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EFFECTS OF PRESSURE ON
LIGNOCELLULOSIC BIOMASS FAST
PYROLYSIS
F. Cerciello, B. Apicella*, C. Russo, O. Senneca
* apicella@irc.cnr.it
*Istituto di Ricerche sulla Combustione, Consiglio Nazionale delle Ricerche, P.le Tecchio
80, 80125 Napoli, Italy

Abstract
The present work focuses on the effects of pressure on the quality of char and
primary tar produced from fast pyrolysis of lignocellulosic biomass. Heat treatment
has been carried out in a heated strip reactor (HSR) at 1573 K in nitrogen at 2, 4, 8
bar, with holding times of 3 s and heating rate of 104 K/s. The equipment allows
quenching the volatiles as soon as they are emitted from the particles and collecting
them for further chemical analyses. The char samples are also collected for
thermogravimetric analysis in air. The DTG curves in air of char prepared at 2 bar
shows two resolved peaks. Increasing the pressure of heat treatment from 2 to 4 bar
has a minor effect on char reactivity, whereas further increase to 8 bar drastically
changes the char combustion patterns, and the DTG curves exhibit only one well
defined peak. For all the process conditions investigated, Oxo-aromatics are the
dominant species in the tar. Benzendiol prevails in the 2 bar tar, followed by oxoaromatic compounds related to lignin structure, while PAHs are mainly present as
Fluorene. When pressure increases, Phenols compounds drastically prevail, and
PAHs as Anthracene and Pyrene appear.
Introduction
In the EU the share of renewable power in the energy mix is constantly increasing
and encouraged to secure the containment of CO2 emissions. As a consequence,
important resources are dedicated to the development of processes for the recovery
of energy from biomass which are inherently CO2 neutral.
Pyrolysis conversion processes are an important technological option for biofuel
production and energy recovery from biomass. Pyrolysis is also a first step in
gasification and in other thermochemical conversion processes [1]. Thus, the
investigation of the influence of operating conditions in pyrolysis processes is an
important element to enhance the design and the optimization of new biomass to
energy processes.
An extensive literature exists on pyrolysis of biomass and its main components,
such as cellulose and lignin, as well as on combustion and gasification of biomass
chars [2-6], demonstrating that the conditions under which pyrolysis is carried out
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dramatically influence the properties and in particular the reactivity of the chars
towards combustion and gasification. Heat treatment prolonged beyond the
completion of pyrolysis has been in fact indicated as responsible for thermal
annealing and progressive loss of char reactivity [5-6]. Pressurized pyrolysis was
reported to enhance the bio-oil transformation and improve the characteristics of
products [7], but most of the current research focused on the effect of pressure on
biomass pyrolysis have been carried out by thermogravimetric analysis [8], with
relatively low heating rates and temperatures.
The present study investigates on the influence of pressure on the pyrolysis
products of a lignocellulosic biomass (Walnut shells), but experiments are carried
out in a special heated grid device (HRS) that can reach the temperature and pressure
up to 2800 K and 40 bar with the heating rate of 104 K/s. Furthermore, the
equipment allows quenching of the volatiles as soon as they are emitted from the
particles and therefore permits to investigate tars before they undergo secondary
reactions.

Experimental
Walnut shells (WS) used for the current experiments have been sieved to the size
90-106 μm. Proximate and ultimate analysis of the sieved samples are given in
Table 1. Notably proximate analysis has been carried out in accordance to EN ISO
standards EN ISO 18134-3 (moisture at 378 K), 18122 (ash at 823 K), 18123
(volatiles at 1173 K), 16948 (ultimate analysis) and 18125 (higher heating value,
HHV). All values are given on raw, dry or dry and ash-free (daf) basis.
Table 1. Standardized analyses of Walnut shells sample.

Sample

Moisture
raw
(wt%)

Walnut
4
shells
*by difference

Ash
dry
(wt%)

Volatiles
dry
(wt%)

C
daf
(wt%)

H
daf
(wt%)

N
daf
(wt%)

O*
daf
(wt%)

HHV
daf
(MJ/kg)

0.42

81.07

52.15

5.77

0.28

41.80

20.51

A first set of thermogravimetric analysis (TGA) experiments was carried out on the
raw biomass in order to characterize the behaviour upon heating under standard TGA
conditions in N2 and air at constant heating rate of 10 K/min. Approximately 20 mg of
sample were loaded in a NETZSCH 409CD apparatus. A gas flow of 200 ml/min of
either N2 of chromatographic grade or air (STP) was used. Double determinations
have been performed to ensure the reproducibility of the results.
Walnut shells sample was subjected to severe heating conditions in N2 atmosphere,
using a special heated grid device (HRS), where the metal grid, usually employed as a
sample holder, is replaced by a pyrolytic graphite foil thermally stabilized for use up
to 2800 K. For the experimental campaign a heating rate of 104 K/s was used [6]. The
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apparatus is enclosed in a stainless-steel vessel with a volume of 2L. The temperature
of the grid is set by changing the value of the voltage at the two ends of the strip and is
measured using a Pyrometer (Land System 4). For each test about 100 mg of fine
particles were placed on the strip in a thin layer. The reactor was flushed with the test
gas (N2) for 10 min to remove any air traces. The strip was then heated up to 1573 K
for 3s at pressure of 2, 4 and 8 bar. A Pyrex glass support was located above the strip
to collect the emitted volatiles. The Pyrex bridge remained fairly cool as it was nearly
transparent to thermal radiation, hence, tars condense on its surface. The tar samples
condensed on the Pyrex bridge located above the HSR were recovered by washing the
support with acetone in ultrasonic bath. The acetone volume was reduced to 0.5 ml
under vacuum for analysis by gas chromatography- mass spectrometry (GC–MS). The
GC–MS employed is an AGILENT GC 6890 - MSD 5975C. The mass spectrometer
operating in electron ionization mode was scanned from m/z=50 to 400. Char samples
have been collected from the graphite strip and analysed by TGA using a PerkinElmer Pyris 1. Thermogravimetric Analyzer, suitable for operation with small
samples. Approximately 1-2 mg were used indeed for each test. After a
dehumidification step, samples were heated up to 1150 K in a flow of air of 50 ml/min
(STP) at constant heating rate of 10 K/min. Double determinations have been
performed to ensure the reproducibility of the results.
Results
Figure 1 reports the preliminary analysis of Walnut Shells upon heat treatments in
TGA. Figure 1 shows A) the differential thermogravimetric curves (DTG) of
biomass pyrolysis in N2 (A) and of biomass combustion in air (B). w0, w and wf are
the actual, initial and final weight of the sample.
A

B
0.001

0.0008

Pyrolysis

0.0006

Walnut Shells

Combustion

0.0008

dw/dt/(w0-wf) (1/s)
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0.001
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0.0002

Walnut Shells
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0.0004
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0

0
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Figure 1. DTG curves of Walnut Shells in: A) N2, B) air.
Figure 1A shows that pyrolysis of Walnut Shells spans over the temperature
interval 500-650 K with two distinct peaks at 530 and 630 K. The presence of air
facilitates pyrolysis anticipating the two peaks, and decreasing the second. A char
combustion stage appears after pyrolysis with peak at 690 K.
After the HSR pyrolysis test, the char and the tar fractions have been labelled HSRA-1573 N2-B, where A indicated the char or the tar fraction and B indicated the
pyrolysis pressure (2, 4, 8 bar).
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The ash content of chars is reported in Table 2. The mass balance on ash content
allows estimating that the volatile loss occurred in the HSR ranged around 93-94%.
Comparison of such values with the proximate analysis of raw biomasses confirms
the completion of pyrolysis in all the heated strip treatments.
Figure 2A-B reports the thermogravimetric curves and the differential
thermogravimetric curves obtained from combustion tests of the 3 char samples.
The patterns of HSR char 1573 N2 2 bar and HSR char 1573 N2 4 bar samples
result from superposition of multiple peaks. In the HSR char 1573 N2 8 bar only
one component with peak at 750 K is identified. Within a first order
approximation, each peak identifies one component and the temperature of the
peak provides an indication of its combustion reactivity. The peak temperatures are
reported in Table 2. Notably they are all higher than the peak temperatures
obtained in the differential thermogravimetric curves of the raw biomass,
confirming that no residual undevolatilized matter was included in the char
samples.
A

B
0.004

100
HSR char 1573 N2 2 bar
80

HSR char 1573 N2 2 bar

dw/dt/(w0-wf) (1/s)

HSR char 1573 N2 4 bar

Mass (%)

HSR char 1573 N2 8 bar
60

40

20
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0.003
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0.002

0.001

0

0
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Figure 2. Combustion test in air of HSR chars: A)TG and B)DTG curves.
Table 2. Results of combustion tests in TGA on raw biomass and HSR chars.

Raw biomass
HSR char 1573 N2 2 bar
HSR char 1573 N2 4 bar
HSR char 1573 N2 8 bar

Ashdry (%)
0.4 (±0.1)
5.8 (±2)
6.7 (±2)
6.0 (±2)

DTG peaks (K, ±5)
520; 560; 690
720;735; 790
735; 790
750

The of HSR char 1573 N2 2 bar sample exhibits 3 partly overlapping peaks at 720,
735 and 790 K. Increasing the pressure of heat treatment from 2 to 4 bar in N2 has
a minor effect on char reactivity. However, it seems that the first component (the
most reactive peaks) almost disappear. In fact, in the HSR char 1573 N2 4 bar
sample only two components can be identified. Increasing the pressure of heat
treatment up to 8 bar in N2 drastically changes the pattern, showing only one well
defined single peak at 750 K.
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Figures 3 reports the results of the analyses carried out on the fraction of tars.
Three classes of chemical species are identified: Aliphatics (alkanes and alkenes,
aliphatic acid), Oxo-aromatic compounds (aromatic aldehydes and alcohols), and
Polycyclic Aromatic Hydrocarbons (PAH) with C18
40

Concentration (%)

