind-tunnel experiments
and more toward the range used in, for example, low-swirl burners [102]. The results
show that the flame speed is mainly related to the level of turbulence and the time
available for the turbulence to wrinkle the flame. Furthermore, consistent trends are
obtained that allow for prediction of the turbulent intensity downstream the various
grids based on their design.
In the next section the experimental method to measure the turbulent flame speed
is discussed. The different grids are presented in section 3.3. In section 3.4 measurement results concerning the flow are shown, whereas in section 3.5 the flame and its
flame speed are discussed. Concluding remarks are made in section 3.6.

3.2

Measuring turbulent flame speed of a V-shaped
flame

This section describes the experimental facility and the data reduction methods that
are used to determine the turbulent flame speed in V-shaped flames.

3.2.1

Burner

The experimental facility that is adopted is similar to the one used by Sponfeldner
et al. [93] and Soulopoulos et al. [92]. In Figure 3.2 a schematic view of the burner
is shown. It consists of a square duct with an internal size of d = 62 mm. There are
several flow straightener sections to provide a uniform and axial flow upstream of the
grid. The level of free-stream turbulence and the homogeneity was assessed at the
position of the grid (with the grid not present) in the region −21 mm ≤ x, y ≤ 21 mm.
The average turbulence intensity is 1.6% and the mean velocity varies by 2.8% as
measured by the standard deviation of the local mean velocity across the assessed
area. Although these figures are larger than typical for wind tunnel experiments
(e.g., < 0.1% [23]) the free-stream turbulence is considered negligible compared to
the turbulence levels that are generated by the different grids, including the classical
ones. Furthermore, the level of free-stream turbulence is comparable with that of
others [92, private communication with T. Sponfeldner].
The flow of air supplied to the setup is controlled by a mass-flow controller, while
the natural gas flow is regulated by a proportional valve combined with a volume
flow meter. In all experiments reported here the bulk velocity is set to U0 = 4.4 m/s,
corresponding to a Reynolds number of Re = U0 d/ν = 1.8 × 104 . Here the kinematic viscosity is determined for air at 20◦ C, i.e., ν = 1.5 × 10−5 m2 /s [8]. For the
measurements involving combustion the equivalence ratio is set to φ = 0.72, which
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Figure 3.2: Schematic view of the V-shaped flame burner. The dimensions provided are in
mm. Note that the figure is not at scale.

corresponds to a power of 43 kW based on the higher heating value of Dutch natural
gas. The accuracy of the flow rates is ±1.6% for the air flow and ±2% for the fuel
supply. The fuel and air are mixed in a separate mixing section prior to the burner
setup to ensure fully premixed conditions.
The (fractal) grid is located 150 mm upstream of the exit of the pipe. Its designs
are discussed in detail in section 3.3. The flame is stabilized on a 2 mm rod positioned
180 mm downstream of the grid.

3.2.2

Measurement equipment

Characterization of the flow is done by means of hot-wire anemometry. A single
straight probe of 0.9 mm length and 5 µm diameter is used in combination with a
DANTEC 90C10 CTA module. More details on the hot-wire equipment and the data
processing can be found in [101]. A 2D traversing mechanism is used to position the
wire in the xz-plane. Time traces are recorded for 10 s at 1000 Hz, which is sufficient
to obtain statistically converged values of the mean, U , and standard deviation, u0 of
the velocity. The values do not deviate more than 1% from values when measuring
for five minutes.
The flame itself is characterized by OH-LIF measurements [28], which provide
images of the instantaneous flame front. A laser-sheet with a height of 50 mm and
a thickness below 0.2 mm is constructed in the xz-plane. The OH-fluorescence is
captured using an 1024×1024 px ICCD camera. The laser system is operated at
10 Hz for 100 s which is sufficient to determine time-averaged statistics of the flame,
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like mean reaction progress, c, and flame surface density, Σ. The equipment and
the flame front extraction procedure are identical as used in [102] and for a detailed
description the reader is referred to this reference. However, certain details are specific
for this work an will therefore be discussed briefly.
The flame front extraction procedure requires the user to provide a single parameter, which is the amount of Gaussian smoothing applied to the raw image. Here
a compromise between detecting small features and suppressing noise is made. The
value is set to 6 px (0.5 mm in physical space) for the experiments presented in
section 3.5.1 and 3.5.2 where a large part of the flame is recorded. This setting
provides edges properly resembling the flame front as was assessed by manual inspection. A random subset of 1000 frames out of the 24000 frames were inspected for
spurious edges. Only 11 frames contained an error where the detected edge partly
deviated from what would be considered the flame front by human interpretation.
With 95% certainty the amount of erroneous frames in the complete dataset is below
1.8%. Therefore, c and Σ are measured reliably as their error will definitely not be
large than this 1.8%. In subsection 3.5.3 the flame front curvature is assessed in a
smaller interrogation area to achieve a higher accuracy. Here an additional convex
lens (f =100 mm) is placed in front of the objective to provide additional magnification, resulting in a resolution of 51 px/mm instead of 12 px/mm. The smoothing
parameter is decreased to 18 px (0.35 mm in physical space) which allows to capture
curvatures up to 3.5 mm−1 with an error less than 10%. To determine this error synthetic black/white images were rendered representing OH-LIF data. The geometry
of the black/white interface consists of alternating half-circles, such that the ‘flame
front’ contains a single well-defined absolute curvature value, i.e., the inverse of the
radius that was used. By using a smoothing factor of 18 px the mean value of the
detected absolute curvature was found to be within 10% deviation of the exact value.
Lower curvatures are detected more accurately.

3.2.3

Turbulent flame speed

The turbulent flame speed can be characterized in different ways. Lipatnikov and
Chomiak [62] provide an overview of experimental data of the turbulent flame speed
which shows a large scatter which is attributed to the lack of unique definition of the
turbulent flame speed. Especially, the difference in flame geometry between various
burner-types contributes to spread in experimental results. Furthermore, also the
definitions and measurement technique for the same burner types differ, leading to
a broad range of experimental outcome. It is not our intention to provide an improved definition of the turbulent flame speed, but to present the method that was
selected to facilitate comparison with other similar V-shaped flames and to identify
the dependence of the flame speed on fractal-grid-generated turbulence. An elaborate description of the definition and the calculation methods are provided for future
reference.
Driscoll [27] lays out several approaches to define the turbulent flame speed. Here,
the local consumption speed as well as the local displacement speed are used. The
latter method is based on the flow velocity which is not accessible in the combusting
case by hot-wire anemometry, but only by estimation from the non-burning flow
measurements. As the flame will affect the velocity field the degree to which the coldflow measurements represent the hot flow is questionable. Since both Sponfeldner
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et al. [93] and Soulopoulos et al. [92] used this approach, it is considered to be adequate
for comparing our measurement data with their results. To determine the difference
in turbulent flame speed between the various grids the local consumption speed is
more favorable as it does not rely on the mean flow field, but on the amount of flame
surface, which can be measured more accurately. Note that the two different methods
do not necessarily result in the same values as pointed out in [27, 62]. However, similar
trends should be observed, which is what we rely upon in this paper.
First, the definition of the flame speeds are provided whereafter the method to
determine the 3D flame surface density from 2D measurements is discussed. Finally,
the definition of the interrogation area used to average the turbulent flame speed is
discussed.
3.2.3.1

Definitions of turbulent flame speed

The local consumption speed is defined by:
ˆ

∞

ST,LC = SL0 I0

Σdη

(3.1)

−∞

Here, SL0 represents the unstretched laminar flame speed which is determined by
the properties of the mixture. For all measurements reported here using φ = 0.72
SL0 is 0.20 m/s based on laminar flame calculations performed with Cantera [34] and
the GRI-mech 3.0 reaction mechanism [90]. The stretch factor, I0 , corrects for the
difference in laminar flame speed between stretched and unstretched flamelets. It
is valued close to unity for unit Lewis number, methane flames [56, 27]. Σ is the
amount of flame surface area per unit volume, which is measured using OH-LIF.
Finally, η represents the coordinate perpendicular to the flame brush. To obtain an
averaged value of ST,LC over the measurement region, averaging is performed along the
direction of the flame brush, which reduces the expression for the consumption speed
T
to ST,LC = SL0 I0 A
AL . Here AT is the total amount of flame surface in the measurement
region and AL the amount of surface of the unwrinkled c = 0.5 isosurface. The actual
measurement region is described in 3.2.3.3.
An alternative definition of the turbulent flame speed is in terms of the local
displacement speed, ST,LD , which is often used for V-shaped flames [27]. As the
flame is stationary in the laboratory coordinates, the displacement speed of the flame
brush with respect to the unburned mixture is given by:
ST,LD = U sin α

(3.2)

Here, U is the mean velocity of the reactants and α is the flame’s half-angle. As both
U and α are not perfectly constant within the measurement area, averaged values
are used. The half-angle is determined using a similar procedure as described in [93].
In the range of z ∈ [200, 220] mm a line is fitted through the isocontour of c = 0.5,
where c is the mean reaction progress. Subsequently, α is determined as the angle
between this line and the z-axis. The velocity U is determined by averaging along
the c = 0.5 isocontour using linear interpolation of the hot-wire measurements in the
range of z ∈ [200, 220] mm.
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3.2.3.2

Estimating FSD from 2D measurements

For the flame surface only a 2D measurement is available. Hence, only the 2D equivalent of the flame surface density can be obtained. This is the ratio of flame front
length per area, Σ2D . To estimate the three dimensional flame surface density, Σ,
the approach of Halter et al. [35] or Veynante et al. [103] can be used, where it is
assumed that the wrinkling in the direction perpendicular to the measurement plane
is similar to the wrinkling inside the measurement plane. This method provides the
relation Σ2D = hcos ϕi Σ, where ϕ is the angle between the direction normal to the
instantaneous 3D flame surface and the measurement plane. Here, hi denotes the
average in both space and time. The average value of cos ϕ can be modeled using the
variation of the measured flame front’s normal direction. For our V-shaped flame it is
expected that the fluctuations of the non-measured component of the normal vector
behave similarly to the fluctuations of the measured component in the z-direction,

2D −1/2
, with
analogous to Halter et al. [35]. In this case hcos ϕi = 1 + m2D
z mz
m2D
z the z-component of the fluctuating part of the measured (2D) normal direction.
For flames with a low level of turbulence the value of hcos ϕi is close to one, while it
was found to decrease for flames experiencing stronger turbulence. As an example,
measurements for a classical cross grid with σ = 0.25 showed that hcos ϕi = 0.97,
while for the fractal square grid with σ = 0.45, Rt = 0.29 a valuehcos ϕi = 0.83 was
obtained. The value of 0.83 is quite comparable with the ratio of 2D and 3D FSD
reported in [103] for a turbulent round jet flame, found to be 0.85.

3.2.3.3

Spatial domain

The region used to determine the local consumption speed has an effect on the measured value itself. Therefore, a properly defined interrogation area is needed. Figure
3.3 shows a typical distribution of the mean reaction progress, c. With the isocontour c = 0.5 considered as the center of the flame brush it is clear that not for every
segment along this centerline the full width of the flame brush is captured. At the
lower-left and upper-right corner this is most clear. The domain used for evaluation
of the turbulent flame speed is enclosed by the gray dashed line. Only that part of the
flame brush is included where in the direction perpendicular to the c = 0.5-isocontour
c itself ranges from 0.1 to 0.9. In this way a bias toward unburned (or burned) is
limited, while most of the measurement area can be used to extract flame speed information. Especially for flames in strong turbulence, which are accompanied with
large values of α, this is of importance.
The range in x of the measurement area is limited by the entrainment of the
stagnant ambient air. To identify the degree of inhomogeneity, hot-wire measurements
are performed in the transversal plane at z = 240 mm for the situation in which no
grid was installed. Up to x = 20 mm the mean velocity is uniform within 10%,
whereas for higher values of x, the velocity deficit quickly increases. Therefore, the
region up to x = 20 mm is considered as the free stream unaffected by the ambient
air and used for analysis of the flame speed.
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Figure 3.3: Example of the distribution of the mean reaction progress, c, with the region
used for averaging of the local consumption speed indicated by the dashed gray line. The
isocontour c = 0.5 is indicated by the thick black line and the isocontours c = 0.1 and c = 0.9
are indicated by the thick gray lines.

3.3

Fractal-grid patterns

Most of the research on fractal grids adopts square-grids [33, 38, 52, 53, 54, 68, 73,
74, 86, 92, 93, 95, 97, 99]. These were also used by Soulopoulos and Sponfeldner.
In addition some work has been performed with cross grids [30, 32, 38, 45, 46, 98]
and these can also be incorporated in low-swirl burners as presented in [102]. In this
work both square and cross grids are investigated for a wide range of blockage ratios,
denoted by σ, and the ratio of bar-thicknesses, Rt .

3.3.1

Definition of grids

For the definition of the fractal patterns we follow the design of Sponfeldner et al.
[93] for the square grid and the design of Verbeek et al. [102] for the cross grids.
Both designs are slightly different from what is used in the seminal work of Hurst
and Vassilicos [38]. For the square grids the design of Sponfeldner is followed in order
to directly compare with their results. In [102] a small alteration from the design of
Hurst and Vassilicos [38] is made such that all openings in the cross grid are of the
same size in order to obtain a more homogeneous flow.
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Figure 3.4: Definition of fractal square and cross pattern.

In Figure 3.4 the definitions of the patterns are provided. To completely define
a square grid five parameters should be defined. These are: the size of the largest
square, L0 , the thickness of the largest square, t0 , the ratio of square size between
iterations RL = Li+1 /Li , the ratio of square thickness between iterations Rt = ti+1 /ti
and the number of iterations, N . We limit ourselves by a number of constraints. The
outer size of the grid should equal the duct-size, D. RL is set to 0.5 and N = 3
following [92, 93]. Using RL = 0.5 the fractal grid patterns is ‘space-filling’, which
provides best homogeneity of the flow [38]. Fractal cross grids are described by four
parameters which are L0 , t0 , Rt and N . The definition of the grid allows no freedom
in RL . Also for the cross grids the outer size of the grid is fixed, such that L0 = D
and furthermore N = 3 following Verbeek et al. [102].
With two degrees of freedom for both grids the parametric variations studied here
are expressed in terms of σ and Rt . Using σ is more convenient as it is a classical
parameter to define turbulence-generating grids. And besides that it is more favorable
than using a coupled variation in t0 , Rt and L0 for the square grids.