35

Aliphatics

Oxo-aromatics

PAHs

30
25
20
15
10
5
0

Figure 3. GC-MS analysis on tar samples.
It can be observed that, in all the process conditions investigated, the Oxoaromatics are the dominant species, heavy Aliphatics decrease with pressure, while
the PAHs show the opposite trend. Oxo-aromatics definitely prevail as Benzendiol
at 2 bar, followed by oxo-aromatic compounds related to lignin structure as
Vanillin and Cinnamaldehyde (p-syrincol alcohol). When pressure increases,
Phenols compounds drastically prevail at the expense of Benzendiols. At low
pressure PAHs are mainly present as Fluorene, while increasing pressure favours
Anthracene and Pyrene. Interestingly, the effect of increasing pressure on tar
composition (increasing total PAH and increasing PAH molecular weight) is
similar to the effect of increasing residence time, as found in previous work where
biomass tar from HSR was compared with biomass tar from a drop tube system [9].
The effect of temperature at the same residence time is under study and will be
object of a next publication.
Conclusions
Slow pyrolysis is an ancient thermochemical conversion technique that has been
used for charcoal production for thousands of years. Meanwhile, the application of
fast pyrolysis is a most recent biomass process technique for bio-oil production.
Understanding the influence of operating conditions in pyrolysis processes is
fundamental for the improvement of the design and the optimization of new
biomass to energy processes. The present study shows the influence of pressure on
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the fast pyrolysis products of Walnut shells. Experiments were carried out using a
special heated grid device (HRS) at temperature of 1573 K and pressure up to 8 bar
with the heating rate of 104 K/s. Increasing the pressure of heat treatment has a non
monotonous trend on char reactivity. In fact, up to 4 bar there are a minor effects,
while further increasing up to 8 bar drastically changes the pattern. In all the
process conditions investigated, the Oxo-aromatics dominate in the tar fractions.
However, the chemical composition of the compounds show significant
differences. Benzendiols, heavy Aliphatics and light PAHS are dominant at 2 bar.
When pressure increases, Phenols compounds drastically prevail, light Aliphatics
are formed and PAHs are present as Anthracene and Pyrene.
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Abstract
A novel concept of autothermal fluidized bed reactor is proposed in a dual
interconnected fluidized bed configuration for solar driven pyrolysis finalized to
bio-oil and biochar production. The proper process conditions were established on
the basis of fluidized bed characterization of devolatilization rate of a woody
biomass. Preliminary results of solar driven pyrolysis are also reported.
Introduction
Energy production by use of renewable sources is currently a hot research topic to
both reduce the greenhouses gas emissions and decrease the dependence of
Countries from fossil fuels. Solar energy will surely play a key role in the
forthcoming energy scenario due to its wide diffusion and availability. A possible
way to take advantage of solar energy is the use of Concentrated Solar Power
(CSP) systems. In this technology, optical sun tracking mirrors are used to
concentrate the solar energy onto a receiver to eventually drive a power cycle or
sustain a chemical process. Integration of CSP with ThermoChemical Energy
Storage (TCES) enables virtually unlimited time scale of energy storage and highly
increases the technology dispatchability [1]. Since TCES often involves gas/solid
chemical processes, use of multiphase reactors such as Fluidized Beds (FBs) is
frequently considered in the current literature. An interesting pathway for TCES is
the production of solar fuels by means of solar driven coal/biomass torrefaction,
pyrolysis and gasification [2–3]. Synthesis of solar fuels allows the production of
high value energy carriers which can be conveniently transported and processed in
already existing distant plants. In this study, solar driven pyrolysis of a woody
biomass was performed in a novel concept of solar autothermal FB reactor.
Devolatilization rate of the considered biomass was investigated in a conventional
FB reactor as a function of the bed temperature and particle size to properly select
the optimal process conditions for solar tests. Preliminary solar driven pyrolysis
tests were performed in the newly designed autothermal FB reactor.
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Conceptual outline of the process
Figure 1 reports a conceptual scheme of the solar driven autothermal FB reactor in
a dual interconnected FB (DIFB) configuration.

Receiver

Riser
Annulus
Reservoir

Figure 1. Conceptual scheme of the proposed reactor.
The DIFB system consists of: i) a conventional main FB unit (reservoir), which
acts as residual char/solid separator and sensible heat storage (bulk zone); ii) the
solar autothermal FB reactor, dipped inside the main FB reactor, made of a
volumetric receiver/reactor (collection zone), where the concentrated solar energy
is focused, and of two concentric tubes behaving as heat exchanger. Bed solids rise
in the internal tube (riser) and descend along the gap between the two tubes
(annulus). The volumetric receiver has a conical-cylindrical geometry, is connected
to upper part of the annulus and behaves as particle disengagement section. During
the system operation, the bulk zone is kept close to minimum fluidization
conditions to ensure the required solid mobility, char/bed solids separation and
minimization of heat losses. An inert gas stream is fed to the riser through a nozzle,
inducing the solids circulation from the bulk to the collection zone. Biomass
particles are fed into the collection zone, where their temperature is increased by
direct interaction with the concentrated solar radiation and eventually reactions
occur. Hot pyrolysis gases are recovered at the exit of the collection zone. Solid
char particles fall down along the walls of the conical section and eventually are
conveyed into the annulus. Here, the particles move by gravity towards the bottom
where they finally re-enter the bulk zone and can be discharged. During their
descending path along the annulus, particles transfer their heat to the solid
suspension in the riser. This feature allows autothermal operation of the reactor
with the recovery of the sensible heat of the reaction products, highly increasing
the efficiency of the process and the maturity of the technology.
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Fluidized bed pyrolysis kinetics
A stainless steel bubbling fluidized bed reactor 17 mm ID and about 1 m high was
used for lab-scale devolatilization experiments (Fig. 2A). The reactor consists of a
lower section, an upper section and an inter-flange of connection between the two
logs. The upper section contains part of the bed material and the freeboard zone. It
is equipped with a double valve system at the top to enable the loading of the bed
and the batch-wise injection of fuel particles. Furthermore, two tubes are welded
laterally to the column for fluidization gas outlet and for the measurement of
freeboard pressure, respectively. The inter-flange length contains most of the bed
material and hosts a tube, welded laterally, bearing a thermocouple (K-type) to
measure the temperature in the fluidized bed about 0.01 m above the distributor
plate. Another tube is laterally welded to the column and serves as system of rapid
discharge of bed particles. The lower section is used as wind box. The fluidizing
gas is metered through a wind box and a gas distributor made of a set of stainless
steel nets. Technical nitrogen from cylinders was used as fluidizing gas. The
fluidizing gas-flow rate was established by setting the upstream pressure of a
critical orifice located along the gas feeding line. The reactor was operated at a
pressure slightly larger than atmospheric pressure by means of a calibrated flow
restriction at the exhaust consisting of an orifice with an adjustable cross section.
This restriction was periodically cleaned to remove tar deposits generated during
fuel pyrolysis. The reactor could be steadily operated at temperatures up to 900°C
by means of a 1 kW cylindrical oven 0.8 m high equipped with a PID temperature
control system. A high-precision (accuracy better than 0.06 mbar) piezo-resistive
electronic pressure transducer with rapid time response (less than 1 ms) and
100 mbar full-scale was connected to the pressure tap to measure the time-resolved
gas pressure in the reactor. Experiments were carried out using wood chips.
Table 1 reports the main fuel properties in terms of lower heating value, proximate
and ultimate analyses. For devolatilization experiments, fuel particles with a
diameter from 0.2 mm to 1 mm were used after sieving in the ranges 0.2-0.3 mm,
0.3-0.42 mm, 0.42-0.59 mm, 0.59-0.84 mm, 0.84-1 mm. Pressure was continuously
monitored in the fluidized-bed reactor during the experiments. Gas pressure inside
the reactor increases during devolatilization as the incremental flow rate due to
volatile matter emission flows across the calibrated flow restriction at the exhaust.
The selection of the steady-state overpressure in the reactor, dictated by the flow
rate of fluidizing gas through the calibrated flow restriction at the exhaust,
determines the time evolution of the phenomena. After careful optimization, the
best trade-off was found as an overpressure of about 20 mbar for all the tests,
carried out at three temperatures, 400°C, 500°C and 600°C. The bed of sand
(300-400 μm, 13 g) was fluidized with nitrogen to rule out the influence of volatile
matter and char combustion on the recorded pressure profiles. The upstream
pressure at the critical orifice was kept at a constant value of about 2.4, 3.0 and
3.6 bar at 600, 500 and 400°C, respectively. The fluidizing gas velocity was in each
case about 5 times the incipient fluidization velocity.
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(A)

(B)

1) Gas preheating section; 2) Gas distributor; 3) Fluidization column;
4) Electrical heaters; 5) Ceramic insulator; 6) Particles feeding; 7)
Calibrated flow restriction; 8) Quick bed drainage valve; 9)
Thermocouple; 10) Manometer; 11) Critical orifice; 12) Exhaust gas
line; 13) Pressure transducer; 14) Acquisition board; 15) Personal
computer.

Figure 2. (A) Schematic of the apparatus used for the devolatilization tests;
(B) Devolatilization time as a function of the particle size at three temperatures.
The tests consisted of the injection of a batch of fuel particles (about 20 mg) in the
fluidized bed followed by complete devolatilization. The pressure signal was
continuously logged during the experiments at a sampling rate of 1,000 Hz by
means of a purposely developed LabVIEW program. Pressure time-series were
analyzed in the light of a model of the experiment described elsewhere [4] in order
to determine the time for 95% devolatilization degree, t D95. The devolatilization
time is reported in Fig. 2B as a function of the fuel particle size for the three
selected temperatures. tD95 increases with increasing fuel particle size and with
decreasing devolatilization temperature. Furthermore, if fast pyrolysis process is
targeted, devolatilization times lower than 1 s are preferred. This means that, as
evident in Fig. 2B, fuel particles in the size ranges 0.2-0.3 and 0.3-0.4 mm are
suitable for such a process, while if 0.42-0.59 mm particles are used, only a
devolatilization temperature equal or higher than 600°C can be chosen as pyrolysis
temperature. Furthermore, particles larger than 0.59 mm are not suitable from a
kinetic point of view for the fast pyrolysis process at the investigated temperatures.
Table 1. Fuel properties.
Proximate Analysis
(as received, %w)
Moisture
37.22
Volatile matter 39.21
Fixed carbon
15.85
Ash
7.73

Ultimate Analysis
(dry basis, %w)
Carbon
Hydrogen
Nitrogen
Sulfur
Chlorine
Ash
Oxygen (by difference)

49.16
5.02
0.63
0.10
0.10
12.31
32.68

LHV (as received),
kJ/kg
18680
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Solar assisted pyrolysis in autothermal reactor
The batch FB reactor used for the solar driven pyrolysis tests, designed on the
concept described in the previous section, is depicted in Fig. 3A. It consists of an
unconventional FB reactor made of two concentric circular columns: the internal
one represents the riser, the external one the annulus. As the system is not coupled
with a biomass reservoir, #4 equispaced holes are drilled at the bottom of the riser
to allow an internal material circulation. The active length of the riser and annulus
is of 80 and 70 mm, respectively. The total inventory of the reactor ranges between
15–20 g. An electronic mass flow controller is used to ensure and control solid
circulation in the reactor. A single K-type thermocouple is located at the bottom of
the riser column, at the same height of the holes drilled for the solid circulation.
The concentrated solar radiation is focused at the top of the riser column and
simulated by a short arc Xe lamp of 7 kWel coupled with an elliptical reflector.