3.3.2

Range of parametric variation

In total 24 grids have been produced of which the properties are presented in Table
3.1. Rt is changed between 1 and 0.29 with two intermediate values of 0.7 and 0.4.
For the one extreme, Rt = 1, the grid contains bars of the same thickness, while at the
other extreme the difference in thickness is maximized under the constraint of a minimum thickness of 0.3 mm. This minimum feature size stems from the manufacturing
limitations. The tolerance on the dimensions of the grids is below 0.05 mm.
The blockages are 25%, 35% and 45%. The lowest blockage corresponds to values
used in earlier wind-tunnel research, e.g. [38], while the highest value is more in the
direction of typical values for blockage grids used in low-swirl burners. Note that 45%
is still lower than the 60-81% used in low-swirl combustion, but for fractal-grids with
blockage ratios of 55% and higher the flame was positioned ahead of the stabilization
rod for the flow rate and equivalence ratio considered.
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Grid type

σ [-]

Rt [-]

L0 [mm]

t0 [mm]

z ∗ [m]

1

square

0.25

0.29

38.2

3.7

0.32

2

square

0.25

0.40

37.8

2.9

0.42

3

square

0.25

0.70

37.1

1.7

0.75

4

square

0.25

1.00

36.7

1.1

1.18

5

square

0.35

0.29

39.3

5.3

0.22

6

square

0.35

0.40

38.8

4.2

0.29

7

square

0.35

0.70

37.8

2.4

0.51

8

square

0.35

1.00

37.2

1.6

0.80

9

square

0.45

0.29

40.5

6.9

0.16

10

square

0.45

0.40

39.8

5.5

0.21

11

square

0.45

0.70

38.6

3.3

0.38

12

square

0.45

1.00

37.9

2.2

0.58

13

cross

0.25

0.29

62

4.3

-

14

cross

0.25

0.40

62

3.4

-

15

cross

0.25

0.70

62

1.9

-

16

cross

0.35

0.29

62

6.3

-

17

cross

0.35

0.40

62

4.9

-

18

cross

0.35

0.70

62

2.8

-

19

cross

0.45

0.29

62

8.4

-

20

cross

0.45

0.40

62

6.6

-

21

cross

0.45

0.70

62

3.7

-

22

cross/class.

0.25

1.00

62

1.2

-

23

cross/class.

0.35

1.00

62

1.7

-

24

cross/class.

0.45

1.00

62

2.3

-

#

marker

Table 3.1: Overview of the parameters of the different grids used in this study. The cross
grids with Rt = 1.00 are also denoted as classical grids as these are not multi-scale.
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Figure 3.5: Homogeneity of the velocity profile at z = 180 mm for all grids, measured by
the ratio of local mean velocity, U , and the bulk velocity, U0 , which is 4.4 m/s. The blockage
ratio, σ, is indicated in each sub graph, as well as the grid type. Here, + and  denote the
cross and square grids resp.. The different values of Rt are indicated by line style; solid:
Rt = 1.0, dashed: Rt = 0.70, dotted: Rt = 0.40, and dash-dot: Rt = 0.29. Measurements
are taken in the center of the flow, i.e., y = 0 mm.

3.4

Flow response to fractal-grid-generated turbulence

For each grid the turbulence downstream of the grid is evaluated along the centerline
of the burner as well as in the xz-plane at the level of the flame. Furthermore, the
level of homogeneity in transverse direction is determined at 180 mm downstream of
the grid corresponding with the rod location in the combusting situation.

3.4.1

Inhomogeneity of flow field

Due to the non-uniformity of the blockage for fractal grids, the mean velocity profile
downstream is also inhomogeneous to a certain degree. In Figure 3.5 the ratio of
the local mean velocity to the bulk velocity, U /U0 , is plotted as function of the xcoordinate for all studied grids. Whereas for the classical grids almost a perfectly
straight line is observed, all other grids show a deviation of more than 10%. For the
cross grids U is lower in the center and this deficit increases as Rt is decreased; a
direct consequence of the increased non-uniformity of the grid. For the square grids
the velocity deviation is opposite. Here, a higher velocity in the center is observed.
Furthermore, the absolute deviation is larger compared to the cross grids, for similar
σ. Increasing the blockage leads to an increase in non-uniformity. These results show
that care should be taken when comparing the different flames as they are stabilized
in different mean flow fields. For example, in the definition of the local consumption
speed (eq. 3.1) an averaged value of the upstream velocity is supplied, while the effect
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Figure 3.6: Turbulent intensity measured along the centerline for all 24 grids. The blockage
ratio, σ, is indicated in each sub graph, as well as the grid type. Here, + and  denote the
cross and square grids resp.. The different values of Rt are indicated by line style; (
):
): Rt = 0.70, (
): Rt = 0.40, and (
): Rt = 0.29.
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of variation in U is not incorporated.

3.4.2

Level of turbulence

For each grid the turbulent intensity, I, along the centerline is plotted in Figure 3.6.
A few trends are apparent. Increasing σ results in an increased I and also decreasing
Rt results in a higher I. At the location of the rod, z = 180 mm, the obtainable level
of turbulence is comparable for square and cross grids. In order to further quantify
the dependence of turbulence on the grid parameters each type of grid is assessed
separately.
Square grids For the square grids Mazellier and Vassilicos [68] showed that the
turbulent intensity, I = u0 /U , along the centerline first increases whereafter it decreases. Furthermore, the dependence of I on the downstream distance is self-similar
when this distance is scaled with the ‘wake-interaction’ length z ∗ . For our grids we use
2
z ∗ = (L0 − t0 ) /t0 , instead of z ∗ = L20 /t0 used for the square grids of Mazellier and
Vassilicos. This adaptation is needed due to the difference in definition of L0 and t0 in
the description of our grids. In Figure 3.7 I/Ipeak is plotted against z/z ∗ for the grids
studied here as well as results obtained by [68] and [93]. For some grids with a large
z ∗ the intensity peak is located further downstream than where the measurements
were taken. These measurements are not shown in Figure 3.7. A good agreement is
observed between all plotted cases, with one exception at σ = 0.45, Rt = 0.29. For
this grid, which has the lowest z ∗ , a slight deviation to higher z/z ∗ is observed. As
the scaling of Mazellier and Vassilicos [68] is developed for low-blockage grids (they
used 25%) it is expected that corrections may be needed at higher solidity. Increasing
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Figure 3.7: Normalized intensity plotted against normalized downstream distance according to the ‘wake interaction theory’ of [68]. Using this scaling the turbulence intensity along
the centerline downstream of the grids collapse onto a single curve. One outlier can be
identified which is shifted somewhat to the right. This line corresponds with the grid for
for σ = 0.45 and Rt = 0.29. For comparison also work of others on fractal square grids is
included [68, 93].
σ = 0.25

σ = 0.45
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Figure 3.8: Three different square grids with different blockage ratio. For all grids Rt =
0.29. The right grid shows the case where σ cannot be further increased without overlap
of the different iteration levels. Here part of the smallest squares coincides with the largest
square and the grids do not comply to the initial pattern anymore.

the blockage as done here goes in the direction to where the different iteration levels
are overlapping with each other and the self-similarity between the square grids is
lost. As an example Figure 3.8 shows the square grids with Rt = 0.29 for σ = 0.25,
0.45 and also for σ = 0.51, which is the limiting case where the squares of the smallest
iteration partly coincide with those of the first iteration. The grid with Rt = 0.29
and σ = 0.45, which is the outlier in Figure 3.7, is close to the limiting case for which
Mazelier’s scaling appears to deviate.
For engineering purposes it is of interest to not only be able to predict the location
of maximum intensity, but also the value of the maximum intensity itself. To that end
the peak intensities for the square grids where a maximum in intensity is available are
plotted. In Figure 3.9 the maximum intensity, Ipeak is plotted versus σ zD∗ , where D
is the duct size or the size of the test section in the wind-tunnel. Using this scaling a
useful linear relation is obtained that predicts Ipeak quite well for the flow downstream
of the grids used in the V-shaped flame burner, i.e., the grids of Sponfeldner et al.
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Figure 3.9: Maximum turbulence intensity downstream of the fractal square grid as function of the solidity, σ, size of the duct, D, and the wake interaction length, z ∗ in the form of
σD
.
z∗

[93] and those presented here, but also for the grids of Mazellier and Vassilicos [68]
who used a wind-tunnel with a cross-section several times larger (0.46 m and 0.91 m
vs. 0.062 m here) . The fact that σ zD∗ provides an appropriate scaling parameter
can be reasoned as follows. First of all, irrespective of the grid geometry an increase
of σ will result in an increase in I. As there is more blockage, more energy (i.e.,
a higher pressure drop) is required to force the flow through the grid resulting in
more turbulence [29]. Secondly, Ipeak will be dependent on the distance from the
grid as the turbulence intensity will have decreased as it is convected over a larger
distance. In other words; a large z ∗ results in a lower Ipeak . This distance can be
made dimensionless by scaling it with the width of the channel, which provides a good
linear fit.
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Figure 3.10: Normalized turbulence intensity plotted against the normalized downstream
distance. Here I is normalized by I measured at z = 2D, where D is the duct size. The data
for the cross grid with three iterations of [38] (labeled βL = 0.00) is included for comparison.
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Figure 3.11: Turbulence intensity at the centerline at a downstream distance of z = 2D
behind a cross grid as function of t0 /D. The trend line is fitted using only the data points
of the measurements presented here.

Cross grids For the cross grids the development of the turbulent intensity along
the centerline is also dependent on the grid parameters. In Figure 3.6 the intensity
is plotted for all cross grids. Note that here no peak is present as the measurements
are not performed downstream of an open area as is the case for the square grids, but
downstream of an obstacle.
The shape of the curves for the different grids are very similar and this can be
shown more clearly when I is scaled by, for example, the value of I at two duct-sizes
downstream of the grid. Figure 3.10 shows the result for this normalization as well
as the results from Hurst and Vassilicos [38] obtained in a much larger wind tunnel
using a similar grid. Within 10% the lines overlap in the region z > 2D, where it is
most useful to be able to predict the turbulence. One exception here is grid #19 with
σ = 0.45 and Rt = 0.29, an extreme grid with respect to both σ and Rt .
The absolute value of the turbulence is quite well predicted in terms of t0 /D as
shown in Figure 3.11. The result of Hurst for a similar grid in a D = 0.91 m windtunnel are included as well, which agree fairly well with our obtained results. The
deviation from the trend line is 18%, while the average deviation of our own data
with respect to the trend line is 14%. This illustrates the validity of the scaling for
different cross grids of different sizes.
Why is the turbulence intensity mainly controlled by the size of the largest cross,
t0 ? For cross grids t0 is determined by both σ and Rt . Increasing σ results in
an increased thickness of all bars in the grid, including t0 . The higher solidity is
accompanied by an increase in turbulence. The other parameter that is varied, Rt ,
also affects t0 . Using a lower Rt results in a higher t0 and as could be seen from Figure
3.6 decreasing Rt provides an intensified turbulence at the centerline. Apparantly,
both these effects are captured by t0 .
Off centerline So far only the turbulence intensity along the centerline was discussed. With the flame located out-of-center the question arises whether or not the
turbulence intensity along the centerline is a proper measure for the turbulence intensity that the flame encounters. In the region 0 ≤ x ≤ 20 mm and 180 ≤ z ≤ 224 mm,
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Figure 3.12: Relation between average turbulence intensity measured along the centerline,
hIi0,z , and measured off-center in the range 0 ≤ x ≤ 20 mm, hIix,z . For both quantities the
range in axial direction is 180 ≤ z ≤ 224 mm.

which is where the flame stabilizes, hot-wire measurements are performed on a uniform
grid of points using a spacing of 4 mm in both directions. This enables to compare
the average turbulence intensity in the flame region with the average intensity along
the centerline. Figure 3.12 shows the mean of I in the aforementioned region, hIix,z ,
plotted against I averaged along the centerline for the same range in z, hIi0,z . The
graph shows that there is a high correlation between the two quantities as the points
are all located closely to the diagonal. For the square grids there is more deviation,
which is not unexpected due to the higher level of inhomogeneity in the flow for these
grids. Although there is in general a good agreement, care should be taken for low
values as there the relative error is as large as 45%. The relative difference is on
average 6% (max 16%) for the cross grids and 12% (max 45%) for the square grids.

Conclusion cold flow The study of the turbulence downstream of the various grids
revealed important features that can be used for designing fractal grids in practical
applications. By applying a fractal grid, either a square or a cross grid, the level
of turbulence is significantly enhanced, up to several times, compared to classical
grids. This level of turbulence downstream of these grids can be predicted quite well
using only grid parameters. It is shown that these relations predict also the value
of the turbulence intensity downstream similar grids of much larger dimension. And
perhaps most importantly, the turbulence encountered away from the centerline is
well represented by the centerline values.
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Figure 3.13: Mean reaction progress (top row) and flame surface density (bottom row)
for three different grids as denoted above the graphs. Two different gray-scales are used
for the flame surface density as the maximum value is significantly different. The left graph
corresponds with the left scale on the color bar, while the middle and right graph correspond
to the right scale.
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3.5

Flame response to fractal-grid-generated turbulence

For each of the 24 grids the resulting V-shaped flame is characterized by capturing
1000 OH-LIF images in the xz-plane. These instantaneous images are subsequently
processed using an edge-detection algorithm [100]. Figure 3.13 shows the results for
some grids with σ = 0.35 to illustrate certain differences between the flames. The left
graphs show the result for the classical grid, while the middle and right correspond
to the Rt = 0.4 cross and square grid, respectively. Two differences that are clearly
visible are the more slanted flame and the wider flame-brush when using fractal grids.
From the lower graphs it can be seen that using fractal grids results in lower values
of Σ, while the region where the flame surface is located is expanded. Both these
effects (lower Σ and large flame brush) have an opposite effect on the turbulent flame
speed as is clear from the definition of the consumption speed, eq. 3.1. In the sequel
we quantify the combined effect in terms of the consumption speed. However, first
we verify that the experimental results agree with those of [92, 93] by comparing the
turbulent flame speed in terms of the displacement speed, eq 3.2.

3.5.1

Comparison of flame speed with data of others

From the orientation of the flame brush and the mean flow velocity the local displacement speed is determined. For each grid the normalized value is plotted versus
the normalized level of turbulence in Figure 3.14 showing different trends for the two
grid types. In all cases the turbulent flame speed is increased by using fractal grids.
However, the increase in flame speed for a similar increase in turbulence (measured
by u0 averaged along the c = 0.5 isocontour) is much higher when using cross grids.
The dark points, corresponding to cross grids, tend to form a much steeper curve
than the light points of the square grids.
Due to the high level of inhomogeneity of the mean flow, especially for the high
solidity grid, the shape of the flame is affected. The square grids, with a higher
velocity in the center result in a significantly lower flame angle. The applicability of
the approximation for the displacement speed is therefore considered questionable in
this regime.
The local displacement speed for the classical and square grids that are comparable with those used by Sponfeldner and Soulopoulos are separately shown in Figure
3.15 together with their data. The results are quite similar given slight differences in
experimental setup and grids. In the work of Soulopoulos the stabilization rod is positioned 250 mm downstream of the grid instead of 180 mm. Furthermore, Sponfeldner
and Soulopoulos both used an equivalence ratio of φ = 0.7, while in the present work
φ = 0.72 is used. The results do nevertheless overlap reasonably well. Consider,
for example, the grid with σ = 0.35, Rt = 0.4 ( ) with the grid of Sponfeldner
at σ = 0.34, Rt = 0.43 ( ). Since both measurements have similar uncertainties
the values do not significantly differ from each other. This also holds for the values
corresponding to the grid σ = 0.24, Rt = 0.40 ( ) and the grid of Soulopoulos at
σ = 0.22, Rt = 0.40 ( ).
The uncertainty of the values in Figure 3.14 and 3.15 stems from several factors.
For u0 /SL0 the uncertainty is dictated by the statistical convergence of u0 (95% con62
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Figure 3.14: Normalized turbulent flame speed quantified by the local displacement speed
as function of the normalized level of turbulence. All 24 flames are plotted using a unique
marker. The light and dark markers correspond to square and cross grids, respectively. The
blockage is indicated by the marker size; small - σ = 0.25, medium - σ = 0.35 and large σ = 0.45. The value of Rt can be read from the marker shape; - Rt = 1.0,
- Rt = 0.7,
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Figure 3.16: Normalized turbulent flame speed measured by the local consumption speed
as function of the normalized level of turbulence. The light and dark markers correspond to
square and cross grids, respectively. The blockage is indicated by the marker size; small σ = 0.25, medium - σ = 0.35 and large - σ = 0.45. The value of Rt can be read from the
- Rt = 0.7,
- Rt = 0.4,
- Rt = 0.29. The errorbars
marker shape; - Rt = 1.0,
indicate the uncertainty in both ST,LC /SL0 and u0 /SL0

fidence interval gives variation of ±1%) , the uncertainty in bulk velocity (±1.6%)
and the error in SL0 (±5%), due to limited accuracy of determining φ. The vertical
errorbars are determined by the repeatability of the bulk velocity and the error in
SL0 as well, but also by the uncertainty in determining the flames half-angle α (95%
confidence interval gives a variation of ≤ 1%). For the vertical errorbars in Figure
3.15 furthermore the possible error due to alignment errors (≤ 0.5◦ ) is included. The
flow velocity is measured in the non-burning configuration, while in the burning situation the flame will affect the velocity field to some extent. However, this uncertainty
is not included here as the focus is on the uncertainty of the repeatability of the
measurement values rather than of the definition itself.

3.5.2

Flame speed

The local consumption speed is used to compare the different grids as it can be
measured more reliably compared to the displacement speed. Figure 3.16 shows these
results for the flames of the 24 grids as function of u0 /SL0 , where u0 is the averaged
value of the turbulent fluctuations along the c = 0.5 isocontour. As noted before, the
two different definitions of the turbulent flame speed do not necessarily provide the
same values as is also the case here; ST,LC is on average three times larger than ST,LD .
Although this discrepancy may appear large, both measures for the flame speeds are
precisely defined without ambiguity, and should not be compared with each other
[27]. Similar differences can be found in literature, i.e., Lawn and Schefer [57] report
a difference above 1.7 and Shepherd and Cheng [87] even above four. Nevertheless,
these measures for the flame speed appear to indicate precise trends of burning rate
in response to variations in the fractal grids used to perturb the flow.
The uncertainty for the horizontal errorbar is determined similarly to that for
Figure 3.14. The vertical errorbar here is determined by the accuracy of measuring the
amount of flame surface, for which the error is estimated to be below 2% accounting for
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Figure 3.17: Normalized turbulent flame speed measured by the local consumption speed
as function of the product of the level of turbulence (u0 ) and the convection time between
the stabilization rod and the measurement location (t̃), normalized by the duct-size D. A
fit through the data is shown by the dotted line. The light and dark markers correspond to
square and cross grids, respectively. The blockage is indicated by the marker size; small σ = 0.25, medium - σ = 0.35 and large - σ = 0.45. The value of Rt can be read from the
marker shape; - Rt = 1.0,
- Rt = 0.7,
- Rt = 0.4, - Rt = 0.29.

the statistical convergence (<1%), and errors in the edge-detection process (<1.8%).
The uncertainty in I0 (valued between 0.95 and 1.12 [27], while in this work 1.0 is
assumed) and the uncertainty in 2D to 3D conversion of the FSD ( <10% based on
results of [103]) are not included as it is assumed to result in the same offset for all
measurements.
The same trend is apparent from Figure 3.16 as from Figure 3.14, i.e., a higher u0
results in a higher turbulent flame speed. However, there is a certain amount of scatter
in the figure. Especially, the square grids with Rt = 1.0 or 0.7 (light triangle and
square markers) tend to have a much lower turbulent flame speed for similar u0 /SL0
compared to the other grids. These grids have a rather large z ∗ such that the peak in
I at the centerline is located downstream of the stabilization rod. Moreover, the mean
flow profile is rather inhomogeneous in these cases. Here, the high flow velocity in the
center reduces the time for the turbulence to wrinkle the flame front. This process
of time-dependent wrinkling is discussed by Driscoll [27] and explained by Taylor’s
theory of turbulent diffusion. In this reference it is shown that for different types
of flames the flame-brush thickness, δT , increases with u0 t̃, which in turn increases
the turbulent flame speed. Here t̃ is a characteristic convection time for the flame
concerned. For the V-shaped flame concerned here t̃ is set to the average time a fluid
parcel needs to travel, based on the cold flow measurements, from the position where
the combustion is initiated to the point where the wrinkling is assessed. This is in
fact the distance between the position of the stabilization rod and the measurement
region. The convection time is averaged also along the c = 0.5 isocontour similar to
u0 . In Figure 3.17 the local displacement speed is plotted against u0 t̃. By accounting
for the convection time a better collapse of the data is obtained. The points fairly well
collapse onto a single curve, which can be characterized by a quadratic polynomial
as shown by the dotted line. The deviation of the quadratic polynomial fit from the
measurement points, |ST,LC,fitted − ST,LC | /ST,LC , is on average 3.9% and 7.4% for
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the cross and square grids, respectively. The maximum deviation is 12% and 14%.
The fact that the mean level of turbulence and the mean convection time provide
an accurate scaling parameter for predicting the turbulent flame speed is a convenient
property for engineering fractal grids for premixed combustion. The curve of Figure
3.17 together with the relation to quantify the turbulence downstream of the grid
based on grid parameters can be used to predict the turbulent flame speed based on
the design of the grid.
Now that it has become clear what determines the turbulent flame speed in the Vshaped flame for different classical and fractal grids it is interesting to have a look at
the observation of Sponfeldner et al. [93] as mentioned in the introduction. According
to the measurements of Sponfeldner et al. an increase in u0 due to a decrease of Rt
seems to be more effective than an increase in u0 due to an increase in blockage.
According to the curve obtained here, u0 and t̃ are the parameters determining the
increase in ST,LC (or ST,LD ). The change in Rt in [93] from 0.56 to 0.43 provides
an increase in u0 , but also a decrease of the inhomogeneity of the mean flow profile
and thereby a lower velocity in the center which, in turn, extends the time available
for wrinkling the flame. This change in grids increases both u0 and t̃ and leads to an
increased flame speed. Changing the blockage of the grid with Rt = 0.43 now from
0.34 to 0.37 provides a similar increase in u0 but no further increase in t̃. Consequently,
the resulting increase in flame speed is less compared to the previous change. With
the dependence between u0 , t̃ and ST,LC identified here the observation of Sponfeldner
et al. are correctly explained.

3.5.3

Flame front curvature

As reported by Soulopoulos et al. [92], the flame front curvature distribution for flames
in fractal-grid-generated turbulence tends to be only marginally affected compared to
the situation using a classical grid. Nonetheless, an enhancement of the turbulent
flame speed is reported. For the flames presented here also the flame front curvature distribution is directly determined, for which significant differences between the
classical and fractal grid cases are observed, contrasting [92].
The region where the flame front curvature is assessed is reduced compared to
previously presented OH-LIF measurements. The region assessed is bounded by 0.7 ≤
x ≤ 18 mm and 205 ≤ z ≤ 222 mm. By using this configuration much smaller
curvatures can be measured accurately, i.e., within 10% for curvatures up to 3.5 mm−1 .
Figure 3.18a shows the probability density function (PDF) of the flame front
curvature for several grids with the same blockage. For the classical grid a much more
narrow distribution is obtained than for the fractal grids, which is contrary to what
was observed by Soulopoulos. For our measurements a clear dependence is apparent
for the standard deviation of the curvature distribution on the level of turbulence and
the convection time as can bee seen in Figure 3.18b. So, the increase in turbulent flame
speed appears to be accompanied by finer flame structures, which seems a natural
consequence of the increased turbulence and available time for wrinkling of the flame
front. Finer wrinkling makes it possible to confine more flame front in the same space,
thereby increasing Σ. The enhanced turbulence, however, also contributes to increased
large scale corrugation of the flame front which widens the flame-brush and thereby
lowering Σ. As demonstrated in [27] the definition of the local displacement speed can
be approximated by ST,LC /SL0 ≈ I0 Σmax δT , where Σmax and δT are the maximum
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Figure 3.18: (a) Probability density function of the flame front curvature of the flames for
three different grids. The blockage ratio for the three grids is 0.35. (b) Standard deviation of
the curvature distribution for all 24 grids plotted as function of u0 t̃ (same as used in Figure
3.17). The light and dark markers correspond to square and cross grids, respectively. The
blockage is indicated by the marker size; small - σ = 0.25, medium - σ = 0.35 and large σ = 0.45. The value of Rt be can read from the marker shape; - Rt = 1.0,
- Rt = 0.7,
- Rt = 0.4, - Rt = 0.29.

FSD and the flame-brush thickness, respectively according to appropriate curve-fits.
The combination of the two effects (change in Σmax and δT ) on the turbulent flame
speed is clearly positive. The product Σmax δT increases when supplying enhanced
fractal-grid-generated turbulence due to finer wrinkling and to a widened flame-brush.

3.6

Conclusions

A parametric study has been performed to identify how fractal-grid-generated turbulence increases the turbulent flame speed for premixed flames. In total 24 different
grids were used to generate turbulence upstream of a V-shaped flame. By using two
different fractal patterns and variation in blockage ratio, σ, and ratio of bar thicknesses, Rt clear trends have been observed.
A close approximation of the experimental setup of Soulopoulos and Sponfeldner
was realized, thereby providing the basis for a direct comparison with their results.
The turbulent flame speed measured by the flame’s half-angle agrees with their reported values within the measurement uncertainties, which provides an independent
confirmation and hence a high level of confidence that the turbulent flame speed can
be significantly enhanced when using fractal grids compared to classical grids with
similar blockage ratio.
The flame speed is mainly related to the level of turbulence present at the location
of the flame and the time available for the turbulence to wrinkle the flame. Here, the
turbulence downstream of the fractal grids is simply more intense. All measurement
points, including the three classical grids, follow a consistent trend where variation in
local displacement speed is almost exclusively explained by variation in u0 t̃.
With u0 being key in determining the turbulent flame speed, it is of great value that
this quantity can be predicted reliably downstream of different grids. The turbulence
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intensity, I, along the centerline downstream of the square grids is self-similar when
2
scaling the downstream distance with ‘wake-interaction’ length, z ∗ = (L0 − t0 ) /t0 .
We extended this by showing that the peak value of I behaves as a linear function
of σ zD∗ which also agrees with data of others for much different grid sizes. Also
for the cross grids the turbulence intensity along the centerline follows a self-similar
dependence when the downstream distance is scaled with the outer grid size. The
absolute intensity scales linearly with t0 /D, which also holds for wind-tunnel data
of Hurst and Vassilicos. Using the centerline data is in general representative for
the mean turbulence intensity in the off-center region near the flame. However, the
inhomogeneity in mean flow for some grids is too severe to use only centerline data.
The square grids show a larger inhomogeneity of the mean flow in transverse direction,
which also creates more variation in convection time, hindering the a-priori prediction
of the turbulent flame speed. In that sense it is more favorable to use cross grids albeit
that square grids result in slightly higher turbulence levels.
In order to further fortify the obtained trends it is suggested to extend the current
work with measurement at different equivalence ratio and different bulk velocities.
However, current results will already be of use in the design process when applying
fractal grids in practical burners. For example, it is shown by Verbeek et al. [102]
that the combustion rate in low-swirl burners can be significantly enhanced when
applying fractal cross grids. The clear view of the level of turbulence and its effect
on the turbulent flame speed for a wide range of different fractal grids facilitates the
selection procedure for the right grid for a specific burner.
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Chapter 4

Fractal grids enhancing
low-swirl combustion

Abstract
The use of fractal grids in a low-swirl burner can significantly increase the turbulent
combustion rate, realizing a higher power density in these flames. The standard
turbulence generating blocking grid has been replaced by one consisting of a pattern of
cruciform structures of different sizes, forming a multi-scale grid derived by truncating
an underlying fractal structure. It is shown that the turbulence is intensified when
comparing the flow behind the multi-scale grid to the reference situation, where a
standard single-scale grid is used. This increase is expressed by more than doubling
of the r.m.s. of the velocity fluctuations, while only marginal changes in pressure
drop are observed. From the energy spectrum of the velocity it becomes clear that
not only the largest scales are more energetic; also smaller scales are introduced as
the spectrum is further extended into the high-frequency range. By means of planar
OH-LIF the flame geometry was assessed, showing an increase in flame surface density
and widening of the flame brush as well as much finer wrinkling of the flame front
for the cases involving a multi-scale blocking grid. Here the turbulent flame speed
(local consumption speed) is doubled. The grid parameters that were varied are the
level of ‘fractality’ and the blockage. For both properties their effect on the flow and
combustion are evaluated. The blockage mainly affects the stabilization mechanism,
while the level of ‘fractality’ determines the increase in turbulence and combustion
rate. Finally, it is shown that the low NOX emission levels that characterize the
low-swirl mode of combustion are not affected.
This chapter is based on publication:
Fractal grids enhancing low-swirl combustion, A.A. Verbeek, T.W.F.M. Bouten, G.G.M. Stoffels,
B.J. Geurts and T.H. van der Meer (2014), Combustion and Flame (in press).
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4.1

Introduction

It is known that fractal grids can efficiently produce turbulence. The extensive study
on fractal-grid-generated turbulence by Hurst and Vassilicos [38] marks the start of
intense interest in fractal grids. With a flat partially blocking object placed in a
flow that is constructed according to an iterative multi-scale pattern, i.e., a fractal,
turbulence can be generated at different scales simultaneously. This leads to an
elongated region behind the fractal object where intense turbulence is produced before
it decays further downstream. A fractal grid acts as a ‘magnifying lens’ for the nonequilibrium region as stated by Valente and Vassilicos [99]. There is a significant
amount of research on the decay of this fractal-grid-generated turbulence [45, 46, 68,
86, 97, 98, 99] which appears to extend classical theory on homogeneous decaying
turbulence, in which the dissipation rate, ε ∝ u03 /L [82], where u0 and L denote the
r.m.s. of the velocity fluctuations and integral lengthscale, respectively. However, the
fact that turbulence is intensified, measured by u0 , starting from several mesh-sizes
downstream of the grid is indisputably established.
Many practical applications can benefit from the efficient generation of turbulence. As mixing is enhanced as shown in [53, 95], it can be of use in mixing of
product streams in process technology, in premixed combustion [32, 92, 93] or even
in environmental fluid mechanics as fractal fences [43]. Fractal grids could also be
used as air brakes on planes having in addition considerable noise reduction [54, 74]
or in the form of fractal flanges for more efficient flow metering [2, 70, 75, 108] or flow
conditioning [67]. An alternative approach to enhance mixing can be found in the
effect of time-modulated turbulence [12, 15, 47, 48, 49]. By modulating the rate at
which energy is supplied to the flow at a frequency close to the inverse of the largeeddy turn-over time, the turbulence tends to be more receptive to the supplied energy,
resulting in a higher turbulent kinetic energy. This effect has been observed in both
numerical simulations [47, 48, 49] and experiments [12, 15]. An active grid as used in
[15] is quite laborious and typically used in wind tunnels only. A much simpler and
more compact active grid is proposed in [101], however the authors did not report a
particular frequency of the forcing at which the turbulence response was maximal. In
that respect, fractal grids provide a more convenient static agitation to raise the level
of turbulence, especially for the incorporation into practical applications.
In this paper it is demonstrated that fractal grids can be used to increase the power
density of a practical, industrial low-swirl burner [18]. Up to now only academic flames
have been subjected to fractal-grid-generated turbulence. Goh et al. [32] investigated
a counter-flow flame and V-flames have been examined by Soulopoulos et al. [92, 93].
The combustion in a low-swirl burner takes place in mid-air and is dominated by
a diverging mean flow field generated by a flow consisting of an outer swirling part
and a central purely axial part with turbulence generated by a blocking grid (see
Figure 4.1). Recent work also shows the importance of the turbulence generated by
the shear layer between the two flows [4], especially in view of the stability of these
flames. However, in the center region it can be considered as a freely propagating
turbulent flame. This makes the low-swirl flame by its very nature ideal to study
the effect of the fractal-grid-generated turbulence on the combustion rate of premixed
flames.
In the center region of the low-swirl flame there is a relatively low level of turbulence compared to the outer regions where large shear stresses are observed [63].
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Figure 4.1: (a) Top view of the low-swirl generator. (b) Side view of low-swirl generator.
(c) Cross section of complete burner arrangement.