A

B

2 kWel
5 kWel

1300

3 kWel
6 kWel

4 kWel
7 kWel
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1100

Tst [°C]

1000
900
800
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400
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0.6

0.8

1.0

1.2

1.4

1.6

1.8

uriser [m s-1]

Figure 3. (A) Outline of the solar FB reactor; (B) Map of operability with mullite.
At full power, a peak flux of 2.1 MW m2 is obtained in the focal point, while the
total thermal power supplied to the system is of about 2 kWth. Gas sampling is
performed with a refrigerated conical flask to collect the condensable bio-oil, and
with gas sampling bags for the incondensable gas species. For the pyrolysis tests, a
mullite powder (dSauter=210 µm, bulk=1555 kg m3) was used as inert material in
the FB. The inherent operability map, reporting the steady-state temperature (Tst)
vs. the gas velocity inside the riser (uriser) for different input power of the solar
simulator, is reported in Fig. 3B. Concerning the woody biomass, a particle size of
0.2-0.3 mm and a process temperature of 500°C were selected according to the
pyrolysis kinetics results. In this way, tD95 values about 0.8 s, and a fast-pyrolysis
process can be performed. During a typical test, the FB is charged with 15 g of
mullite. Solid circulation is started at uriser=1.6 m s1 using N2 as fluidizing gas, and
the solar simulator is powered on at 2 kWel. Once the desired temperature is
achieved and the system is at steady-state conditions, a sample of 2 g of woody
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Gas concentration [%v]

biomass is fed to the reactor through one of the gas discharge port by means of a
pneumatically controlled cylinder-piston device. Liquid and gas are collected for
the whole duration of the test. Liquid fraction is weighed with a 0.01 g precision
analytical scale, while gas sampling bags are analyzed by gas chromatography.
From first experimental results, a bio-oil yield of 14%w was obtained. This result is
quite low if compared with literature data [5] where bio-oil yields higher than
50%wt are reported. A possible explanation is that gas recirculation inside the
conical freeboard of the FB reactor leads to longer gas residence times and
promotes thermal cracking reactions. Results of gas analysis are shown in Fig. 4.
N2 concentration is very high and close to 98.5%v mainly because gas sampling
was prolonged until the complete collection of the pyrolysis gas. Main gas species
are carbon dioxide, methane, hydrogen, butane, and ethylene. Traces of
3-methyl-1-butene, pentane, isopentane, isohexane were also detected.
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Figure 4. Results of gas analysis on sampling bags.
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Abstract
Fast pyrolysis is a thermochemical conversion process that has gained increased
attention over the last decade, since it offers an effective way to produce valuable
bio-oil as a green alternative to crude oil in the production of liquid fuels, platform
chemicals and materials. A clear understanding of how the feedstock composition
impacts on the distribution and quality of pyrolysis products is important for both
the optimization of the process and the design of bio-oil upgrading strategies. To
address this knowledge gap, the conversion of two different types of biomass (i.e.,
spruce wood and wheat straw) into bio-oil has been experimentally investigated
and the obtained results are described in the present work. In more detail, the
pyrolysis experiments were performed in a bench scale fluidized bed reactor at 500
°C and at atmospheric pressure, using a feed particle size smaller than 1 mm and a
gas residence time of about 1 s, which allowed to achieve relatively high yields of
the liquid product for the two investigated feedstocks (72% for spruce wood and
44% for wheat straw). Results highlight that the biomass composition significantly
affects the distribution and the composition of pyrolysis products.
Introduction
The problems associated with the use of fossil fuels demand a transition to
renewable sources for energy and chemicals and hence, a replacement of traditional
refineries with biorefineries, which are self-sustainable and are not harmful
towards the environment. An optimal renewable energy source is biomass [1]. In
particular, lignocellulosic biomass is especially suitable as raw feedstock since it is
abundant and largely available at low-cost [2]. Biomass can be processed through
different processes (thermal, biological and mechanical or physical ones) into heat,
power, chemicals and fuels. Among the different thermochemical processes,
pyrolysis plays an important role. Pyrolysis is a thermal decomposition that takes
I3
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place in the absence of oxygen (inert atmosphere) at moderately high temperatures,
and with relatively short residence times of vapours. The pyrolysis products consist
of a solid fraction (bio-char), composed of fixed carbon and ash, a non-condensable
gaseous fraction (bio-gas), mainly made-up by CO, CO2, H2 and CH4, and a liquid
product obtained by condensation of vapours (bio-oil), composed of higher
hydrocarbons (C>5). Generally, fast pyrolysis is employed to maximize the liquid
product yield, while slow pyrolysis is employed to maximize the solid product
yield. The essential features of a fast pyrolysis process for producing liquids are:
very high heating rates and very high heat transfer rates; biomass dimension
typically less than 3 mm, to ensure a fast reaction; short hot vapour residence times
(less than 2s), to minimise secondary reactions; rapid removal of product char, to
minimise cracking of vapours; rapid cooling of the pyrolysis vapours to give the
bio-oil product. The heart of a fast pyrolysis process is the reactor. In this work, a
fluidized bed is used to realize continuous pyrolysis tests. The experimental
conditions (temperature and residence time) have been chosen to maximize the
production of bio-oil containing a spectrum of marketable products following a
biorefinery approach [3].
Experimental
Fast pyrolysis tests were performed on two different biomass feedstocks, i.e.,
spruce wood (SW) and wheat straw (WS), using a bench scale fluidized bed
reactor.
The schematic representation of the experimental apparatus is shown in Figure 1.
The pyrolysis reactor consists of stainless steel (AISI 310) fluidization column
having an inner diameter (ID) of 41 mm and a height of 1000 mm. A gas
distributor consisting of a series of stainless steel nets separates the gas inlet
chamber or windbox (41 mm ID and 600 mm height), which also acts as a
preheater, from the fluidization column above it. A ceramic filter located
downstream of the reactor allows for the collection of the elutriated char. The
reactor is equipped with an under-bed biomass feeding system, which uses a
combination of mechanical and pneumatic conveying and is connected to the
fluidization column by a stainless steel cylindrical pipe (ID of 4 mm). Two
nitrogen streams enter the reactor, the first one (720Nl/h) injected through the
windbox, which acts as a fluidization agent, and the second one (450Nl/h) as a
conveying gas through the feeding system. The gas flow leaving the reactor is split
in three substreams. The first one is sent to a set of on-line ABB gas analyzers to
continuously monitor the concentration of O2, CO, CO2, CH4 e H2. It is worth
noting that the integration of the collected gas profiles allows calculating the
amount of each gas evolved during the test. The second substream passes through a
chilled impinger train to condense the vapour to liquid pyrolysis oils, whereas the
remaining part is sent to vent. In more details, the condensation train consists of 7
flasks connected together. The first flask is at room temperature, while the other 6
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are refrigerated at a temperature of ‐ 12°C, using a frozen supersaturated solution
of water and sodium chloride. The flasks are weighted before and after the test to
evaluate the amount of produced bio-oils. The gas leaving the condensation unit is
then analyzed using a micro-GC (Agilent 3000 A) allowing to determine the
concentration of light hydrocarbons (C1-C5) in addition to that of CO, CO2, CH4,
H2. A data acquisition system and a control unit are used to process signals from
the pressure transducer, the thermocouples and the on-line gas analyzers.

Figure 1. Experimental apparatus and main operating conditions
Quartz sand in the size range of 0.3–0.4mm is used as a bed material with an initial
bed inventory of 0.18 kg. During the experimental runs, the biomass was fed to the
reactor with a mass flow of about 90 g/min, a moisture content of about 7-8 % and
a particle size smaller than 1 mm. The reactor was operated at 500°C by adopting a
gas residence time of 1s.
The reaction temperature was chosen on the basis of the results of
thermogravimetric measurements (not shown here for the sake of brevity)
performed by using a Simultaneous Thermal Analyzer (PerkinElmer STA 6000).
More specifically, the optimal temperature required for the complete
devolatilization of each of the investigated feedstocks was determined by
reproducing in TG runs the operating conditions adopted in the bench scale
pyrolysis tests (i.e., high heating rate 30°C/min under nitrogen flow and same
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particle size). A fluidization velocity of 0.7m/s was adopted to ensure a high char
elutriation rate and, hence, to minimize the catalytic effect of char on vapour
cracking as well as secondary reactions.
The characterization of the collected bio-oils was performed by means of an
Agilent 7890A GC equipped with a mass spectrometer 5975C-VLMSD. The
elutriated fine particles, collected into the ceramic filter, were weighted and
characterized as concerns their size distribution using a laser light scattering
particle size analyzer (Malvern Instruments Mastersizer 2000). Proximate and
ultimate analysis of the fuels and of the elutriated fine particles, were also carried
out by means of LECO CHN 628, LECO CS144 and LECO TGA701, while the
higher heating value was determined with PARR 6200 isoperibol oxygen bomb
calorimeter. The main properties of the investigated biomasses are summarized in
Table 1.

Table 1. Main properties of spruce wood and wheat straw.
Spruce Wheat
Wood Straw
Proximate analysis, %wt, ar
Moisture
8.0
6.9
Volatile matter
74.2
63.2
Fixed carbon
17.4
13.4
Ash
0.4
16.3
Heating value, MJ/kgfuel, ar
HHV
18240 14695
(measured)

Spruce Wheat
Wood Straw
Ultimate analysis, %wt, ar
C
50.2
39.4
H
6.1
4.8
N
0.1
0.5
S
0.1
O (by diff.)
42.7
32.0

Results and Discussion
The reaction temperature was set at 500°C since the TG measurements highlighted
that the devolatilization of both the biomasses is already complete at 450°C. In
addition, moderate temperature levels (< 600 °C) allow to minimize the secondary
cracking of volatiles as well as the undesired gasification reactions between
pyrolysis gases and char [4,5].
Table 2 shows the distribution of pyrolysis products (bio-gas, bio-oil and bio-char)
arising from the tests performed on SW and WS samples. In particular, the yields
shown are calculated as the ratio between the quantity of species produced during
the entire test duration and the total amount of as received supplied feedstock.
It is worth noting that the yield of char takes into account both the amount of
elutriated fine particles and the carbon accumulated in the bed.
Table 2 also shows the error associated with the mass balance closure.