This results in limited wrinkling of the flame [40] and therefore a limited combustion
rate. To increase the combustion rate in this central region, the turbulence should be
enhanced, since the turbulent flame speed, ST , linearly relates to u0 as demonstrated
by Cheng et al. [20]. By replacing the central blocking grid (see Figure 4.1) that is
balancing the central and swirling flow, while also generating the turbulence, by a
fractal grid, we exploit the beneficial properties of fractal-grid-generated turbulence
in a practical burner. While the used thermal power of 30 kW on its own cannot be
considered as industrial scale, the mean axial velocity, being a more relevant scaling
parameter, (here 8.4 m/s) is comparable with those of small industrial burners [18].
Hence, it is expected that the findings presented in this paper are of relevance to
industrial applications. Further engineering optimization may be required in actual
products - this is beyond the scope of this paper.
The organization of the paper is as follows. In section 4.2 we describe the fractal grids that are investigated as well as the low-swirl burner and the experimental
conditions. The properties of the isothermal flow are reported in section 4.3. Here
a distinction is made between a fractal grid placed in a pipe flow and a fractal grid
placed inside a low-swirl generator. In section 4.4 the burning configuration is analyzed. Concluding remarks are made in section 4.5.

4.2

Fractal grid suitable for low-swirl burner

In this section we first discuss the design of the fractal pattern that is used in
combination with the low-swirl burner (4.2.1) and proceed with the actual dimensions
of the grids (4.2.2). The low-swirl generator itself is described in subsection 4.2.3.
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(a)

(b)
ti+1
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t1
L0

t0
t2

Li
Figure 4.2: (a) Definition of the fractal ‘cross’-pattern. (b) Circular cropped fractal grid
with three iterations.

Rt = 0.23

Fractal cross
Rt = 0.40 Rt = 0.70

Classical cross
Rt = 1.00

y
x

t0 = 8.4

t0 = 5.9

t0 = 3.4

t0 = 2.4
t

Table 4.1: Grids used in pipe flow with different Rt = i+1
. The blockage ratio, σ, is for all
ti
these grids 60%, which is typical for blockage disks in low-swirl burners [17]. L0 = 44 mm.
The bar thickness of the largest iteration, t0 is indicated in mm.

Fractal cross
0.40
0.70

Rt → 0.29
y

Clas.
1.00

hex.
-

1.27
1.41
1.56

2.53
2.37

x

σ↓
.55
.60
.65

4.73
5.25

3.41
3.80
4.20

2.26
2.52

Table 4.2: Grids used in combination with low-swirl generator. The grids are created with
t
various blockage ratios (σ) and different thickness ratios (Rt = i+1
). The thickness of the
ti
bar of the first iteration, t0 , is denoted for each grid in mm. For the hexagonal grids the
hole diameter is given. The outer diameter is L0 = 28.5 mm.
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4.2.1

Different fractal patterns

Several families of fractal grids have been studied by Hurst and Vassilicos [38]. Each
family of grids studied in [38] is based on a different fractal-generating pattern, being
a ‘cross’, an ‘I’ or a ‘square’. Of these families, the ‘square’-family is most extensively
studied. Other multi-scale grid patterns are studied by Nicolleau et al. [75], where
instead of a flange with a single large opening, a fractal distribution of holes of different
sizes is used as well as openings with fractal perimeters. For all these types of grids
it is known that the turbulence downstream is enhanced. However, the grid used in
combination with the low-swirl burner should yield a flow field that is compatible
with the flame stabilization mechanism. This requires a mean axial velocity, U , that
remains constant in radial direction or it should be a slightly convex function as
function of the radial distance from the centerline [20].
Isothermal RANS simulations were performed to investigate the applicability of
the various grids. The flow domain included the low-swirl generator as depicted in
Figure 4.1c, as well as 100 mm length of pipe upstream of the grid. Downstream of
the burner exit the domain extends 80 mm in radial direction and 100 mm in axial
direction. The domain was discretized using 325000 tetrahedral elements with an
edge size of approximately 2 mm in the region up to the burner exit. Downstream of
the exit the elements are gradually increased to 15 mm. The number of elements was
considered sufficient as increasing the number did not change the obtained velocity
profiles at the burner exit significantly. The RANS simulations are performed using
the commercial software Ansys CFX 14, with the k − ε turbulence model applied.
The axial velocity is evaluated for the different blockage grids far enough downstream
of the low-swirl generator to allow for the development of the flow, but still upstream
of the flame. Here, 4 mm downstream of the burner exit is used.
A grid of the fractal ‘square’ and ‘cross’-family and fractal orifices from [75] denoted by ‘s2f1’ and ‘s2f2’ where used, as well as a classical grid. For each of these grids
the resulting mean velocity profile is depicted in Figure 4.3. The classical grid yields
a constant velocity profile as function of the radial direction and the fractal cross
grid results in a slightly convex profile. Both these grids are therefore considered as
compatible with the low-swirl burner. The velocity profiles determined for the other
grids show a concave profile, which is due to the relatively low blockage in the center
of the grid. The high axial velocity in the center results in poor stabilization as observed in preliminary measurements rendering these grids unsuitable for the current
combustion applications.
In Figure 4.2a the fractal cross pattern is defined. Three iteration levels are used
and the pattern is subsequently cropped circularly to fit inside the pipe or low-swirl
generator. Each grid is completely defined by four parameters. These are the length
of the largest bar, L0 , the number of iterations, N , thicknesses of the largest bar,
t0 , and the ratio of the consecutive bar-thicknesses, Rt = ti+1
ti . L0 is equal to the
pipe diameter or the inner diameter of the low-swirl generator. In this study we
limit ourselves to N = 3. Although it is possible to manufacture a grid with four
iterations, this limits the range of varying Rt and t0 , which are the parameters that
are investigated in this work. The blockage ratio, σ, which is often used as a parameter
to describe a grid, follows from Rt and t0 .
The grids defined according to the ‘cross’-pattern will be referred to as cross grids.
The cross grids with Rt < 1 are also denoted as ‘fractal cross’ grids. A cross grid with
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Figure 4.3: Transverse mean velocity profiles 4 mm downstream of the burner exit for
different blocking grids. All grids have a blockage of σ = 0.6. The grids labeled ‘s2f1’ and
‘s2f2’ correspond to the fractal orifices as used in [75].

Rt = 1 is referred to as a ‘classical cross’ grid, since it is not multi-scale. In addition
a standard low-swirl blocking grid is used. This reference grid contains a hexagonal
hole pattern, and is therefore labeled as ‘classical hexagonal’ grid.

4.2.2

Two sets of grids

Two sets of grids are examined. The first set of grids is placed inside a pipe flow,
without swirl, to investigate solely the effect of the fractal grid on the turbulent flow.
In Table 4.1 the four grids for pipe flow are listed. The second set of grids is used
in combination with a low-swirl generator. With this set we quantify to what extent
the turbulence enhancement due to fractal grids is maintained in the presence of a
swirling flow. These grids are listed in Table 4.2.
The minimum value of Rt arises because of the minimum thickness limit of the
laser cutting process, which is 0.4 mm for a metal plate of 1 mm. The tolerances are
better than 0.05 mm. Besides the two extreme values of Rt , two intermediate values
for Rt are selected. The blockage ratios of the grids, which are between 55-65%, are
typical for blocking grids in low-swirl burners [17].

4.2.3

Low-swirl generator

The low-swirl generator is designed according to the design rules of Cheng and Levinsky [17] and is depicted in Figure 4.1 with all the dimensions that fully define the
geometry. The outer diameter is set to 44 mm, which makes the burner appropriate
for combustion under atmospheric conditions with a thermal power up to 50 kW. The
swirl-number, S, is approximated to be 0.45 using:
S=

1 − R3
2


tan α
2
3
1 − R2 + m2 (1/R2 − 1) R2

where R is the ratio between the radius of the central passage and the outer radius,
α is the exit angle and m is the ratio of the mass flows through the center and
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the swirling outer annulus, which is typically 0.8 [17]. According to our tests this
low-swirl generator results in a properly stabilized flame when using conventional
hexagonal grids with blockage ratios between 0.55 and 0.65.

4.3

Turbulent pipe flow with fractal perturbation

In this section first the method for measuring the flow properties is described in subsection 4.3.1. The flow behind the cross grids in a pipe flow is presented in subsection
4.3.2. Subsequently, the flow behind the low-swirl generator with the various blocking
grids is presented in subsection 4.3.3.

4.3.1

Measurement method

The properties of the turbulent flow are measured by hot-wire anemometry using a
locally manufactured single hot-wire probe of 5 µm diameter platinum coated tungsten
wire with a length of 0.73 mm. This probe is used in combination with a Dantec 90C10
Constant Temperature Anemometer (CTA) module. More details about the hot-wire
setup can be found in [101].
The air is supplied to the grid through a one meter long pipe with a restriction
installed upstream which cancels upstream curvature effects. This results in a symmetrical and axial flow profile. The flow rate is controlled by a mass flow controller
and set to a bulk velocity of U0 = 7.8 m/s. The velocity, which is an important
scaling parameter for these type of burners [18] is comparable with other experiments
[20, 63]. The Reynolds number is 2.3×104 .
The velocity data is recorded using a NI 9215A BNC with 16 bit resolution. When
measuring the mean velocity, U , and the standard deviation of the velocity, u0 , a
sample frequency of 1 kHz is used. To obtain converged values of U and u0 data
is recorded for 30 s in case of measuring along the centerline. When measuring the
velocity at multiple points in a plane, a shorter integration period of 10 s is used. For
both cases the value of U does not deviate more than 0.5% from the mean velocity
obtained on the basis of a recording of 5 minutes. For u0 the deviation is less than
1%. This indicates that the integration times are long enough to allow a precise
comparison of turbulent flow characteristics as function of fractal grid parameters.
Alternatively, this can be shown by the fact that the product U t is much larger than
the integral lengthscale, which is estimated to be in the order of the burner radius
r, i.e., U t/r ≥ 3500. For measuring energy spectra a higher sampling frequency of
50 kHz is used together with a measuring interval of 5 minutes. These time-traces
contain about 1 × 105 integral lengthscales, which is sufficient to obtain statistically
reliable energy spectra [15, 101]. The 50 kHz sampling frequency is sufficiently to
capture the Kolmogorov scales that have a frequency of f = U /2πη ≤ 12 kHz, based
on the mean velocity on the centerline at the burner exit and Kolmogorov lengthscale,
η, determined from the energy spectrum [101].

4.3.2

Fractal grid in pipe flow

In Figure 4.4 a-b the variation of U and u0 along the centerline of the tube are plotted.
An enhancement of u0 is observed for the fractal grids, compared to the classical grid
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Figure 4.4: (a) Mean velocity, (b) r.m.s. of velocity fluctuations and (c) turbulence intensity, I = u0 /U as function of the downstream distance measured on the centerline. (No swirl
configuration)

with Rt = 1.0 for distance & 50 mm. The downstream region ahead of the region
in which the monotonic decay of u0 takes place is significantly longer for the fractal
cases compared to the classical one. Moreover, the decay rate is observed to be much
lower. Already a slight difference in the rearrangement of the square perforations
when going from the classical cross grid to the fractal cross grid at Rt = 0.7 induces
a much stronger turbulence. By decreasing Rt , u0 is further increased. Between
the cases at Rt = 0.40 and Rt = 0.23 no significant additional increase is observed.
However, the region behind the grid ahead of the far-field monotonic decay region
is seen to increase significantly with decreasing Rt . The turbulence intensity, I =
u0 /U , which is plotted in Figure 4.4c as function of the downstream distance shows a
clear peak at different locations for the various grids. This distance is an increasing
function of t0 which can be reasoned analogously to the ‘wake-interaction’ theory
as proposed by Mazellier and Vassilicos [68] for the self-similarity of the turbulence
intensity downstream of fractal square grids. It is assumed that the location of the
maximum level of turbulence is related to interaction of the wakes downstream of the
individual bar-shaped obstructions. The wake downstream of the largest bar of the
cross grid develops according to two mixing layers, with l ∝ z [82]. In Figure 4.5
this concept is illustrated. Accordingly, it can be expected that the location where
these two mixing layers will ‘meet’ scales as z ∗ ∝ t0 . The location of the maximum
intensity for the four different grids is between 10t0 and 12t0 showing thereby a

l∝z
t0

z
z∗

Figure 4.5: Conceptual wake interaction theory for cross grids by two mixing layers.
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Figure 4.6: R.m.s of velocity fluctuations as function of axial and radial coordinate for
two different cases. (a) Rt = 0.4 and (b) Rt = 1.0. Each square corresponds to a single
measurement point. The black lines indicate pipe geometry. The grid is located at z = 0 mm.
(No swirl configuration)

good agreement with this ‘wake-interation’ theory. However, the self-similarity of the
turbulence intensity along the centerline cannot be shown as the investigated range in
terms of z/t0 is rather different for the studied grids. Investigation to whether there
is a similar scaling behavior as for square grids is left for further research.
Off centerline By traversing the hot-wire in the xz-plane formed by the radial
and axial direction downstream of the grid it is shown that the enhancement of u0
is not exclusively restricted to a narrow region along the axis, but expresses itself
throughout the domain. Figure 4.6 compares u0 for the classical grid and the fractal
grid with Rt = 0.4. The relative increase of u0 averaged over a line segment at
z = 100 mm and |x| < 22 mm, which is at the exit of the pipe is by a factor of 2.7.
This global enhancement of the turbulence intensity behind a fractal grid compared
to the classical grid is also observed for the other fractal grids.
Pressure drop The pressure drop across the grid, ∆P , which is a measure of
the energy input required to generate the enhanced turbulence, is measured for the
different grids. This is done by a differential pressure meter that measures the static
pressure 10 cm upstream of the grids relative to the ambient pressure.
Figure 4.7a shows a typical quadratic behavior of the pressure drop as function of
the bulk flow velocity, which is in agreement with experiments performed in a wind
tunnel for both classical [44] and fractal grids [38].
The pressure drop can be expressed as a dimensionless pressure drop coefficient or
flow resistance, ∆P/ 12 ρU02 , where ρ is the density [39]. The pressure drop coefficient
is plotted in Figure 4.7b as function of U0 , where it shows almost horizontal curves for
all cases, indicating a constant flow resistance. Furthermore, it clearly visualizes the
differences in flow resistance between the different grids. Using a fractal grid results
in a 15-35% lower pressure drop compared to the classical cross case at Rt = 1.0. The
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Figure 4.7: (a) Pressure drop, ∆P , across the grid for several bulk flow velocities, U0 .
(b) Dimensionless pressure drop coefficient, ∆P/1/2ρU02 , where ρ denotes the density. The
errorbars represent the variation as observed when repeating the pressure drop measurements
several times which yielded the same result within 5%. (No swirl configuration)

largest reduction in ∆P is observed for Rt = 0.7. For Rt = 0.23 and Rt = 0.40 the
reduction is a bit less. This suggest that there is an optimum for Rt where ∆P is
minimized while maintaining the same flow rate.
The velocity and pressure drop measurements demonstrate clearly that the turbulence downstream of a fractal grid is created much more efficiently, since the turbulent
kinetic energy (u02 ) increases more than a factor of four as was observed in Figure
4.6, while the energy input decreases.

4.3.3

Fractal grid in swirler

In this subsection the isothermal flow downstream of the swirler in combination with
the various grids as listed in Table 4.2 is presented.
4.3.3.1

Measurement along centerline

Figure 4.8 shows an overview of the mean velocity and the r.m.s of the velocity fluctuations along the centerline when the selected fractal grids are used in combination
with the low-swirl generator. U experiences a linear decay near the exit of the pipe,
which forms the key feature for low-swirl flame stabilization [107]. The strength
of this decay is controlled by σ, i.e., an increase in σ also increases the decay rate
considerably. Therefore, σ can be used to control the lift-off height of the low-swirl
flame.
Apart from the rate of the decay in U , also the value of U is affected by σ. At
σ = 0.55 a relatively high value of U is measured at the exit of the pipe. For these
cases no stable low-swirl flame was obtained. The high velocity resulted in blow-off
of the flame. In addition, at σ = 0.6 and Rt = 1.0 also a high mean velocity on the
centerline develops, implying a poorly stabilized flame.
Close to the grid a local minimum in U is observed for the cases involving a
fractal grid, which is directly related to the ‘wake-interaction’ as discussed for pipe
flow. Downstream of this largest cross the mean velocity will be lower than the bulk
velocity. The downstream distance needed for the flow profile to become homogeneous
increases with increasing size of the obstruction. Closer to the grid it is likely that
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Figure 4.8: Mean velocity (left) and r.m.s of velocity fluctuations (right) along the centerline as function of the downstream distance. Different blockage ratios of the grids are used;
σ = 0.55 (top), σ = 0.60 (middle) and σ = 0.65 (top). The vertical errorbars indicate the
uncertainty based on the local turbulent intensity according to [96]. The vertical dotted line
indicates the pipe exit. (Swirl configuration)

there exist flow recirculations due to the locally high blockage of the largest cross,
which cannot be captured accurately using hot-wire anemometry. This explains the
high value measured close to the grid downstream of solid material.
It is assumed that the grid is placed far enough upstream of the flame such that
there will be enough time for the strong local inhomogeneities present directly downstream of the grid to disappear and that it will not alter the stabilization of the
low-swirl flame significantly. This claim is supported by the fact that no large differences in U remain at the location of the exit of the burner for the different grids with
the same σ. The remaining inhomogeneity in radial direction caused by the fractal
grid are expected not to be larger than what is reported by Hurst and Vassilicos [38].
They observe only a 20% velocity deficit, measured four duct-sizes downstream of
the grid. The velocity is a convex function of the span-wise coordinate and all small
scale inhomogeneities have disappeared. This also indicated that the grid is placed
far enough upstream by using a distance between the grid and the flame of about four
grid diameters.
For u0 the same striking difference between fractal and non-fractal grids is observed
as in the non-swirling case. An increase of at least a factor of two is measured at the
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exit of the pipe for all cases considered with Rt < 1.
The classical cross and the classical hexagonal cases show a nearly identical development of u0 as function of the downstream distance, while there is a significant
difference in the geometry of the grid as shown in Table 4.2. However, a slight alteration in the positioning of the openings of the grid, which exist between the classical
cross grid at Rt = 1.0 and the fractal cross grid at Rt = 0.7, results in a significant
difference in u0 . Decreasing Rt further leads to an additional increase of u0 in the
region where 50 mm < z < 120 mm, albeit less pronounced than the difference between the cases at Rt = 1.0 and 0.7. These results show that the grid parameter Rt
controls the intensification of the turbulence. The relationship between Rt and the
increase in u0 is monotonic over the tested range and u0 appears to be sensitive to
changes in Rt near Rt = 1. This argues for further investigation of fractal cross grids
with 0.7 < Rt < 1 to examine the transition in turbulence state between the flows
downstream classical and fractal grids.
Using hot-wire anemometry in strong turbulence implies higher uncertainties compared to, e.g., particle image velocimetry or laser doppler velocimetry, due to the
inability to measure flow reversals [10]. Especially, downstream of the exit of the
pipe, where U decreases, the turbulent intensity, u0 /U increases. An estimation of
the introduced errors can be made according to [96], who calculated the voltage signal created by a random field up to turbulence intensities of 50%. The error of the
measured value U is identified as function of the turbulence intensity. The estimated
error is shown in Figure 4.8 by the vertical errorbars. Although there is some uncertainty about the actual value, the claim of approximately doubling u0 can be clearly
maintained.
4.3.3.2

2D scan of hex vs fractal

To examine to what extent a fractal grid intensifies the turbulence away from the
centerline, hot-wire measurements were performed in the xz-plane, which is a radialaxial plane. The value of u0 is plotted in Figure 4.9 for a fractal grid with Rt = 0.4
and a classical hexagonal grid, both with σ = 0.60. In the center region, which
can be defined as the region behind the grid, i.e., −15 mm < x < 15 mm, and
10 mm downstream of the burner exit, the level of turbulence is doubled as there is
an averaged increase in u0 of 103%. This location is most relevant since the flame will
stabilize here and most enhancement is desired here.
The fractal grid enhances u0 mainly in the central region. Near the wall inside
the tube high values of u0 are observed for both cases, which are caused by the
shear near the wall and the shear between the central and swirling flow. Outside
the burner for |x| > 25 mm also a high value of u0 is observed, which is due to the
turbulence generated by the shear with the stagnant ambient air. The turbulence in
both these regions is not affected by the presence of the central blocking grid. Also
no enhancement is needed here, since turbulence levels are already high.

4.3.3.3

Pressure drop

Switching from the standard grid inside the low-swirl generator to a fractal grid
affects the pressure drop somewhat. In Figure 4.10 the measured pressure drop over
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Figure 4.9: Turbulent velocity as function of axial and radial coordinate for two different
cases: (a) a fractal grid with Rt = 0.4 and (b) a hexagonal grid. σ = 0.6 for both cases.
Each square corresponds with a single measurement point. The black lines indicate the
burner geometry. The color-scale is clipped at 1.5 m/s to emphasize the differences in the
center region where, in the burning configuration, the flame would stabilize. This is along
the centerline and near the pipe exit at z = 100 mm. (Swirl configuration)
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Figure 4.10: Pressure drop over the complete burner in the non-burning (light bar) and
burning (dark bar) situation for different grids. For the classical cross grid with σ = 0.65
the pressure drop in the burning situation is lower than for the cold flow. Here the pressure
drop for the hot flow is indicated by the dotted line.
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the complete burner is shown for the burning and non-burning situations. Replacing
the hexagonal grid with a cross grid (fractal or classical) results in a slightly higher
pressure drop. The increase is maximally 29% as observed for the case at Rt = 0.7 and
σ = 0.60. The pressure drop for fractal cross grids is generally slightly higher than
for the classical cross grid, with the exception of Rt = 0.4 and σ = 0.65. This differs
somewhat from what was observed for the pipe flow, where consistently a 15-35%
lower pressure drop was observed.
The comparison between the pressure drop measured solely over the grids and
the pressure drop over the low-swirl generator with blockage grids is somewhat ambiguous as in the latter case not all the flow is forced through the grid. Here, a
difference in flow-resistance between grids will alter the balance between the centraland swirling flow. However, this effect is assumed to be small, since U measured along
the centerline does not show a strong decrease for grids with higher pressure drop.
The pressure drop in the burning configuration is, with the exception of the case
with Rt = 1.0 and σ = 0.65, consistently higher than for the isothermal case. This
increase is 6% on average and is caused by the flame itself that creates an ‘obstacle’
for the flow.
To summarize, it can be stated that the pressure drop varies between the various
grids. The lower pressure drop for fractal grids as observed with the pipe flow measurements is not maintained in the combination with a low-swirl generator. Almost
all cases with fractal grids tend to have a higher pressure drop than the case with
the classical cross grid. In all cases the pressure drop is higher than for the classical
hexagonal case. However, these differences (up to maximally 29%) can be considered
marginally, compared to the increase in turbulent kinetic energy downstream of the
fractal grids, which is more than a factor of four. In conclusion it can be stated that
the presence of swirl does not cancel the property of efficient turbulence generation
by a fractal grid.
4.3.3.4

Energy spectrum

To display which turbulent scales are enhanced by the use of fractal grids, the energy
spectrum of the velocity signal is calculated according to the method introduced by
Welch [105] and described in more detail in [101].
Figure 4.11 shows the energy spectrum of the velocity signal recorded at the
centerline and 20 mm downstream of the exit of the pipe, which is approximately the
location where a flame would stabilize, for a grid with a blockage of 65%. It clearly
demonstrates that the turbulence is enhanced over the whole range of scales when
using fractal grids. The energy spectra show a small region of about one decade of
Kolmogorov power law dependence (slope of −5/3) for the cases involving a fractal
grid. For the two classical grids no clear power law behavior can be identified.
The classical grids (hex and Rt = 1.0) both have a lower level of turbulent kinetic
energy (TKE) in the low frequency range compared to the fractal grids. The difference
between these two occurs at higher frequency, above approximately 200 Hz. The
spectrum for Rt = 1.0 extends further into the high frequency range.
For the fractal grids (Rt < 1.0) at low frequency the spectra do overlap, corresponding with the comparable level of TKE observed in Figure 4.8 (u02 ). At higher
frequency the effect of the ‘fractality’ becomes more clear. Decreasing Rt from 0.70
to 0.40 extends the spectrum a bit further into the high frequency range. Decreasing
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Figure 4.11: Energy spectrum at 120 mm downstream of the swirler for the grids with
σ =0.65.

Rt further to 0.29 results in only an additional extension of this range of energetically
active scales.
The higher level of turbulence for flows involving fractal grids is accompanied with
a wider range of scales contributing to the turbulence.

4.3.3.5

Integral lengthscale

The integral lengthscale, L, of the turbulence is of importance in premixed combustion. It describes the characteristic lengthscale of the largest eddies [82] and is used
as a scaling parameter in the regime diagram for premixed turbulent combustion [79]
and in turbulent flame speed correlations [27]. Therefore, it of interest to see how the
use of fractal grids affects L.
The integral lengthscale is calculated by L = U T , where T is the integral of the
normalized auto-correlation of the fluctuating part of the velocity signal. Instead of
integrating up to infinity the auto-correlation is integrated up to the first zero-crossing
which is sufficient as demonstrated by [77]. This integration limit is in the order of
10T and is considered adequate [82]. Values do not change significantly (< 3.5%) if
the integration limit is doubled.
The values obtained for L are between 12 and 18 mm. There appears to be no
systematic change in L observed due to the use of particular fractal grids. The range
of values of L is in correspondence with values reported by others [5] for a similar
sized burner, adopting a different turbulence generator. It appears that the fractal
grids enhance the turbulence level without much changing L. This is contrary to the
observation of Mazellier and Vassilicos [68] where L was found to increase by more
than a factor of two when fractal grids were used. This apparently applies to the
use of fractal square grids in a wind-tunnel, while in a low-swirl burner configuration
the confined turbulence appears to be characterized by a single well-defined integral
lengthscale.
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For the evaluation of other turbulent (length)scales that are relevant for combustion, like the dissipation rate and the Kolmogorov scale [79], an estimation of the
spatial velocity derivative from the temporal velocity derivative is needed. The often
used Taylor frozen turbulence hypothesis is known to be inaccurate at high turbulence
intensities (e.g., [24, 65]) as observed in our situation, which is in the order of 20-30%
at the exit of the pipe. Therefore, these quantities can not be considered here, but
will be investigated using PIV later.

4.4

Combustion enhancement due to fractal perturbations

The flames stabilized on the low-swirl burner are assessed by means of OH-LIF. This
provides instantaneous 2D cross sections of the turbulent flame front. Statistics of
the flame front geometry are obtained from multiple images to describe the flame
brush size and turbulent burning rate. Two sets of measurements are presented; one
for the full width of the flame and one concentrating on the center region. Global
properties as the shape and the stabilization location of the flame follow from full
width measurements, while flame front curvature and flame surface density (FSD)
are assessed in the center region where the turbulence perturbations arising from the
fractal grid are added with significant amplitude.
First a subsection (4.4.1) is devoted to the experimental method and data processing. Subsequently, the shape of the flame (4.4.2), turbulence at the flame brush
(4.4.3), turbulent flame speed (4.4.4), and curvature measurements (4.4.5) are presented. Finally, subsection 4.4.6 is dedicated to the emissions.

4.4.1

Measuring flame front

In this subsection the method for capturing the flame front geometry by OH-LIF is
described. The equipment and operating conditions are discussed, followed by the
image-processing procedure and the necessary corrections.
4.4.1.1

Equipment

An excimer pumped dye laser (Lambda Physik LPX 240i in combination with Lambda
Physik Scanmate 2, Coumarin-153 dye dissolved in Methanol) is used to generate light
with a wavelength near 283 nm. The laser is tuned to the Q1 (6) line @283.010 nm of
the A2 Σ+ (v 0 = 1) ← X 2 Π(v 00 = 0) absorption band, as this resulted in the strongest
fluorescence signal. The pulse energy is about 0.3 mJ. The laser beam is converted
into a planar sheet with a height of approximately 25 mm by using a series of lenses
following [100]. We use two lenses to decrease the size of the incoming beam, subsequently two cylindrical lenses to convert the beam into a sheet and a single cylindrical
lens to decrease the thickness of the laser sheet which is kept below 150 µm. The
OH-LIF signal is captured with an ICCD camera (PI-MAX 3) that has a resolution of
1024×1024 px. As objective the Cerco UV lens 45 f /1.8 is used. In this configuration
the resolution is 12 px/mm. For the measurements where only the center region is
examined an additional convex lens (f =100 mm) is placed in front of the objective
to provide for additional magnification, resulting in a resolution of 44 px/mm.
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In the burning configuration natural gas is premixed with air in a separate mixing
device to ensure complete premixing. The equivalence ratio, φ, is set to 0.73, which
is typical value for a lean low-swirl flames (e.g., [20]) and far enough from the lean
blow-off limit required for stable combustion. The power is set to 33 kW (based on
the HHV of Dutch Natural Gas), resulting in a bulk velocity of 8.4 m/s. Although
this is slightly higher (7.3%) compared to the isothermal flow, it is expected that
the turbulence properties measured in the isothermal case are representative for the
combusting situations. In [17] it is shown that the axial velocity measured along the
centerline downstream of the low-swirl generator scales very well with the bulk velocity
over a wide turn-down ratio of 3.5 for both the combusting and non-combustion
situation. Furthermore, u0 along the centerline is not much affected by the presence
of the flame [20].
4.4.1.2