Table 2. Products yields from fast pyrolysis experiments performed at 500 °C.
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Bio-gas Bio-oil Bio-char
Total
Error
(%)
(%)
(%)
(%)
(%)
Spruce wood
8.7
72.0 5.8 (17.4*) 86.5 (98.1*) 14.0
Wheat straw
22.5
44.0 8.5 (29.7*) 75.0 (96.2*) 3.8
* theoretical from proximate analysis
The quite high bio-oil yield (72.0 %) from spruce wood sample (74.2 % volatile
matter) points out that the volatile compounds evolved during the performed fast
pyrolysis test were collected efficiently, whereas the low yield in bio-char suggests
that a small fraction of elutriate solids has been most likely lost during the tests.
On the other hand, a lower bio-oil yield (44.0 %) was obtained by the fast pyrolysis
of wheat straw sample (63.2 % volatile matter), which can be ascribed to its high
ash content (16.3 %) compared to SW (0.4 %). WS ashes are, in fact, particularly
rich in K+ and Ca2+ [6], which are known to catalyse cracking and dehydration
reactions, respectively [7]. The high yield in bio-gas (22.5 %) from WS fast
pyrolysis is consistent with the abovementioned catalytic effect of inorganic
elements in ash on bio-oil cracking.
The GC-MS qualitative analysis (not shown for safe of brevity) performed on the
collected bio-oils during WS and SP fast pyrolysis, show that both of them contain
a wide variety of oxygenated organic compounds including phenols, alcohols,
aldehydes and ketones and they are almost all within the gasoline fraction (C 4-C11).
In more details, Furfural, Furanone, Guaiacol, p-Cresol, Creosol, Eugenol,
Vanillin, Trans-Isoeugenol and Homovanillic acid, which are compounds typically
found in bio-oils [8], have been detected in both WS and SW bio-oils, whereas
Levoglucosan has been identified only in bio-oils from spruce wood sample. This
is consistent with the findings by Lin et al. [7] that alkali metals (Na+, K+, Mg2+ and
Ca2+) all catalyse the Levoglucosan decomposition. It is also worth noting that,
nitrogen compounds, both heterocyclic and amino, have only been detected in the
oils from WS most likely due to its higher content in nitrogen compared to SW (cf.
Table 1).
Table 3 shows the average concentrations (dry basis) of the gaseous species as
obtained by both the on-line gas analyzers and the off-line measurement by microGC in a balance of N2. The very low values recorded for the gas concentration are
due to the high dilution by nitrogen, which was used as a fluidization gas during
the tests.

Table 3. Average concentration of the product gas.
Species
CH4
H2
CO2

On-line gas composition (ppm)
Spruce Wood
Wheat Straw
630
800
132
400
2659
5500

Micro-GC gas composition (ppm)
Spruce Wood
Wheat Straw
478
402
81
443
1921
4500
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CO
C4H10
C2H4

-

3100

72
97

1800
6
48

Results show that data obtained by the two analysis systems are in good agreement.
According to the catalytic effect of the ashes discussed above, a higher amount of
H2 and CO2 was detected in the WS bio-gas, whereas a higher concentration of
C4H10 and C2H4 was observed in SW bio-gas.
Conclusions
In the present work, bio-oils were produced from two different kinds of biomass
(SW: spruce wood and WS: wheat straw) via fast pyrolysis experiments (about 1s
residence time) performed at 500 °C and atmospheric pressure in a fluidized bed
reactor. Results highlight that the biomass composition significantly affects the
distribution and the composition of pyrolysis products. In particular, while a high
oil yield was obtained by SW fast pyrolysis (72%), the higher ash content in WS
(particularly rich in K+, well-known to catalyse vapours cracking reactions) led to a
lower amount of recovered oils and higher yields in bio-char and bio-gas. In both
cases bio-oils were found to contain a wide variety of oxygenated organic
compounds due to the high oxygen content of both WS and SW samples. Findings
of the present work suggest that pretreatments, such as washing/leaching and
torrefaction, which act changing the biomass composition by reducing,
respectively, its content in ash and oxygen may offer a suitable strategy to improve
the biomass composition for bio-oils production and, hence, deserve further
investigations.
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Abstract
The potential of the fluidized bed gasification as a sustainable waste-to-fuel
technology to handle the growing amount of sewage sludge (SS) generate from
wastewater treatment plants located in the Campania region has been assessed in the
present work. To this aim, the properties of SS relevant to its thermochemical
conversion have been extensively investigated and the obtained results are briefly
described in the present paper. Preliminary results from the gasification of SS in
small-scale fluidized bed reactor are also presented and discussed, with a special
focus on the composition of residual bottom ashes.
Introduction
Recently, the use of thermochemical processes, including pyrolysis, gasification, and
combustion has attracted increasing attention as a sustainable strategy for the
management of sewage sludge (SS), which not only provides effective volume
reduction and pathogens destruction, but also enable the transformation of its carbonrich organic fraction into valuable energy and fuels [1-3]. Thermochemical
conversion of SS is obviously different and more challenging compared to that of
biomass and coal, due to the distinctive properties of sludge, which is characterized
by the presence of toxic inorganics such as Pb, Hg, Cd, Ni, As, Cr along with a
significantly high content in ash, moisture, nitrogen (N) and sulphur (S) [3, 4]. Due
to the advantages it offers over combustion and pyrolysis, gasification has the
potential to become the leading sludge-to-energy technology in the near future. In
particular, gasification can process fuel with a moisture content up to 30 %
(downdraft gasifier) without a significant impact on the overall energy recovery [3],
while at the same time the water trapped in the feedstock acts as a free source of
steam that promote the conversion of the produced char and tar to syngas. In addition,
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some inorganic elements (i.e., nickel, iron, alkali and alkaline earth metals) in sludge
have catalytic properties that enhances gasification reaction and, hence, the
production of syngas. On the other hand, the high amount of ash and the presence of
heavy metals (HMs) poses some technical challenge to SS gasification. The fate and
the distribution of HMs during SS gasification is a key aspect to address since it
affects both the generation of secondary pollutants and the environmentally
acceptability of solid residues for reuse and reclamation. In this context, the purpose
of this research is to investigate the feasibility of the fluidized bed gasification as a
more sustainable waste-to-fuel technology to handle the growing amount of sewage
sludge generate from a WWTP located in the Campania region. To this aim, the
properties of SS relevant to its thermochemical conversion have been extensively
investigate and the obtained results are briefly described in the present paper.
Preliminary results from the gasification of SS in small-scale fluidized bed reactor
are also presented and discussed, with a special focus on the retention of HMs in
bottom ashes.
Experimental
Figure 1 shows the schematic representation of the bench-scale experimental
apparatus used for the gasification of dried sewage sludge particles.

Main operating parameters
Ffuel, g/h
68
dp,fuel, mm
<1
Tbed, °C
850
Ug(@ bed T), m/s
0.018
Nitrogen flow rate, Nl/h
300
Air flow rate, Nl/h
50
Aspect ratio H/D
3
Fluidization velocity (@ bed
0.30
T), m/s
Equivalence ratio air/fuel
0.21

Figure 1. Experimental apparatus and main operating parameters
The gasification reactor consists of a stainless steel (AISI 310) fluidization column
having an inner diameter (ID) of 41 mm and a height of 1000 mm. A distributor plate
consisting of a series of stainless steel grids separates the gas inlet chamber or
windbox (41 mm ID and 600 mm height), which also acts as a preheater, from the
fluidization column. A ceramic filter located downstream of the reactor allows for
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the collection of the elutriated char. The reactor is equipped with an under-bed
biomass feeding system, which uses a combination of mechanical and pneumatic
conveying. A nitrogen stream (300 Nl/h flow rate) is used as conveying gas through
the feeding system whereas the gasification agent (air) enters the reactor through the
windbox with a flow rate of 50 Nl/h. The gas stream leaving the reactor is split in
three substreams. The first one is sent to a set of on-line ABB gas analysers to
continuously monitor the concentration of O2, CO, CO2, CH4 e H2, whereas the
second one passes through a chilled impinger train to collect the evolved TAR; the
remaining part is sent to vent. Non-condensable gases leaving the condensation step
are sent to a micro-GC (Agilent 3000 A) to measure the concentration of light
hydrocarbons (C1-C5), in addition to that of CO, CO2, CH4, H2. Silica sand in the
size range 0.2-0.3 mm is used as bed material with an initial bed inventory of about
0.18 kg corresponding to a bed aspect ratio H/D of 3. The SS sample used in this
research was collected at a wastewater treatment plant located in Campania Region,
Italy. During the experimental run, the biomass was fed to the reactor with a mass
flow of 0.68 kg/h, a moisture content of about 1.7%wt (by air drying) and a particle
size smaller than 1 mm. The total flow rate fed to the reactor during test is 350 Nl/h,
(85.7% N2 and 14.3% air) consisting of 3%vol. O2 in nitrogen. An equivalence ratio
(ER) of about 0.2 is therefore established during the gasification test. The main
operation conditions set for SS gasification are summarized in Fig. 1. The qualitative
chemical composition of collected TARs is analysed by means of an Agilent 7890A
GC equipped with a mass spectrometer 5975C-VLMSD. The elemental and
proximate compositions of SS sample and bottom ashes are determined using a
LECO CHN 628 and LECO CS144, whereas the proximate analysis is performed by
means of a LECO TG701. The determination of energy content (HHV) is carried out
using a PARR 6200 Isoperibol Oxygen Bomb Calorimeter. The determination of the
chlorine content in SS is performed using a 883 Basic IC plus ion chromatograph by
Metrohm. The metals content of SS and bottom ash is analyzed by ICP-MS using an
Agilent 7500 CE instrument following a microwave-assisted acid digestion. SEMEDX analysis is carried out using a microscope SEM Nova NanoSEM 450-FEI
equipped with In-lens SE detector, BSE detector, Everhardt-Thornley SED, Low
vacuum SED and Bruker EDS XFlash 6-10 for microanalysis. The particle size
distribution of bottom ashes is determined by means of a laser light scattering particle
size analyzer, Malvern Instruments Mastersizer 2000.
Results and Discussion
Table 1 shows the main properties (as mean value of triplicate analyses) of the SS
sample used in the present work as a feedstock for gasification tests. In line with the
composition of other sewage sludges adopted in the literature [3], data highlight that
the investigated sample has a much lower FC content (5.7 %, db) and a much higher
ash content (34.0 %, db) than most of biomass and coal [3]. In terms of elemental
composition, it also results that SS has a slightly higher N content compared to
biomass and lignite [3] along with a not negligible amount of S and Cl. The main
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source of N-containing compounds in SS are protein and peptides, but N also comes
from fatty acids and sugars. The most abundant elements in the SS are: Ca, Al, P and
Fe. While the presence of Al, Fe and Ca is mostly associated with the SS stabilization
processes during wastewater treatment, P essentially comes from phosphorus in
detergents. Finally, the presence in trace (< 0.1%, db) of the following heavy metals
has also been identified: Mn, Pb, Cr, Ni, Zn.
The SEM image of SS reported in Fig. 2a, shows its microscopic heterogeneity as
suggested by the coexistence of both agglomerates and elongated particles (fibres).