Data processing

To extract the flame front geometry from the 2D OH-LIF images a gradient based
edge detector is used followed by a spline fitting procedure to obtain a smooth and
differentiable representation of the frame front. The full details are described in [100].
Basically, a Laplacian of Gaussian (LoG) edge detector is used to obtain continuous
edges. Thresholding is not directly based on the intensity gradient magnitude, but
on the overlap of edges with edges detected by the Canny algorithm [13]. This combination is found to perform reliably and allows to detect continuous edges with little
erroneous ones included in the results, as well as a priori settings and no need for user
input during the detection process.
The procedure requires a single smoothing parameter to be set by the user. This
parameter is the standard deviation of the rotationally symmetric Gaussian low-pass
filter applied to an image prior to the edge-detection process to reduce noise, which
otherwise distorts the detected flame front. The setting of this parameter is a tradeoff between the suppression of noise and the ability to measure high curvature values.
An estimation of the expected maximum curvature, κmax , can be made based on the
reciprocal value of the laminar flame thickness, lf . Based on a laminar flame calculation using Cantera [34] and the GRI-mech 3.0 reaction mechanism [90] for methane
combustion lf is approximated to be 0.65 mm, resulting in κmax = 1.54 mm−1 . This is
in correspondence with the maximum flame front curvatures measurements by others.
For example, Day et al. [25] show that for a similar low-swirl flame more than 95% of
the measured curvatures are smaller than 1.54 mm−1 . The smoothing parameter is
set to 12 px or 0.27 mm of actual length in the zoomed measurement plane. According
to [100] this allow for curvatures up to 1.8 mm−1 to be measured with an error less
than 10%. A lower value (6 px) was considered, but this resulted in too much noise
and unphysically high curvatures. An error of 10% for the smallest structures and an
error lower than 10% for larger structures is found to be adequate to observe changes
in the curvature distributions between flames with different turbulent agitation.
Corrections
There are inhomogeneities of the OH-LIF intensity across the flame which impede
robust edge detection. Two sources for such inhomogeneity can be identified and
corrected for. The first one is the inhomogeneity of the laser-sheet, which causes
85

CHAPTER 4. FRACTAL GRIDS ENHANCING LOW-SWIRL COMBUSTION
intensity differences over the height of a frame. To correct for this the recorded
OH-LIF signal per frame is divided by the local sheet intensity. The second kind of
inhomogeneity occurs in the horizontal direction, since part of the laser energy has
been absorbed by the OH radicals along the path of the laser. This inhomogeneity is
different for each frame. Values higher than 1.5 times the Otsu threshold [78] of the
complete dataset are ‘clipped’ and set to the clipping value. This levels the intensity
difference between burned areas upstream and downstream along the laser path. For
the zoomed measurements a much smaller area is investigated and much less intensity
differences are observed. Nevertheless, the same corrections are applied.

Post-processing
Some erroneous frames are present in the recordings, which are caused by the nature
of the continuous LoG edges. Once the LoG edge overlaps sufficiently with the result
of the Canny edge detector a complete edge is included. In regions along a flame front
with low gradient in the OH-LIF intensity the LoG-edge detector will find an edge
that does not correspond with a flame front, but based on the overlap of the complete
LoG-edge with the Canny output it is included in the result. To reduce contamination
of the final dataset with these errors an additional post-processing step is used.
First, the value of the LoG of the OH-LIF intensity is measured along an obtained
edge. When there is a part along the edge where this LoG signal is low, it indicates
that this part of the edge may not be a flame front. Based on two threshold values, i.e.,
the length of this poor edge region and the value of the LoG, frames are excluded from
the dataset. The thresholds are set to an appropriate value by manually investigating
a limited number of frames. On average 5.4% of the frames are excluded and this
varies between 2.2% and 8.8% for the different measurements. It is assumed that
the erroneous frames are mainly caused by frame-by-frame variations in the laserpulse energy and spatial homogeneity of the laser-sheet and not by a turbulence or
combustion related phenomenon that is being disregarded by the filtering operation.
To assure the quality of the final dataset, a sample of 500 frames was taken for
both the zoomed and non-zoomed set. From an additional manual inspection we may
claim with 95% certainty that the fraction of frames with erroneous edges for the final
dataset is below 1.5%. This appears sufficient to measure properties like flame surface
density, reaction progress (no more than 1.5% error is made) and also for curvature
as shown in [100].
In order to provide insight in the effect of the post-processing on the measured
variables, the relative change is determined. The standard deviation of the curvature
distribution based on all the detected edges is on average 5.1% higher than for the
distribution determined with only the edges in the filtered dataset. This change
varies between 3.2% and 7.3% for the different measurements. The difference for the
reaction progress (measured between 0 and 1) is in the order of 0.02. For the flame
surface density averaged over the flame brush the change is about 2%. In total we
conclude that the extraction of flame structures is reliable and a proper basis for
further analysis.
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Figure 4.12: Mean reaction progress, c, for the low-swirl flames with different blockage
grids. The vertical and horizontal gray dotted lines denote the centerline and the position
20 mm downstream of the burner exit respectively, to indicate the absolute location of the
flame. The total height of the graphs is 22.4 mm. The black dotted lines indicate the region
of the zoomed measurements that are performed for a more precise evaluation of the flame
front geometry in that region.

4.4.2

Shape of flames

In Figure 4.12 the mean reaction progress, c, obtained from the OH-LIF results is
shown. Here, c is the averaged value of the instantaneous reaction progress, c, which
is either zero or unity for unburned and burned regions, respectively. The effect of
the different grids on the shape of the flame is two-fold. First, there is a difference
in lift-off height. Grids with lower blockage stabilize at a higher position as was
expected based on the cold flow measurements. Using fractal grids, and increasing
thereby the level of turbulence, results in a lower stabilization position. The second
effect concerns the flame brush thickness. The cases involving a fractal grid have
87

CHAPTER 4. FRACTAL GRIDS ENHANCING LOW-SWIRL COMBUSTION
higher turbulence levels and also thicker flame brushes. While the thickness of the
total flame brush of the ‘hex’ configuration is only 10 mm, defined as the distance
between the c isocontours of 0.1 and 0.9 at the centerline, the flame brush for the
Rt = 0.29 case does not even fit within the height of 20 mm.
The global shape of the flame shows for all cases, to a greater or lesser extent,
some asymmetry with respect to the centerline. A similar level of asymmetry is also
present in low-swirl flames studied by others [16, 5, 18, 20, 25]. In particular, [25]
reports similar asymmetric flames for a comparable low-swirl burner, i.e., a diameter
of 50 mm. They contribute this to an ‘under-developed’ flow for bulk velocities U0 <
10 m/s and issues related to misalignment of the vanes with the holes in the perforated
plate. This makes the stabilization of the flame prone to azimuthal variation of the
flow profile, which are due to the finite number of swirl vanes and the six-fold and fourfold symmetry of the hexagonal grid and cross grid, respectively. However, comparing
the effect of the significantly intensified turbulence on combustion properties, like
flame surface density, turbulent flame speed and flame front curvature, is not hindered
by the slight asymmetry.
An oddity in the set of results is the case of Rt = 1.0 and σ = 60% which results
clearly in a differently stabilized flame. The high axial velocity at the center, as can
be seen in Figure 4.8c, creates an extreme ‘W’-shaped flame. Although ‘W’-shaped
flames are also reported by others, e.g, [4, 76, 107] and can be identified to some extent
in the shapes of the other flames presented here, the severity of the W-shape for this
particular flame impedes a proper comparison. The stabilization mechanism of this
flame tends to be much more dominated by the inner shear layer (ISL) between the
inner core flow and outer annular flow, rather than the flow divergence. A detailed
discussion on this ‘shear layer stabilized’ or ‘W-type’ flames can be found in [4]. As
the focus of this work is on the effect of fractal-grid-generated turbulence on the
combustion rate, this particular flame is disregarded as it is more dominated by the
stronger ISL than the turbulence generated by the grids.

4.4.3

Turbulence upstream of the flame

It is shown that flames involving a fractal grid are being stabilized at a location closer
to the outflow, compared to the case with a classical grid. This implies a higher
mean upstream velocity, which suggests an increased burning rate. Furthermore,
the increased brush thickness also indicates a higher burning velocity. To investigate
quantitatively how the burning rate increased under the effect of fractal-grid generated
turbulence, the turbulent flame speed is evaluated as function of the level of turbulence
(u0 ). In this way it is verified if the, for low-swirl flames, typical linear dependence
between these quantities is maintained [17]. First, in this subsection the level of
turbulence at the leading edge of the flame brush is determined, while in section 4.4.4
the turbulent flame speed is evaluated.
In order to have a single measure for the level of turbulence encountered by the lowswirl flame, the centerline value of u0 is used at the location of the leading edge of the
flame brush. Here, the leading edge is defined where c = 0.15, as this point is available
for all measurements. However, choosing a different value of c does not change the
obtained level of turbulence significantly and does not change the conclusions at all.
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U

u0c

u0h

Rt = 0.29, σ = 0.60
Rt = 0.40, σ = 0.60

3.7
3.7

1.1
0.94

1.36 (±0.15)
1.17 (±0.13)

Rt = 0.70,
Hex,
Rt = 0.29,
Rt = 0.40,
Rt = 0.70,
Rt = 1.00,

= 0.60
= 0.60
= 0.65
= 0.65
= 0.65
= 0.65

3.0
2.7
3.7
3.5
3.2
2.3

0.92
0.46
1.2
0.99
0.81
0.41

1.15
0.57
1.49
1.24
1.01
0.52

Hex, σ = 0.65

2.2

0.49

0.60 (±0.07)

σ
σ
σ
σ
σ
σ

(±0.13)
(±0.06)
(±0.16)
(±0.14)
(±0.11)
(±0.06)

Table 4.3: Velocity data in m/s at the centerline and at the downstream position corresponding with the leading edge of the flame (c = 0.15). Here, U and u0c are obtained from
the hot-wire measurements in the isothermal flow and u0h is the estimated value for u0 at the
location of the leading edge of the flame in the burning situation. The estimate is determined
from u0c increasing it with 7.3% due to the higher bulk velocity and subsequently by 16%
due to the higher u0 upstream of the flame for the burning configuration compared to the
isothermal flow as is determined from measurements of [20]. The uncertainty of u0h is also
determined from the data of [20]. Estimating u0 from the isothermal flow data by an increase
of 16%, results in no more that 11% deviation from their hot flow data in the region up to
the flame (8 mm < x < 20 mm).

Table 4.3 lists both U and u0c retrieved from the cold flow data where c = 0.15.
Based on the measurement of [20] in flows of low-swirl burners in both burning and
isothermal flow one can expect the value of u0c of the isothermal flow to be representative for the r.m.s. of the velocity fluctuations of the combusting flow, u0h , as well.
The level of u0 remains relative unaffected by the flame, which is convenient when
only isothermal data is available. In Table 4.3 the estimate of u0h is listed together
with the uncertainty associated with the used method.
Flames involving a fractal grid encounter a flow with a higher level of turbulence.
On average u0h is two times higher for the fractal cases. This applies for both blockages.
Now a systematic trend becomes clear for Rt . Decreasing Rt results in a higher value
of u0h .
The mean velocity is much more affected by the presence of the flame than u0 . As
the flame creates an ‘obstacle’ for the flow, the linear decrease of U along the centerline
becomes more steep [20]. Under the assumption that this effect is also encountered
for all cases considered here, at least a qualitative trend for the turbulent flame speed
measured as the flame’s displacement speed, ST,LD , can be made. This displacement
speed is defined as the local speed at which the leading edge of the flame brush is
propagating and it is an often used definition for turbulent flame speed of low-swirl
flames [27]. By approximating ST,LD ≈ U at the location of the leading edge from
the isothermal data, a 40% increase for σ = 0.60 and an 80% increase for σ = 0.65
in ST,LD is observed when switching to fractal grids. This suggests that a significant
increase in the turbulent flame speed can be realized by applying fractal grids in
a low-swirl burner. For a more quantitative determination of ST,LD LDA or PIV
measurements should be performed in the hot-flow [87, 20, 25, 80].
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4.4.4

Turbulent Flame Speed

4.4.4.1

Definition

Instead of using the uncertain, upstream mean velocity to define the turbulent flame
speed the more reliable measured amount of flame surface (within 5%) is used here.
Under the assumption that the flame front locally propagates with the laminar flame
speed, SL , the amount of flame surface determines the consumption speed. According
to the regime diagram of Peters [79] flames are expected in the ‘corrugated flamelets’
and ‘thin reaction zones’ regimes which is consistent with the local laminar flamelet
assumption. The effect of stretch and curvature of the flame front on average on SL is
assumed to be minimal for unity Lewis number, methane flames [27, 56]. Therefore,
SL is equal to the unstretched laminar flame speed, SL0 and is evaluated at 0.20 m/s
based on the laminar flame simulation using Cantera [34] and the GRI-mech 3.0
reaction mechanism [90]. The turbulent flame speed can be obtained using the local
consumption speed, ST,LC , which is determined from the FSD according to:
ˆ ∞
ST,LC
= I0
Σdη
(4.1)
SL0
−∞
where η is the coordinate perpendicular to the flame brush and I0 the stretch factor
accounting for the effect of stretch on the laminar flame speed [27]. I0 is assumed to
be 1 for all flames considered here based on [27] who analyzed the DNS of [36] using
air methane with φ = 0.52 and of [6] using φ = 0.8 reporting values of I0 between
0.95 and 1.12. I0 = 1 implies in fact SL = SL0 .
In reference [27] it is pointed out that expression 4.1 can be rewritten as:
ST,LC
= I0 Σmax δT
SL0

(4.2)

Here, Σmax is the maximum flame surface density according to the quadratic fit for the
flame surface density, Σ, as function of the progress variable: Σ = 4Σmax c (1 − c) and
δT is the flame brush
thickness
thatifollows from parameterizing the mean reaction
h

m)
progress as c = 1 + exp −4(η−η
, where ηm is the value of η at which c = 0.5.
δT
Both these fits are appropriate for flat flames [57, 87] as well as other premixed flames
[27].
The use of the fitted variables, Σmax and δT , provides a method to obtain a
consumption speed that applies to the complete flame brush (i.e., 0 < c < 1), while the
flame brush is not completely captured for all zoomed measurements. The overlapping
range in c for all flames is limited to 0.22 < c < 0.85. Although this contains the
majority of the flame surface (82% according to the quadratic fit in Σ) and the
integration according to expression 4.1 could be used to capture the trends of ST,LC ,
the generality of the value of ST,LC according to expression 4.2 it preferred.
4.4.4.2