Table 1. Main properties of the sludge particles
Proximate analysis, %wt, ar
Moisture
10.0
Volatile matter
54.3
Fixed carbon
5.1
Ash
30.6
Heating value, MJ/kgfuel, ar
HHV (measured)
10.56
Ultimate analysis, %wt, ar
C
29.2
H
5.0
N
3.6
S
0.7
Cl
0.06
O (by diff.) 20.84

Metals composition, mg/kgar
Ca 34300
Pb 57.49
Al 10010
Cr 25.71
P 9745
V 23.49
Fe 8164
Zr 10.91
Si 6226
Ni 10.77
K 4731
Li 8.030
Mg 3621
Mo 6.120
Zn 504.1
Sb 2.590
Ti 391.2
Li 7.950
Ba 174.9
Co 2.050
Cu 171.7
Sn 0.140
Mn 106.6
Sr 69.24

The Energy Dispersive X-ray (EDX) analysis relative to the SEM micrograph not
reported for brevity, confirms that the more abundant species in SS are Ca, Al, P and
Fe in addition to Si and O (not detectable by ICP analysis), in agreement with data
obtained by ultimate and ICP-MS analysis (Table 1).
a
.

b
.

Figure 2. SEM micrographs of sewage sludge (a) and of bottom ashes (b).
Table 2 shows the composition of the product gas arising from the fluidized bed
gasification of SS under the operation conditions summarized in Figure 1. Results
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show that the produced syngas mostly consists of CO, CO2, H2, CH4, C2H4 and C2H6.
The ratios between the desired products, H2/CO=0.87 and CH4/H2=0.38, are in
accordance with the values reported for industrial processes, whereas the water
content results to be as low as 0.08%. The concentration of tar in the syngas, which
was evaluated gravimetrically, is equal to 29.4 g/m3. The obtained results are
consistent with those obtained by Abdelrahim et al. (2019) [5] using a pilot scale
fluidized bed gasifier (20.69 % CO, 27.7 % H2, 11.15 % CH4, 6.47 % C2H4, 0.86 %
C2H6, 33.65% CO2 and 18.75 g/m3 TAR at 780 °C and ER = 0.15).

Table 2. Flue gas composition (on dry and N2-free basis)
CO
30.99

H2
26.92

%vol
CH4
C2H4
10.15
2.77

C2H6
0.19

CO2
28.97

The GC-MS analysis of the tar shows the presence of many hydrocarbons having a
number of carbon atoms between 6 and 16. Heteroatom compounds containing
nitrogen and oxygen are also present in agreement with the high content of nitrogen
and oxygen in SS (Table 1).

Table 3. Main properties of bottom ash
Proximate analysis, %wt, ar
Moisture
0.42
Volatile matter
4.48
Fixed carbon
Ash
95.1
Heating value, MJ/kgfuel, ar
HHV (measured)
13.88
Ultimate analysis, %wt, ar
C
3.2
H
0.2
N
0
S
1.1
Cl
O (by diff.)
0.1

Metals composition, mg/kgar
Ca 54100
Sr
Al 17160
Cr
Fe 16640
Ni
P 13010
V
Mg
6303
Pb
Cu
5396
Zr
K
5195
Mo
Si
3559
Sn
Na
3337
Li
Ti
945.5
Co
Zn
375.9
Sb
Ba
247.7
Mn
238.4

138.2
126.1
56.83
49.39
47.83
38.04
15.01
12.24
7.950
4.838
2.337

In the present work, particular attention has also been devoted to the characterization
of the fly and bottom ashes. On the basis of the amount of fines collected into the
ceramic filter, the elutriation rate of fly ashes was estimated to be equal to about
3.57 g/h, with a carbon content of 5%wt. A carbon content of 3.2%wt has been
detected in the bottom ashes, as shown in Table 3. This suggests that the complete
gasification of the fixed carbon in SS is achieved under the adopted operating
conditions (Fig.1). In general, bottom ash shows the same speciation of metals as the
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row material and consequently, a not considerable volatilization was observed during
the gasification of the investigated SS, i.e. P, Ca, Al and Fe were mostly retained in
the residual bottom ashes. The SEM micrograph of the bottom ashes shown in Fig.2b
indicates the presence of the rounded and glassy particles (known as spherules)
typically arising from partial melting and re-solidification of inorganics in SS, which
is strictly associated with the temperature history that the fuel particles undergo in
the gasifier.The particle size distribution shows that ash particles diameter varies in
the range 0.5-320 μm, with a mode of about 30 μm and a median of 22 μm.
Conclusions
Gasification of dried sewage sludge (SS) was experimentally investigated using a
bench scale fluidized bed reactor. In more details, SS gasification was performed at
850 °C, using a mixture of air and nitrogen as a gasification agent and by ensuring
an ER equal to 0.2. Results show that the data obtained on a lab scale are consistent
with those obtained on a pilot scale. The characterization of bottom ashes points out
that ashes produced under the selected conditions do not contain unconverted carbon
residues (biochar). Further studies on the retention and leaching characteristic of SS
ashes are required to assess their safe disposal or potential use as a soil amendment.
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Abstract
Heat sensitive substances, like propellants and organic peroxides, may experience
severe self accelerating decomposition reactions, if stored or transported in
conditions which expose them to exceedingly high ambient temperature. In this work
a methodology for transient thermal analysis of storage depots is discussed in detail,
including the use of appropriate natural and forced (due to wind) convection
coefficients and a procedure for predicting diurnal time dependent air temperatures
and solar radiation heat fluxes. Time dependent boundary conditions enable a better
analysis of thermal conditions inside the depot, effetively including the effect of
diurnal cycle. This may prove useful for both accident investigations and safety
assessments.
Introduction
Substances liable to self accelerating decomposition processes are indeed heat
sensitive, since the kinetic of decomposition reactions, including those which may
be regarded as auto –catalytic, is strongly influenced by temperature of the reacting
system. In fact, commonly an increase in temperature results in an exponential rise
of the reaction rate. Since thermal runaway happens when the heat generated by the
decomposition reactions is greater than heat losses to the surrounding environment,
an increase of the reaction rate may renderer unstable and thus trigger supercritical
behaviour in a package of heat sensitive substance. This is a relevant safety concern
in storage and shipping of such substances. In the scientific literature it is widely
accepted that the best risk mitigation measure is the control of the temperature at
which liable substances are being transported or stored. The UN regulations on the
transportation of hazardous substances are based on temperature control rules and
state that only products with self accelerating decomposition temperature greater
than 55°C may are suitable for uncooled transport. The relationship between
reactivity of a substance (represented by its heat of reaction, by the activation energy
and by the frequency factor of the decomposition reaction(s)), critical temperature,
package size and heat transfer conditions (represented by internal and external heat
transfer coefficients and by the thermal properties of the substance itself) may be
elicited by means of the well known Semenov and Frank Kamenetskii theories, or
with the Gray Wake approach. Examples of heat sensitive substances may be easily
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found among explosives, propellants and organic peroxides. Such products are
commonly stored and shipped all around the globe and thus may be exposed,
sometimes for small amount of time, sometimes for longer periods, to extreme
weather conditions and thus to challenging thermal conditions. This may be
especially true for ship transportation across the tropical regions and the historical
data by Bowes (Bowes 1966) and the more recent work by Steensma et al. (Steensma
et al. 2008) are the most important literature reference on the topic. According to
Bowes (Bowes 1966), ship’s deck temperatures as high as 60°C were recorded in
the Caribbean, Panama Canal and Guayaquil harbor and a value of 70°C is quoted
for the voyage of another ship vessel, while according to Steensma et al. during a sea
voyage of 2 month through the tropics temperatures as high as 63°C were recorded
as the air temperature of the grey top of a container, but only for 1 hour. In the same
voyage, the highest recorded air temperature in the air space of one of the container’s
compartment was 50.7°C, but recorded liquid temperature of the top packages was
only 32.3°C and the most inward packages even did not followed the day-night
temperature cycle. Similar statement may be found in Bowes. According to
Steensma et al., in the same voyage, the worst day the 24 h average temperature of
the roof of the sea container (a grey coloured ISO container sized 20’x8’x8’6’’) was
8.5°C higher than the average ambient temperature. The average temperature of the
sun exposed side was 7.5°C higher than the average ambient temperature, while on
the other side, which remained in the shade, the average temperature was almost
equal to the ambient average. Similar values are reported by Bowes, which for safety
reasons rounds the average deck temperature excess to 10°C above the ambient
average. Steensma et al. concluded that even taking into account adverse
temperatures conditions (which are undoubtedly at the upper bound of the values
recorded in ship holds), the question “Are transport incidents always due to bad
quality products or bad handling practices?” Must also be answered by “yes, if there
is a transport incident there has been something wrong with the product quality”. In
fact, Steensma et al. argument that even liquid organic peroxides having an of SADT
55°C can be safely transported in uncooled sea containers, validating the previously
cited UN criterion. Summer weather conditions in many European countries like
Italy may, in principle, prompt similar concerns, even if it is clear that less extreme
conditions are expected respect those found in tropical areas.
The diurnal cycle of air temperature and solar irradiance according to
UNI10349
On average, excluding episodic meteorological phenomena like storms, the
temperature of air will vary along the day and the night according to a cyclic or
periodic law. The maximum and minimum values, along with the characteristic time
constant of the air temperature cycle depends from the geographical location and
from the period of the year. The standard UNI10349 provide a simplified
relationship, in tabular form, which give a reasonable estimation of the summer air
temperature cycle, if maximum and minimum air temperatures of the site are
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available, as well as solar irradiance as a function of the position on the globe and of
the day of the year. Figure 1 and 2 report an example of summer air temperature
cycle and solar irradiance for a location in central Italy, estimated according to
UNI10349. This data are the inputs for the following calculations. Maximum and
minimum air temperatures were obtained by a local weather station.
Heat transfer from the external surfaces of a building or of a container
The sun irradiance provide an incoming heat flux which impinge the external
surfaces of the storage building or of the container used for shipping or for temporary
storage, raising their temperature above those of the surrounding environment.
Convective heat transfer between the external surfaces of the building and the
surrounding air is indeed a relevant contribution to the energy budget of the building
envelope or of the container used for shipping or for temporary storage. Heat transfer
coefficients may be estimated by means of empirical correlations like those proposed
by Jurges,(Defraye et al. 2010) which include the effect of wind and are extensively
used for building applications. The external surface will also lose heat through
radiation toward all the other solid surfaces which are within its field of view (the
terrain, other buildings, vegetation etc etc). Emissivity factor of 0.9 may be assumed
as a rough estimate of the emissivity of real world gray bodies.
Therefore, the net heat flux from the exterior, as a function of time and surface's
orientation may be estimated as:
𝑞′′̇ 𝑛𝑒𝑡,𝑒𝑥𝑡 = 𝑞′′̇ 𝑠𝑢𝑛 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 + ℎ(𝑇𝑎𝑚𝑏 − 𝑇𝑤𝑎𝑙𝑙 ) + 𝜎𝜀(𝑇 4 𝑎𝑚𝑏 − 𝑇 4 𝑤𝑎𝑙𝑙 )