Calculation of flame surface density

For an accurate quantification of the FSD and the flame wrinkling, zoomed results
from the center region are obtained. The region that is examined for each flame is
centered around the centerline and the position where c = 0.5. This region is indicated
in Figure 4.12 by the black dotted lines. For each flame 1000 frames are analyzed.
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A continuous and smooth spline representing the flame front is obtained during
the edge detection process. The FSD is determined by calculating the spline length in
every pixel, similar to Shy et al. [89]. This is subsequently averaged over all frames.
Note that the obtained FSD is the 2D flame surface density, Σ2D , which is the flame
length per area. The method of Shy et al. accounts for the orientation of the flame
front within a pixel, yielding a higher accuracy. A comparison with straight-forward
edge-pixel counting shows a difference of 9%.
In order to estimation the 3D FSD from the 2D measured equivalent we employed
the method described by Veynante et al. [103] and Halter et al. [35]. The conversion
factor is defined as Σ2D = hcos φi Σ, where φ the angle between the unit vector normal
to the instantaneous three-dimensional flame surface and the measurement plane.
2
h. . .i denotes the ensemble average. Veynante et al. show that hcos φi + hmy my i = 1,
with my being the fluctuating part of the y-component (out of the measurement
plane) of the unit vector normal to the instantaneous three-dimensional flame surface.
However, as this fluctuation is not accessible by the planar OH-LIF measurements
hmy my i should be modeled by the measured in-plane components. As we are using
a different flame than both Halter et al. and Veynante et al. the question rises which
component of the unit vector normal to the measured flame front should be used
to model hmy my i. The low-swirl flame can be considered as a flat flame in the
center region, where on average the unit vector normal to the flame surface points
in the negative z-direction (in the direction of the unburned mixture). Fluctuations
of the normal vector in the y-direction (out-of-plane) should therefore be represented
by the fluctuations in x-direction as the flame is axi-symmetric with the z-axis as
the axis of symmetry. By stating that hmy my i ≈ hmx mx i the conversion factor
−1/2
becomes hcos φi = (1 + hmx,2D mx,2D i)
. Here, mx,2D is the fluctuating part of the
x-component of the unit vector normal to the measured flame front. (This uses the
approximation of mx ≈ hcos φi mx,2D , which is valid if the orientation of the measured
flame front inside the measurement plane and the angle φ are statistically independent.
According to the data of Veynante et al. this is an appropriate assumption.) The
conversion factor varies somewhat between the different measurements; on average
hcos φi = 0.83 and it ranges from 0.82 to 0.86. The values closer to unity correspond
to the classical grids, whereas the more intense turbulence associated with the fractal
grids results in somewhat lower values of hcos φi.
Figure 4.13 shows the FSD for two cases; fractal cross Rt = 0.29 and hex both
with σ = 0.6. Here it can be seen that the maximum FSD is higher for the fractal
case: an increase of approximately 20%. Also from this figure it is clear that a larger
flame brush is established in the fractal case. In the next section the FSD and the
brush size are addressed more quantitatively.
4.4.4.3

Effect on FSD and brush thickness

The control volume that is used to study the flame properties is bounded by a cylinder
with a radius of 5 mm. The limited range in radial direction is used to study only a
part of the flame that is exclusively affected by the grid turbulence. Table 4.4 lists
the values of the maximum FSD, Σmax , and the flame brush thickness, δT , obtained
from this region. It is interesting to investigate which quantity is most affected by the
fractal-grid-generated turbulence as they both contribute to the local consumption
speed, which is also displayed in the same table. For the grids at σ = 0.6, Σmax
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Figure 4.13: 3D Flame surface density, Σ, for low-swirl flame with (a) fractal cross grid at
Rt = 0.29 and σ = 0.60, (b) classical hexagonal grid at σ = 0.60. The FSD is filtered with a
Gaussian filter with a standard deviation of 1 mm. This is done to remove the pixel variation
in FSD as the value for each pixel is not statistically converged based on 1000 frames. By
applying the filter operation a smoother field (better statistical convergence for each filtered
point) is obtained while sufficient resolution is maintained.

increases up to 21%, relative to the classical hex case for Rt = 0.29, but for the case
at Rt = 0.7 a small decrease is observed (-2%). All grids at σ = 0.65 except the one
at Rt = 0.29, show a decrease with respect to the classical hex case. This means that
there is no enhancement of the FSD in general when exchanging the classical hex
grids with fractal grids. Among the cross grid alone there is a consistent trend, i.e.,
decreasing Rt results in a higher Σmax . The effect on δT is more pronounced as using a
fractal grid results in a significant increase of δT , compared to the reference case with
a classical hex grid. At σ = 0.6, δT changes from 11 mm to 23 mm (for Rt = 0.7) and
at σ =0.65 δT increases from 8 mm to 20 mm (for Rt = 0.29). However, no consistent
trend for δT with respect to Rt can be identified among the cross grids. For σ = 0.6
δT decreases with decreasing RT , while for σ = 0.65 the opposite trend is observed.
This differing observation might be due to the limited number of experiments. It is
therefore suggested to perform additional measurements to test whether increasing
Rt mainly affects the large-scale wrinkling, measured in terms of δT , or the fine-scale
wrinkling expressed by Σmax .
In conclusion, the FSD is dependent on Rt . A decreasing Rt results in a higher
FSD, but it is not necessarily higher than the FSD for the classical hexagonal case.
Furthermore, δT is clearly increased when using (fractal) cross grids. By intensifying
the turbulence using fractal grids, one can clearly obtain an increased consumption
speed, which is largely caused by broadening of the flame brush.
4.4.4.4

Local Consumption Speed
S

u0

,LC
h
In Figure 4.14 the values of STL0
are plotted as function of SL0
. Here, it can be seen
that the flames involving fractal grids have a significantly higher local consumption
speed, i.e., a factor of about two increase compared to the hex and the classical grid
cases is measured. When incorporating all measured points a linear trend can be
observed that is indicated in Figure 4.14 as well. Such linear trend is also observed
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u0h
SL0

Rt = 0.29, σ = 0.60
Rt = 0.40, σ = 0.60
Rt = 0.70, σ = 0.60
Rt
Rt
Rt
Rt

Hex,
= 0.29,
= 0.40,
= 0.70,
= 1.00,
Hex,

σ
σ
σ
σ
σ
σ

= 0.60
= 0.65
= 0.65
= 0.65
= 0.65
= 0.65

δT

ST ,LC
SL0

[−]

Σmax
[mm2 /mm3 ]

[mm]

[−]

6.6
5.8
5.6

0.226
0.216
0.183

17
18
23

3.8
3.8
4.3

2.8
7.2
6.0
4.9
2.6
3.0

0.187
0.249
0.212
0.193
0.179
0.218

11
20
17
19
13
8

2.0
4.9
3.7
3.6
2.3
1.8

Table 4.4: Maximum flame surface density, flame brush thickness and the normalized
turbulent flame speed, determined from the center region, −5 mm < x < 5 mm. Σmax
is the maximal flame surface density according to the
max c (1 − c). δT is

 fit for Σ = 4Σ
m)
. Here, η is the
the flame brush thickness according to the fit c = 1 + exp −4(η−η
δT
coordinate perpendicular to the flame brush and ηm is the value of η at which c = 0.5. The
S ,LC
normalized turbulent flame speed, ST L0
, is the product of Σmax and δT . SL0 is the laminar
flame speed, evaluated at 0.20 m/s. From completeness, the level of turbulence upstream of
the flame brush,

u0h
SL0

is shown as well.

by others and is characteristic for LSB [17, 20, 87]. This linear trend is persistent for
values up to u0h /SL0 as high as 30 as reported by [20]. Intensifying the turbulence
by using fractal grids efficiently enhances the local combustion rate due to the linear
response in u0 . The actual slope of the linear dependence varies for different definitions
of the turbulent flame speed. The local displacement speed, ST,LD , is known to
increase more rapidly than the local consumption speed, ST,LC , as shown by Shepherd
and Cheng [87] and discussed in more detail in [27]. For the evaluation of ST,LC
Shepherd and Cheng did not use a correction factor to convert Σ2D into the 3D Σ.
The slope of their fit is 0.438. This value corresponds reasonably well with the value
of 0.37 as observed here when omitting the 2D to 3D correction.
The uncertainty for
u0h
SL0

ST ,LC
SL0 ,

as well as,

u0h
SL0

is also indicated in 4.14. The uncertainty

u0h

in
stems mainly from evaluating
from u0c (±11%) and the variation in SL0
(±5.4%), due the limited repeatability of the equivalence ratio between consecutive
S ,LC
measurements (±2%). The errorbar for STL0
is composed of the uncertainty in I0
(between -8% and +12%), the 95% confidence interval for the averaged flame surface
density using 1000 frame (±3.3%), the 95% confidence intervals of both Σmax and
δT (<1%) and the possible error due to the inclusion of erroneous frames (±1.5%).
Although the identified errors result in significant errorbars, the data of Figure 4.14
remains clustered in two separate regions, i.e., one with the classical grids with a
low level of turbulence and a low turbulent flame speed and one region with fractal
grids associated with much stronger turbulence and a higher burning rate. This
demonstrates that fractal grids can be used in actual industrial burners to significantly
increase the turbulent flame speed.
The effect of Rt for the different fractal grids tends to be overshadowed by the
uncertainty when considering ST,LC . A decrease in Rt results consistently in an
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Figure 4.14: Normalized local consumption speed as function of the normalized turbulent
velocity for the different flames. The errorbars indicate the estimated uncertainties in both
u0h
ST ,LC
and SL0
.
SL0

increase in u0 , but not in an increase in ST,LC . However, all measurement points
S ,LC
correspond, within their uncertainty, with the linear trend for the increase in STL0
u0

h
. This indicates that the nature of low-swirl combustion is not
as function of SL0
altered by employing fractal grid. Only the level of turbulence is enhanced efficiently.

4.4.5

Flame front curvature

The wrinkling of the flame front can be expressed by its curvature distribution. The
0 00
0 00
x
flame front curvature, κ, is calculated according to κ = (xx 02z+z−z
, where [. . .]0 repre02 )3/2
sent the directional derivative of [. . .] along the smooth spline representing the flame
front as obtained in the edge-detection process. The curvature is defined positive
when the center-of-curvature is located in the unburned mixture. Two instantaneous
OH-LIF images, showing a clear difference in flame front curvature between a flame
using a fractal grid and a hexagonal grid, are depicted in Figure 4.15a-b. The PDF’s
of the curvature show much finer wrinkling for the flame with the fractal grid at
Rt = 0.29, compared to the hexagonal grid, as can be seen in 4.15c-d. Only two cases
are plotted since the curvature distribution is similarly ‘bell’-shaped for all measurements. To compare the different cases the standard deviation of the PDF, σκ , is
plotted in Figure 4.16 for all measurements as function of u0h . Here, it can be seen
that σκ is considerably higher for the fractal cases compared to the non-fractal cases.
Similar to Figure 4.14 also here two clusters are observed. Such finer wrinkling was
not reported by Soulopoulos et al. [92] when switching from a classical grid to a fractal
grid in their V-flame configuration. Only a marginal difference in the tail of the PDF
was reported, while there was a significant difference in turbulence level between the
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Figure 4.15: (a,b) Example of an OH-LIF data frame, showing the clear difference in flame
front curvature between fractal and non-fractal case. (c) PDF of flame front curvature on
linear scale. (d). Same as c, but on logarithmic scale.

flow behind the fractal and classical grid.
There is a clear relation between the standard deviation of the PDF and u0h ,
since all points tend to form a straight line. This shows that decreasing Rt , which
is accompanied with a higher u0h , results in finer wrinkling. The finer wrinkling folds
more flame surface into the measurement volume, and this corresponds with the
increase in turbulent flame speed.
The increase in turbulence furthermore enables the flame front to vary more in
downstream position, which is also illustrated by Figure 4.15a&b. Here the flame
front of the fractal case spans a larger range in z-direction compared to the classical
case. The increased wrinkling is therefore not necessarily accompanied by an increase
in local flame surface density as also the flame brush thickness can be increased as
shown in the previous section.
As there is no deviation of the linear trend in both σκ and ST,LC , that would indicate some kind of saturation- or ‘bending’-behavior as denoted by [27], the question
arises if an even more compact flame can be acquired by reducing Rt even further.
However, this will require more precise methods to manufacture the smallest details
of the grid.

4.4.6

Emissions

In order to verify the low emission characteristic of the LSB, the NOx and CO emissions are measured. To be able to measure species concentration in the exhaust gasses
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Figure 4.16: Standard deviation of the flame front curvature distribution as function of u0
at the leading edge of the flame brush. The uncertainty in u0hot is defined in Table 4.3. The
uncertainty in σκ is estimated to be below 10%, as curvatures up to 1.8 mm−1 are measured
with an accuracy better than 10%.

a combustion chamber is used to avoid entrainment of cold ambient air. This consists
of a 0.5 m tube with inner radius of 150 mm. As this is more than three times the
burner radius, it is expected that the enclosure has no effect on the combustion as
was verified by Yegian and Cheng [107]. The exhaust gases are sampled at the centerline at the exit plane. The sample is cooled to 4◦ C to remove the water content
and subsequently supplied to an Ecom-RBR mobile gas analyzer.
Only the results for the reference burner, i.e., classical hex at σ = 0.65 and one
fractal burner at Rt = 0.29 and σ = 0.65 are shown in Figure 4.17. There is no significant difference in NOx and CO emissions between the burners. We therefore limited
the emissions measurements to only one fractal grid and the hexagonal grid, which
show the largest difference in turbulent flame speed. The values were compared with
those of Littlejohn and Cheng [63], which show very similar emission characteristics.
The NOx emissions are low and an exponential-like dependence on the equivalence
ratio is observed. In fact, the equivalence ratio affects the flame temperature which in
turn affect the NOx formation. For the CO emissions also a low level is observed. Replacing the conventional central blocking grid by a fractal grid does not compromise
the low NOx capabilities of the low-swirl burner.

4.5

Conclusions

The properties of turbulence generated with fractal grids are being studied extensively
as can be seen by the large number of publications in the past few years. We investigated a practical application for fractal-grid-generated turbulence, i.e., the low-swirl
burner. It is shown that replacing the traditional hexagonal grid by a fractal grid
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Figure 4.17: NO and CO emissions as function of the equivalence ratio. The errorbars
indicate the measurement uncertainty, which is ±5 ppm.

leads to a higher turbulent flame speed.
The grids that were investigated are constructed according to an iterative pattern
of crosses of decreasing length. The ratio of the thickness of the consecutive crosses,
indicated by Rt , is varied between 1 and 0.23. The grid at Rt = 1 is considered as a
classical cross grid, since there is no multi-scale pattern and all grids with Rt < 1 are
denoted as fractal cross grids. Besides the cross grids also a classical hexagonal grid
is used as a reference.
The properties of the turbulence downstream of various grids were measured by
hot-wire anemometry. These measurements reveal that fractal grids effectively increase the turbulent intensity in the center region of a low-swirl burner. A doubling
of u0 and a four times higher TKE is observed while maintaining a similar pressure
drop. In the situation where the grids are placed in a pipe flow, not only a similar
increase in u0 is observed, but here also a reduction in pressure drop is measured.
For the grid at Rt = 0.7 a maximal reduction of 35% compared to the classical case
is observed. The energy spectra of the velocity measured just downstream of the
exit of the pipe show that the enhancement applies to the whole range of turbulent
scales. The increase in u0 is not exclusively along the centerline. The measurements
performed in an axial-radial plane show that u0 is increased throughout the center
region downstream of the central blocking grid of the low-swirl generator and up to
the location of the flame (25 mm < z < 125 mm).
The OH-LIF experiments allow for an evaluation of the FSD, flame brush thickness
and the local consumption speed, ST,LC . The increase in ST,LC is linear in the level
of turbulence at the leading edge of the flame front, which is in correspondence with
literature [87]. This shows that the nature of the LSB appears unchanged by applying
fractal grids, and only u0 is increased. Although the direct measurement of the level
of turbulence at the flame front is not possible by hot-wire anemometry, a reliable
estimate has been made based on data of others [20]. ST,LC is determined by both
the flame brush thickness and the flame surface density. The results as shown in
Table 4.4 indicate that the increase in ST,LC is more determined by the increase in
the flame brush thickness than by the flame surface density, when switching from
classical grids to fractal grids. The standard deviation of the flame front curvature
distribution linearly increases with the level of turbulence at the leading edge of the
flame front. This indicates that the flame front is finer wrinkled when it is exposed
the more intense turbulence. Within the investigated range of u0 there is no sign of a
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deviation of this linear trend as well as from the linear trend for ST,LC , suggesting that
the flame front can be even finer wrinkled and that the flame speed can be enhanced
more when increasing u0 even further. It is left for further research to investigate
higher u0 by increasing the bulk velocity or by decreasing Rt .
With respect to the measurement volume the flame can be made more compact
when employing fractal grids as more flame surface is folded into this measurement
volume. However, this is associated with a wider flame brush. With respect to the
cross-sectional throughput of reactants through the flame there is a solid increase as
shown by ST,LC . This provides means to increase the bulk velocity without blow-off
and to achieve higher power densities in the same burner. Alternatively, one could
exploit the efficient turbulence-generating property of the fractal grid to create similar
levels of turbulence, but at lower expense of pressure drop.
Parameters of the fractal grids that were varied are the thickness ratio, Rt , and
the blockage ratio of the grid, σ. The ratio of central- and swirling flow and thereby
the strength of the linear decay of U along the centerline downstream of the grid is
mainly determined by σ, allowing control over the lift-off height of the flame. This
effect was observed here as well. The flames involving a grid with σ = 0.65 stabilized
at a lower position than for the cases with a grid with σ = 0.60. There is no large
difference in u0 measured between the two different blockages. Rt mainly determines
the increase in turbulence and combustion. When switching from a classical grid,
either a hexagonal or cross grid, to the fractal grid at Rt = 0.7 the largest difference in
turbulence and combustion is observed. Here u0 and ST,LC both double. Decreasing
Rt further to 0.4 and 0.29 slightly increases u0 , and thereby marginally increases
ST,LC . The large difference in turbulence and combustion rate between the classical
grids and the fractal grids at Rt = 0.7 suggests that the flow is very sensitive to small
alterations in the distribution of perforations in the grid. Therefore, it is interesting
to further investigate the transition from classical to fractal by using grids with values
of 0.7 < Rt < 1. The fact that Rt and σ both have a more or less independent effect
on the flame, i.e., Rt controls turbulence intensity and σ the low-swirl stabilization
mechanism, makes it convenient for engineering fractal grids for low-swirl combustion.
Finally, it was verified that the low level of emissions for NOx and also CO are not
affected by changing to a fractal grid.

98

Chapter 5

Conclusions
In this chapter the conclusions of the individual chapters are summarized, which
together provide an answer to the research question posed in the introduction (chapter 1). The first part of this chapter reviews to what extent it is possible to generate
turbulence in an efficient way usable for low-swirl burners. The second part addresses
the effect of the modified turbulence on the turbulent flame speed. Here, both the
active grid and fractal grid approach are discussed separately. However, due to differences in blockage ratio and characteristic hole size between the two methods a direct
comparison is omitted.

5.1
5.1.1

Methods to efficiently generate turbulence
Active grid

A compact active grid was constructed, which introduces fluctuations into the turbulent flow at distinct and controllable frequencies without creating a large pulsation of
the mean flow. This last property is a prerequisite for the usability of the active grid
in a combustion context. Pulsation of the mean flow is undesired in, for example, gas
turbines where it can lead to combustion instabilities [51]. The active grid consists
of two perforated disks of which one is rotating, making it much less elaborate than
the active grid of Makita [66] with multiple rotating parts. Four intrinsically different
combinations of disks where tested in a pipe flow configuration.
The hot-wire results show an energy spectrum with a significant fraction of the
energy in distinct, controllable peaks. The response, defined as the amount of energy
contained in these peaks, is high (up to 25%) when the introduced scales have a
timescale in the energy-containing range and decreases when these timescales are
shorter and lie in the inertial range. This is in agreement with literature, e.g, [12, 15,
48, 49].
There was no indication of a ‘resonant enhancement’ for the current design and
parameter range of the turbulent kinetic energy or dissipation rate, i.e., a maximum
for the quantity concerned at a particular operating frequency of the grid. However,
such behavior was observed by Cekli et al. [15] for the dissipation rate using an active
grid in a wind-tunnel and by Cadot et al. [12] for the turbulent kinetic energy in their
‘French washing machine’. The current active grid operates at different, much lower
99

CHAPTER 5. CONCLUSIONS
Reynolds numbers and does not display such a striking enhancement of turbulence in
the available parameter range.
The active grid was found to introduce a significant amount of fluctuations into the
flow. These fluctuations can be introduced between the large-scale, energy-containing
range up to considerably smaller scales into the inertial subrange. To test whether
these fluctuations directly enhance the combustion rate of the low-swirl flame the
compact active grid is adapted such that it replaces the central blocking grid of
a low-swirl burner. The hot-wire measurements in the center of the flow for this
combination show very similar results as for the active grid in pipe flow in terms
of the strength of the induced fluctuations. Evaluation of the mean velocity shows
that the characteristic decrease in velocity with downstream distance is maintained.
Furthermore, it is verified that a well stabilized low-swirl flame can be obtained.

5.1.2

Fractal grids

The fact that it is possible to use fractal grids to obtain higher turbulence levels in
the wake of the grid, while maintaining a similar pressure drop is known from studies
performed by others, e.g., [38, 92]. The experimental results reported here extend this
knowledge on two main aspects. In chapter 3 the relation between the fractal-grid
parameters and the turbulence is quantified in detail, while the results of chapter 4
demonstrate the usability of fractal grids in a low-swirl burner.
To identify the relation between the strength of the turbulence downstream a
fractal grid and the parameters defining the grid, the flow downstream 24 different
grids, containing variation in pattern, solidity and range of embedded scales, was
examined. Two different fractal patterns were used, being the ‘square’ pattern as is
widely reported in literature and the ‘cross’ pattern which was expected to be more
suitable for low-swirl combustion. An image of these patterns can be found in Figure
3.1.
By increasing the range of embedded scales the turbulence was found to be intensified. An up to four times higher r.m.s. of the velocity fluctuations, u0 , is observed
when applying fractal grids instead of a classical grid with the same solidity. This is
measured roughly three duct sizes downstream of the grid. Both grid types allow for a
similar maximum enhancement. The difference lies in the inhomogeneity of the mean
velocity in transversal direction. In case of the square grid there is a high velocity in
the center, while there is a velocity deficit at this position for the cross grids. The
level of inhomogeneity increases with blockage ratio and is also dependent on the
range of lengthscales present in the grid.
The hot-wire results provide a good description of the turbulence intensity along
the centerline for the various fractal grids. For the square grids the intensity first
builds up and reaches a maximum whereafter it decreases. The development of the
normalized turbulent intensity, I/Ipeak , is self-similar with the downstream distance
2
scaled by a ‘wake-interaction’ length, z ∗ = (L0 − t0 ) /t0 , where L0 is width of the
largest rectangle and t0 the thickness of the bars forming the largest rectangle. This
notion introduced by Mazellier and Vassilicos [68] is expanded by showing that the
peak value, Ipeak , behaves as a linear function of σ zD∗ which also agrees with data of
others for much different grid sizes. Here, σ and D are the solidity of the grid and
the duct size, respectively. Also for the cross grids the turbulence intensity along the
centerline follows a self-similar dependence when the downstream distance is scaled
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by the outer grid size. The absolute intensity scales linearly with t0 /D, which also
holds for wind-tunnel data of Hurst and Vassilicos [38]. Being able to predict the
turbulence intensity downstream various fractal grids is an important feature that
can be used for designing fractal grids in practical applications.
The results discussed so far concern the measurements for the grids inside the
square duct used in combination with a V-shaped flame (chapter 3). In chapter 4
we reported on the flow downstream cross grids placed in a pipe flow as well as in
a low-swirl generator. Only the cross pattern is used here as it is preferred over the
square pattern due to its velocity deficit instead of a velocity surplus in the center
region. The otherwise high velocity along the centerline results in an improperly
stabilized low-swirl flame. In the pipe flow configuration u0 increased maximally by
a factor 2.7 compared to using a single scale grid. An increase was observed for all
fractal grids included in the study and illustrates a marked difference with the use of
a classical single-scale grid. While u0 is increased, the pressure drop over the grid is
lower (15-35%), indicating that turbulence is more efficiently generated. The increase
in turbulence is persistent when using the fractal cross grid in combination with the
low-swirl generator. In this case a doubling of u0 is observed at 3.5 grid sizes (L0 ),
downstream, i.e, at the location where the flame is designed to stabilize. From the
energy spectrum of the velocity it becomes clear that not only the largest scales are
more energetic; also smaller scales are introduced as the spectrum is further extended
into the high-frequency range.

5.1.3

Summarizing the turbulence response

To summarize the results on achieving a more turbulent flow it can be stated that
fractal grids provide an intense turbulence with an enhancement at all scales, while the
active grid approach only increases the energy at specific scales. This is graphically
depicted in Figure 5.1.

5.2

Enhancement of the turbulent flame speed

To evaluate whether the turbulent flame speed, ST , is enhanced by generating turbulence using either an active or a fractal grid OH-LIF experiments have been performed. These experiments provide instantaneous cross sections of the flame front
from which the amount of flame surface and subsequently the turbulent flame speed
can be determined.
As there is no optimum operating frequency, fr , identified for the active grid where
u0 is maximized, the most important question that remains is whether the specific
scales introduced by the active grid provide a beneficial effect on the flame speed.
For increasing fr a decreasing u0 is observed. For one of the active grid combinations
(spiral-hex) this is accompanied with a decrease in turbulent flame speed, while for
the other combination (chopper3) an almost constant value was observed. It was
hypothesized that part of these fluctuations could be directly capable of wrinkling
the flame front and thereby increase the combustion rate, but this has not been
confirmed by the experimental results as the variation in turbulent flame speed is of
the same order as the measurement uncertainty. The relative amount of energy in
the specific fluctuations is most likely too low to induce a significant change in the
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E

Fractal grid
Active grid
Reference case

k
Figure 5.1: Schematic energy spectrum illustrating the distribution of the enhancement
of different turbulence scales by active and fractal grids. E represents the energy per wave
length and k represents the wave length, both in arbitrary units. While the active grid
was found to introduce additional energy in specific peaks in the spectrum, the fractal grid
induced an overall more intense turbulence, affecting both the large as well as the flamewrinkling scales.

combustion rate. In contrast, Cardoso de Souza [14] obtains an increased combustion
rate in simulations of a Bunsen flame using a spatial forcing scheme at the inflow of
a turbulent jet configuration. However, the velocity fluctuations imposed close to the
flame have an amplitude of at least 50% of the mean velocity and are applied for all
three velocity components. Such forcing is considered to be much stronger than the
active grid approach studied experimentally here.
A side effect of the deterministic periodic forcing is that it induces a periodic
movement of the flame. Although the level of pulsation of the mean flow was found
to be low, phaselock averaging of the OH-LIF data shows that at low fr there is
substantial movement of the flame (in the order of 10 mm). When fr is increased this
movement reduces. Such movement can lead to combustion instabilities when used
inside an enclosure.
In two different configurations the effect of fractal-grid-generated turbulence on the
turbulent flame speed is evaluated. The results of both studies provide qualitatively
similar results. The results show clearly how the turbulent flame speed of the reference
case, using a single scale grid, is increased by using multiple lengthscales in the grid.
The relatively small geometrical alteration that exists between the classical cross grid
(Rt = 1.0) and the fractal cross grid with Rt = 0.7 (the grid with the smallest
range of different scales) already induces a strong increase in turbulent flame speed.
The increase in flame speed is very well described by u0 evaluated at the location
of the flame. Infact, in the low-swirl context ST increases linearly with u0 . This
linear dependence is characteristic for a low-swirl flame and has been confirmed by
others to hold over a much larger range in u0 than investigated here. While in most
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of these studies, e.g., [20, 87, 88], u0 is increased by using a higher mean velocity
(and I remaining constant), here u0 has been independently varied by using different
fractal grids. In addition to the effect of fractal-grid-generated turbulence on the
turbulent flame speed, it has also been verified that the low NOx emissions, that are
characteristic for a low-swirl burner, are not affected. When using a V-shaped flame
the relation between the turbulent flame speed and the turbulent flow is quantitatively
somewhat different, but also here ST is mainly an increasing function of u0 . At the
position of the flame-stabilizing rod the wrinkling of the flame front is nil. In the
time the flame front is convected downstream this wrinkling develops due to the
turbulence and increases thereby the local turbulent flame speed. By incorporating
this convection time, t̃, the increase in ST for all measurement points, including the
classical grids and the grids of two different fractal patterns, follow a consistent trend.
This trend can be parameterized as a quadratic function in u0 t̃/D. For the low-swirl
flame the wrinkling of the flame front is considered to be steady in time and no such
convection time is involved in determining ST .
The relation between the grid parameters and the resulting turbulence, and subsequently, the relation between the turbulence and the turbulent flame speed obtained
for a variety of grids for an academic V-shaped flame, as well as for a more realistic
low-swirl flame will be of use in the design process when applying fractal grids in
practical burners.

The study presented in this thesis clearly provides a positive answer to the question
whether it is possible to increase the turbulent flame speed in a low-swirl burner by
efficiently generated turbulence. The active grid approach appears to be of limited
use as it does not introduce sufficient additional perturbations at the right scales. It
leaves the question unanswered how to implement a ‘modulated forcing’, as succesfully
applied in simulations, in an actual low-swirl configuration. On the other hand, the
fractal grid approach induces a strong increase of all turbulence scales leading to a
direct increase of the turbulent flame speed. The increase in turbulence does not come
at the expense of additional pressure drop.

5.3

Outlook

Several points are recommended for further investigation. One such point is the strong
transition in turbulence intensity between the classical and slightly fractal cross grids.
Expanding the current work with measurements in the range 0.7 < RT < 1.0 can
elucidate the sensitivity of the turbulence response to changes in the grid geometry.
A second point is that for the presented work only a single bulk velocity and
equivalence ratio was used. Although the results provide conclusive information,
the obtained trends could be further fortified by extending the current work with
measurement at different equivalence ratios and bulk velocities.
A third and more practical point that can be addressed at this stage is the added
value of the enhanced flame speed due to fractal-grid-generated turbulence. Due to
the increased flame speed a higher specific power density is possible which is typically
desired in gas-turbine application [60]. This fact itself implies a better usability of
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low-swirl burners in gas turbines. However, it should be investigated how well the
modified low-swirl burner deals with other typical gas-turbine difficulties.
• For example, the higher volumetric heat release rate may lead more easily to
thermoacoustic instabilities as the temporal variation in heat release rate is one
of the sources leading this phenomenon [85].
• Regarding a more sustainable future, it is expected that gas turbines will have
to cope with different, less CO2 intensive, fuels. Based on projects like ‘Powerto-Gas’ [106], to store the surplus of wind energy as hydrogen into the natural
gas network, gas-turbine burners should be able to stabilize flames for fuels with
a substantial fraction of hydrogen. As the high diffusivity of hydrogen leads to
an increased turbulent flame speed [9] it is worthwhile to investigated whether
the increase in turbulent flame speed due to fractal-grid-generated turbulence
is maintained for such fuels.
• A third important issue is to be able to operate the gas turbine at part-load,
which requires the stabilization of flames at low equivalence ratio [60]. In case
the fractal-grid-generated turbulence lowers the minimum possible equivalence
ratio to stabilize a low-swirl flame, it will greatly add to the applicability of
fractal grids in such burners in practice.
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