(1)

Figure 1 and 2: The daily cycle of air temperature, estimated according UNI
10349 and the daily cycle of sun irradiance at 44° latitude
The thermal environment inside a building or inside a container used for
temporary storage
The wall and the roof of any enclosure exchange heat also with the air and with the
objects inside. According to Steensma et al. (2008), values between 4 to 8 W/m2K
give a reasonable representation of free convection heat transfer. Radiative heat
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transfer contribution may be accounted as well, assuming appropriate values for the
view factor between the enclosure walls and the object surfaces.
𝑞′′̇ 𝑛𝑒𝑡,𝑖𝑛𝑡 = ℎ(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑎𝑖𝑟 ) + ∑ 𝐹𝑤𝑎𝑙𝑙,𝑗 𝜎𝜀(𝑇 4 𝑤𝑎𝑙𝑙 − 𝑇 4 𝑜𝑏𝑗𝑒𝑐𝑡 𝑗 )

(2)

For thermally thin walls, temperature gradient across it will be negligible and the
diurnal temperature variation will closely follow the diurnal variation of the sun
irradiance and, during the night, the hourly variation of air temperature. The energy
balance equation for a thermally thin wall is:
𝛿𝜌𝐶𝑝

𝑑𝑇𝑤𝑎𝑙𝑙
= 𝑞′′̇ 𝑛𝑒𝑡,𝑒𝑥𝑡 − 𝑞′′̇ 𝑛𝑒𝑡,𝑖𝑛𝑡
𝑑𝑡

(3)

Since the net heat flux from the external environment is explicitly time dependent,
this equation must be solved by means of numerical method. Since the internal heat
exchange of the wall with the internal air and the internal objects depends on the
temperature difference with air and objects itself, the energy balance of the walls
must be solved along with their energy balance equations. In the present case, a
simple Euler method was implemented, adopting a 60 s time step, which is adequate
to simulate a week of daily long cycles. Further refinement of the time discretization
led to the same numerical result. The above equation must be written for each wall
and for the roof, while heat transfer through the bottom of the container, when lying
on the ground, may be neglected. Since during summer terrain temperature is lower
than that of air or of any sun exposed surface, and thus the ground may act as a heat
sink, this choice may be considered to be conservative.

Figure 3 and 4: The daily cycle of the wall temperature and the daily cycle of the
air temperature inside a 27 m3 metallic enclosure.
Figure 3 shows the results of the transient heat transfer analysis applied to a 3m x3m
x 3m enclosure used for storage (as it may be a container used for temporary storage).
The walls and the roof are 3 mm thick steel plates and are exposed to sun irradiance,
whose intensity and diurnal variation is given by the functions plotted in Figure 2.
The enclosure is aligned along the N-S axis. Air temperatures are those plotted in
Figure 1. Wind velocity is assumed to be 14 km/h (i.e. 7 knots). The surface of the

42th Meeting of the Italian Section of the Combustion Institute

roof reaches 58.2°C at midday, while its average value is around 35°C, which is 9
°C higher than average temperature of ambient air. This result is indeed in excellent
agreement with the experimental result of Steensma et al. (Steensma et al. 2008) and
with the simple rule proposed by Bowes (Bowes, 1966). Figure 4 shows the results
of the calculation of the air temperature inside the 3m x3m x 3m enclosure. Even if
the surface of the roof reaches 58.2 °C, the maximum predicted air temperature
inside of the enclosure is 44.7°C. The average air temperature is estimated to be
31°C.
The temperature of a package of reactive substance
Let us consider a package of a liquid reactive substance, like the organic peroxide
considered by Steensma et al., stored inside the above described metallic enclosure,
for which the thermal environment has been already characterized as described in
chapter 4 of the present work. The thermochemical and kinetic parameters of the
liquid organic peroxide adopted in the present work are the same of Steensma et al.
(Steensma et al. 2008). With this set of thermochemical parameters a 25 kg package
of liquid organic peroxide will exhibit a SADT equal to 55°C, which is the highest
SADT for which uncooled transport and storage may be allowed per UN regulations.
The same calculations of chapter 4 have been redone including 1 m3, 4 m3 and 12 m3
packages of the above mentioned self reactive substance. It is assumed that the liquid
is perfectly stirred and thus the temperature of the package is assumed to be
homogeneous. The energy balance equation for the package, which is assumed to be
exchanging heat with the surrounding air through convection and with the
surrounding walls through radiant heat transfer, is:
𝑚𝐶𝑝

𝑑𝑇𝑝𝑎𝑐𝑘𝑎𝑔𝑒
𝑑𝑡

= ∑ 𝐴𝑖 ℎ𝑖 (𝑇𝑎𝑖𝑟 − 𝑇𝑝𝑎𝑐𝑘𝑎𝑔𝑒 ) + ∑ 𝐴𝑖 𝐹𝑝𝑎𝑐𝑘𝑎𝑔𝑒,𝑖 𝜎𝜀 (𝑇𝑤𝑎𝑙𝑙,𝑖 4 −

𝑇 4 𝑝𝑎𝑐𝑘𝑎𝑔𝑒 ) + 𝑚𝑄0 𝑒𝑥𝑝(−𝐸/𝑅𝑇)

(4)

Figure 5 shows the results for the two package size considered. It is found out that
even the biggest package considered in the present work remains subcritical (i.e. do
not experience thermal run away) and that the bigger the package, the lower is the
effect of diurnal variations. The maximum liquid temperature do not exceed 35°C
and the liquid average temperature are close to 33°C. This value is quite close to the
values predicted by Steensma et. al.., which used experimentally determined values
for the wall temperature, but used directly the 24 hour averaged values. In order to
assess the effect of the organic peroxide reactivity, the calculations have been
repeated assuming that the liquid be inert (setting equal to zero the pre exponential
factor). It is found that the average temperatures predicted for the reactive liquid are
1.4 K or less higher than the values predicted for the inert liquid: this is the same
results obtained by Steensma et al..
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Figure 5: The daily cycle of the temperature inside a liquid organic peroxide
stored in a 27 m3 metallic enclosure.
Conclusions
This work presents a method to predict the thermal environment that develops inside
sun exposed storage depots or containers during summer period in Italy. This method
has been applied to a metallic enclosure with thin walls, to estimate the temperature
of packages of various size of reactive substance stored inside the sun exposed
metallic enclosure, in Central Italy. It has been found that even if the maximum
temperature of the metallic walls may reach 58.2°C, its average temperature do not
exceed 35°C, while the maximum temperature in the package of liquid organic
peroxides is around 35°C and the average temperature of the liquid organic peroxides
are close to 33°C. Therefore, even a reactive substance with SADT equal to 55°C
may be stored uncooled inside such enclosure. The results of this work confirms the
conclusion reached by Steensma et..
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Abstract
Fire testing is a very important field of the structural engineering. The most
important task of fire testing is to determine the fire resistance of structural
members, which means to find out the behaviour of a building element when
subjected to particular heating. Tests on construction elements are performed by
the Fire Testing Laboratory of the ArGEnCo department (Liege-Belgium), in order
to observe their behaviour under fire and to determine their fire resistance. In
parallel, the fire research team of the University of Liege performs numerical
simulations, using the finite element software SAFIR, developed in the department.
The combined study with experimental and numerical modelling allows to further
examine the behaviour of constructions subjected to fire. The aim this study is to
conduct analyses about the capabilities of numerical simulations to capture and
reproduce the results of different types of fire tests. The research wants to find out
if there are some systematic deviations in the forecast of such tests, and if there are
differences between the assumption of the numerical model and the conditions in
the laboratory test. Thus, in this work, the chosen experimental tests and the related
results are going to be described. Furthermore, a comparative analysis of the
experimental and numerical results will be discussed.
Introduction
When a fire develops, it is important to know the behaviour of the structure under
fire load. In particular, through the testing procedure in the fire laboratory is
possible to know the fire resistance of structural members. The problem is that fire
testing has a high cost. The other way to conduct analysis on members subjected to
fire is the numerical analysis, which is a much cheaper method. Thus, another
advantage of numerical analysis of members under fire load is that it can make
Construction Company of structural members to save money. On the other hand, it
can be used to validate the results obtained with fire testing in the lab. For this
reason it is important to conduct analyses about the capabilities of numerical
simulations to capture and reproduce the results of different types of fire tests.
- Are there some systematic deviations in the forecast of fire tests?
- Are there any differences between the assumption of the numerical model
and the conditions in the laboratory test?
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Analysis on slender steel columns under increasing temperatures
Two columns with I shaped section have been tested (column A and column B),
and then numerically modelled. These columns differentiate from each other in
cross-section, eccentricity and value of the load applied, local and global
imperfections; therefore, the results between these two are going to be different.
The following picture shows one of the tests carried out in the lab.

Figure 1. Setup of the laboratory test.
The following table describes the arrangements of the two lab tests and the
principal differences between these two. It is important to notice that column A is
tested with an eccentricity along the weak axis of the section, while column B is
tested with an eccentricity along the strong axis of the section.

Table 1. Arrangements of the tests.

Test

A
B

Section

122.4

Local
Local
Global
imperf. imperf.
imperfec
in the
in the
tion
web
flange
[mm]
[mm]
[mm]
2760
2.7
3.2
2.4

231.3

2760

Eccentricity
Applied Length
[mm] and
load [kN] [mm]
direction

450/150/4/5 5 - 5, weak
71 - 71,
360/150/4/5
strong

2.2

3.4

1.6

The supports at the ends of the columns were cylindrical. This means that they did
not allow the rotation in one plane while letting the column rotate in the other
plane. The load was applied with a different eccentricity depending on the test,
along the strong or the weak axis of the section. In the following figures are
reported the static scheme of the two columns. The rotation around the y-axis and
the x-axis were allowed respectively for column A and B by the cylindrical
support, in order to permit displacements in the direction of the eccentricity. The
rotations in the perpendicular planes are restrained.
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Figure 2. Static scheme of column A and column B.
Heating has been applied by means of electrical resistances included in ceramic
pads, all along the length of the column. The tests were performed at a heating rate
of 200°C/h. The tested elements were not restrained against longitudinal thermal
elongation. The sections of the two columns were class 4 cross-sections. This
assumption is important; because Class 4 cross-sections are those in which local
buckling occurs before the attainment of yield stress in one or more parts of the
cross-section. Thus, during the numerical modelling, it is important to create a
structural 3D shell element model, because a simple beam element model cannot
take into account the local buckling. Therefore, both the beam element and the 3D
shell element have been modelled, shown in the figures below (example from
column A).

Figure 3. Beam element and Shell element models .
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About the evolution of temperature to give to the model, it was not necessary to run
a thermal analysis, because the evolution of temperature of the column is known by
the laboratory test. Therefore, the temperature evolution recorded in the lab was
simply applied to the cross-section of the numerical model.
The results of the 3D dynamic structural analysis for column A are shown in the
following graphs:

Figure 4. Comparison of the transversal displacements of column A.

Figure 5. Failure mode of the 3D shell element model of column A.
During the laboratory test, the observed failure mode of column A was global
buckling on the weak axis of the section. The failure mode shape of the Shell
element model confirms this assumption. In addition to this, it is clear that local
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buckling did not occur. This is confirmed by the fact that the beam element does
not have a bigger fire resistance rather than the shell element, because, as said
previously, a simple beam element model cannot take into account the local
buckling.
On the other hand, column B was loaded with an eccentricity along the strong axis
of the section. The results of the fire test in this case show that the failure mode of
column B was local buckling in the flanges and global buckling in the strong axis
direction. Once again, the failure mode shape of the Shell element model confirms
this assumption.

Figure 6. Comparison of the transversal displacements of column B.

Figure 7. Failure mode of the 3D shell element model of column B.
Thus, the results of the laboratory test and 3D Shell element model show that local
buckling did occur in this column. In fact, the beam element of column B shows a
much better fire resistance than the shell element model, because it does not take
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into account local buckling. Thus, the beam element model reproduce accurately
the behaviour of slender columns subjected to heating when local buckling does
not occur. When this happens, it is important to create a shell element model, in
order to obtain accurate results.
Conclusions
The research has led to the conclusion that numerical simulations are capable to
reproduce the behaviour of slender columns under increasing temperature. Even if
the transversal displacements are quite different, the important lesson is that the
fire resistance (in terms of ultimate time of failure) of the element can be
reproduced accurately with an appropriate model. In addition to this, it is important
to notice that the beam element model reproduces accurately the behaviour of the
laboratory test when local buckling does not occur. When this happens, it is
important to build the FEM model using shell elements, in order to resolve the
actual 3D geometry of the structural element. This work shows that this choice
enables to accurately represent the actual buckling behaviour of the element, taking
into account the development of local instabilities.
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Abstract
The increasing attention to environmental aspects has promoted the development
and adoption of innovative combustion systems. Several economic considerations
suggest the utilization of cryogenic fuels such as the liquefied natural gas (LNG).
However, several concerns regarding the safety aspects of LNG exist, and in
particular, few indications can be found for the individuation and optimization of
mitigation systems in the case of accidental release of LNG.
This work has been devoted to the investigation of the effects of mitigation system
conditions on LNG pool fire by non-conventional water-based systems. To this
aim, two open-source, computational fluid dynamics (CFD) codes, i.e., OpenFoam
and fire dynamics simulator (FDS), have been adopted for the characterization of
LNG pool fire. The analysis has indicated that the extinguishing capacity is weakly
affected by the water particle diameter in the investigated range (particle diameter
≤ 200 μm); thus, the utilization of smaller particles is discouraged by the increased
operative costs related to the higher pressure.
Introduction
Liquefied natural gas (LNG) has been widely recognized as one of the most
sustainable alternatives among fossil fuels [1-3] due to the elevated mass and
energy density, which makes LNG particularly attractive for the propulsion [4].
This trend has promoted the investigation of chemical and physical phenomena
occurring at a low temperature either for the direct combustion system or for safety
purposes [5].
When accidental releases of LNG to the open atmosphere occur, a boiling pool is
formed. In the presence of ignition sources, the fire of the resulting pool represents
the most likely scenario [6], which may be in first instance, mitigated (possibly
extinguished) by standard procedures, i.e. by means of water-based systems,
inertization (N2 or CO2 inertization) or solid suppression (application of expanding
foams, powders or fibrous solids) [7].
When cryogenic systems are of concern, however, the ultra-low temperature of the
pool affects the inefficiency of the cited mitigation technologies. If water sprinkler
are adopted, the presence of large water particles increases the evaporation of
LNG, thus the severity of the pool fire [8]. Besides, effective inertization by
nitrogen or carbon dioxide requires large amount of gases, making this procedure
often unstainable technologically and economically [9]. Finally, although the
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encouraging results obtained by Suardin et al. [10], further investigations for the
development of suitable solid materials are still required due to the inefficacy on
the suppression of the LNG vapor dispersion probably caused by the low
temperatures involved.
Under this light, this work has been then devoted to the numerical investigation of
water mist and water curtain of LNG pool fire mitigation, by means of open-source
computational fluid dynamics.
Material and Methods
The combination of combustion models and accurate prediction of evaporation rate
for different boundary conditions (e.g., presence of wind, LNG composition or
floor material) represents one of the main challenges for the simulation of pool
fires [11]. To this aim, liquid and vapor are commonly decoupled in two different
systems, i.e., boiling liquid and vapor dispersion. For this reason, a preliminary
investigation of the existing evaporation models suitable for cryogenic fluids is
necessary. In the recent literature review reported by Nguyen et al. (2017) [12],
linear evaporation models (Equation 1) with respect to evaporating species partial
pressure (Psat) has been suggested for the estimation of evaporation rate (mev).
mev = (Km · Mw· Psat) / (RT)

(1)

where Km, Mw, R, and T are the mass transfer coefficient, molecular weight, ideal
gas constant, and temperature, respectively. Reed model (Equation 2) has been
indicated as the more accurate for the evaluation of Km with respect to experimental
data for cryogenic fluid evaporation [12].
Km · = (0.029 u0.78) / (d0.11·Sc0.67)

(2)

where u, d and Sc stand for wind speed at the height of 10 m, pool diameter, and
Schmidt number. Reed model considers the Mw as calculated in Equation 3.
Mw = [(Mf + Ma) / Mf]0.5

(3)

in which the subscripts f and a represent the evaporating fuel and air, respectively.
Under these assumptions, the vapor subsystem has been tested by using OpenFoam
(OF) and fire dynamics simulator (FDS) software, considering the resulting flux as
boundary conditions. Grid dependency analyses have been performed separately
for both software by using the cell dimensions reported in Table 1. A base case
scenario was defined to this aim, consisting of a cylindrical pool of pure methane at
normal boiling temperature (110 K), having a diameter of 1 m, ambient
temperature of 295 K, absence of wind, computational domain of 2 m x 2 m x 5 m,
simulation time of 80 s.
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Table 1. Meshes adopted in this work, where x, y, and z axes are the longitudinal,
normal, and lateral directions, respectively.
Mesh name
Mesh 1
Mesh 2
Mesh 3
Mesh 4

xmin [cm]
5.00
1.33
0.50
0.40

ymin [cm]
6.25
3.33
1.25
1.00

zmin [cm]
5.00
1.33
0.50
0.40

Further analyses were performed by applying to the same scenario reported for the
base case, with the except of wind speed equal to 5 m/s, water-based mitigation
systems characterized by 8 l/ (min m2), average particle size included in the range
20 – 200 μm, spray angle of 45° with respect to x-z plane, placed at 20 m from the
pool center and height of 4 m, in accordance with the scenario experimentally
investigated by Liu et al. (2016) [13].
Results and discussion
For the sake of brevity, grid dependency analysis resulting from OF was reported,
exclusively (Figure 1), since all the defined meshes satisfy the FDS acceptance
criteria [14].

Figure 1. Grid dependency for the base case scenario, as obtained by using OF.
The finest mesh (Mesh 4) was adopted as the benchmark for the comparison of the
other meshes reported in Table 1, in terms of temperature trend at the height of 4.5
m above the LNG pool center. Results indicate that Mesh 3 can be utilized for the
following investigations, because of a reduced impact on the obtained results and a
significant decrease in computational time with respect to Mesh 4. Moreover, OF
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offers the possibility to considerably reduce the computational cost required for the
desired simulation, by implementing a 2-D domain. Hence, considering the
investigated boundary conditions, a comparison with the base case scenario
simulated in 3-D and 2-D domains was carried out. Since negligible effects on the
estimated temperature distribution were found, the 2-D domain was implemented
in OF for the following analyses.
The temperature trends with respect to time at the height of 4.5 m above the pool
center as estimated by OF and FDS, were compared (Figure 2).

Figure 2. Comparison of temperature Vs time evolution, resulting from OF and
FDS for the base case scenario.
It is possible to notice that some meaningful differences are present. In FDS, the
temperature increases slowly and reaches the fully developed stage after more than
4 s whereas in the case of OF the rise time is considerably shorter and reaches a
pseudo-steady-state in less than 1 s. Furthermore, the temperature fluctuations are
much more marked in OF results. Similar trends have been already reported by
Almeida et al. (2015) [15], especially for temperature profiles. Besides, Maragkos
et al. [16] have reported OF overestimation of the temperature with respect to
experimental data. These discrepancies are more pronounced in OF and can be
partially attributed to overestimation of air entrainment inside the control volume
[15] or shorter mixing time of the reagents [16]. In particular, the latter may lead to
greater chemical reactivity and, consequently, to higher temperatures. On the other
hand, several examples of validation of FDS models for LNG pool fire [14] and
mitigation systems [17] are present in the current literature. For these reasons, FDS
was preferred for the following analyses.
Figure 3 shows the temperature distribution with respect to time in case of the
activation of the water mist system with average droplets size of 200 μm.
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Figure 3. LNG pool fire suppressed by water mist having an average particle
diameter of 200 μm at different time.
More specifically, Figure 3.a shows the ignition stage of the pool under the wind
effect and the consequent developed of the flame that burns undisturbed until the
water mist activation (Figure 3.b). In Figure 3.c, it is observed a general decrease in
the temperature filed. More specifically, it decreases from an average value of 1300
°C to 600 °C except for some hot spot zones. The same scenario was investigated
by applying a system characterized by particles with an average diameter of 20 μm,
but not appreciable differences were obtained.
Conclusions
This work has been devoted to the evaluation of the applicability of mitigation
systems to LNG pool fire. Particular attention was posed to the water mist.
Significant discrepancies were observed between FDS and OF results, partially
attributed to the reduced mixing time of OF, which leads to higher reactivity and
temperatures. Negligible effects of the average particle diameter on extinguish
efficiency were reported for values included in the range 20 μm ÷ 200 μm. The
implementation of water in fine droplets was found to be useful for the reduction of
radiative heat flux, promoting the adoption of this strategy to mitigate the LNG
pool fire scenarios. The observed efficiency promotes further investigation on
water-based mitigation systems, such as water curtain systems, to reduce the risk of
second cascading events.
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Abstract
The explosion behavior of n-dodecane has been investigated through experiments
performed in a closed 5-l cylindrical vessel by varying the concentration of
(vaporized) fuel in air at two different initial temperatures - 130°C and 160°C.
From the recorded pressure-time histories, the maximum explosion pressure has
been quantified. Chemical equilibrium calculations were also run to compute the
adiabatic pressure. It has been found that, prior to feeding air and igniting the
fuel/air mixture, the n-dodecane injected into the explosion vessel undergoes
pyrolysis phenomena that interfere with combustion, thus affecting the performed
measurements.
Introduction
Long-chain hydrocarbons have low cost and low environmental impact.
Furthermore, they can be obtained from renewable organic materials (e.g.,
vegetable and waste oils, fatty acids, etc.) [1,2], and represent an ideal feedstock
for valuable products such as oxides.
Among long-chain alkanes, n-dodecane is particularly important. This oily liquid
of the paraffin series has a wide range of applications also as a solvent, distillation
chaser, and scintillator component. In addition, it is used as a diluent for tributyl
phosphate in reprocessing plants [3]. For the safe design and conduction of any
plants and processes involving n-dodecane, it is essential to fully characterize its
flammability and explosion behavior.
Most of the literature studies on the combustion behavior of n-dodecane have been
motivated by the fact that this alkane is among the major straight-chain parafﬁn
components found in diesel and jet fuels and, as such, it has been used as surrogate
component [4,5]. These studies have been focused on measurements and/or
predictions of key parameters for engine design and operation, such as laminar
burning velocity, extinction stretch rate and ignition delay time (see, e.g., [6-9]).
By contrast, there is a substantial lack of experimental data to estimate
flammability and explosion parameters of n-dodecane and their dependence on
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process conditions, as requested by safety engineering when designing new plants
and processes or operating on existing industrial scales.
In the work presented in this paper, the explosion behavior of n-dodecane in air has
been investigated at non-standard temperature conditions. To this end, closedvessel explosion experiments were carried out in a 5-l cylindrical chamber. More
specifically, experiments were performed by varying the concentration of
(vaporized) fuel in air (i.e., the fuel/air equivalence ratio) at two different initial
temperatures - 130°C and 160°C. From the recorded pressure-time histories, the
maximum explosion pressure has been quantified. Chemical equilibrium
calculations were also run to compute the adiabatic pressure.
Experimental
Fig. 1 shows a sketch of the experimental set-up employed in this study for
explosion tests. The reactor was a closed cylindrical chamber (volume equal to 5 l;
length-to-diameter ratio equal to around 3) made of stainless steel AISI 316, with
pressure equipment directive (PED) certification for maximum allowable working
pressure (MAWP) equal to 200 bar at 300°C.

Figure 1. Sketch of the experimental set-up employed in this work.
Spark ignition was provided at the center of the reactor by using an electric arc
produced by high-voltage power generator (spark generator produced by Kühner model KSEP 320 - capable to supply 25 kV, 5 mA). The circuit was controlled by
solid state relays through electrical board. The spark gap was set to 6 mm, and the
spark discharge time was adjusted to a value of 0.2 s to 1.0 s [10].
For pressure measurements, a high-precision KULITE piezoelectric transducer
(type ETS-IA-375M-350 BARA) was installed at the top of the vessel. A highresolution acquisition system (NI USB-6251 - 1.25 MS/s) was employed. The
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initial temperature of the chamber was obtained by using an external PIDcontrolled heater. The gas temperature was checked by a thermocouple (type K)
positioned at the center of the chamber.
Mixtures of n-dodecane in air were obtained by using the partial pressure
methodology. The system was first heated to the desired initial temperature and,
then, about 20 mmHg (0.027 bara) vacuum was achieved. A sample of liquid
substance was fed through the sample drum connected to the main chamber (Fig.
1). Finally, air was added up to reach the initial pressure of 1 bar.
Experiments were performed by varying the concentration of n-dodecane in air
(i.e., the fuel/air equivalence ratio, ) at two different initial temperatures - 130°C
and 160°C. In order to prevent condensation, the partial pressure of n-dodecane
was kept lower than its vapor pressure [10]. For each experimental condition, at
least 3 tests were carried out [10]. After each test, an accurate cleaning of the
explosion chamber was performed to prevent accumulation of soot (on the walls),
which is formed under the conditions of this experimentation.
Results and Discussion
In Fig. 2, the explosion pressure, Pex, (mean value and standard deviation) is
plotted as a function of the fuel/air equivalence ratio, , as obtained from explosion
tests performed at the initial temperatures of 130°C and 160°C.
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Figure 2. Explosion pressure (Pex) as a function of n-dodecane/air mixture
composition (i.e., fuel/air equivalence ratio, ) at the initial temperatures of 130°C
and 160°C.
At fixed , Pex decreases with increasing temperature. The same trend has also been
found from closed-vessel explosion experiments involving, for example, isooctane,
toluene and methanol [11]. Fig. 2 also shows that the increase of temperature
enlarges the flammability range of n-dodecane on the fuel-rich side. This
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enlargement is accompanied by a shift of the compositions corresponding to higher
values of explosion pressure towards fuel-richer conditions, which also results in a
weaker sensitivity of Pex to the increase of . A range of compositions, rather than a
unique value of , can be associated with the maximum pressure. This is especially
evident at 160°C. A similar behavior has also been observed in closed-vessel
explosions of n-hexane, pentane and LPG [12].
In order to gain some insights into the behavior shown in Fig. 2, the adiabatic
pressure, Pad, was computed from equilibrium calculations performed by means of
the GASEQ chemical equilibrium program (extended equilibrium scheme) [13].
The program was coupled to the thermodynamic data of the mechanism of
pyrolysis, partial oxidation and combustion of hydrocarbon and oxygenated fuels
proposed by the CRECK modeling group [14]. Equilibrium calculations were run
assuming two alternative reaction paths: “oxidation” and “pyrolysis prior to
oxidation”. In the first case, n-dodecane reacts with oxygen in the air to give full
oxidation products. In the second case, n-dodecane first undergoes pyrolysis - in
the absence of air - and, then, the pyrolysis gases, which are composed mainly of
methane and hydrogen, are fully oxidized in air, whereas the solid phase (carbon,
C) does not participate in any chemical reaction. Fig. 3 shows the results obtained
from calculations run by varying , at the initial temperatures of 130°C and 160°C.
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Figure 3. Adiabatic pressure (Pad) as a function of n-dodecane/air mixture
composition (i.e., fuel/air equivalence ratio, ) at the initial temperatures of 130°C
and 160°C: GASEQ calculations.
Regardless of the assumed reaction path, the trend of decreasing pressure with
increasing initial temperature is confirmed by chemical equilibrium calculations
and, thus, it can be attributed to thermodynamics. However, when assuming
pyrolysis prior to oxidation, lower pressures are attained, and the compositions
resulting in higher values of Pad are shifted towards fuel-richer conditions.
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The results in terms of maximum pressures and associated  values are
summarized in Table 1 as obtained from both experiments and equilibrium
calculations. As previously observed, in the experiments, Pex varies slightly with
the increase of  (Fig. 2) and, thus, a range of fuel/air equivalence ratios can be
associated with the maximum pressure.
Table 1. Experimental results in terms of maximum pressure and associated 
values at the initial temperatures of 130°C and 160°C, and corresponding results
obtained from GASEQ calculations (for the equilibrium calculations performed
assuming “pyrolysis prior to oxidation”, the CH4/H2 molar ratio of the pyrolysis
gases is also given along with the composition of the pyrolysis gases/air mixture,
Pyrolysis_gases/Air, which, as expected, is that of a slightly richer than stoichiometric
mixture at both the initial temperatures).
Initial
Temperature
[°C]

Experiments

[-]

Pmax
[bar]

Gaseq
computations
(oxidation)
Pad_max

[bar]
[-]

130

1.30-1.50

5.37 ± 0.05

1.30

160

1.65-1.80

5.16 ± 0.07

1.30

Gaseq computations
(pyrolysis prior to oxidation)

[-]

Pyrolysis_gases/Air
[-]

CH4/H2
[-]

Pad_max
[bar]

7.56

1.70

1.17

1.05

6.63

7.08

1.70

1.19

0.95

6.18

The experimental values are always lower than the computed values. This is surely
due to the effect of heat losses towards the external environment. However, the
differences between the experimental data and the results of equilibrium
calculations decrease when assuming that pyrolysis occurs prior to oxidation.
Moreover, the experimental values of  corresponding to the maximum pressure
are in between the “oxidation” value and the “pyrolysis prior to oxidation” value,
and closer to this latter in the case of 160°C. Thus, it can be inferred that pyrolysis
plays a role in determining the behavior shown in Fig. 2, and that this role
increases with temperature. In other words, due to the high temperatures, prior to
feeding air and igniting the fuel/air mixture, the n-dodecane injected into the
explosion vessel undergoes pyrolysis. This is a reactive process that interferes with
combustion and changes the flammability and explosion properties of the studied
n-dodecane/air mixtures.
On the basis of these results, it can be expected that pyrolysis also affects the
flammability and explosion behavior of long-chain hydrocarbons others than ndodecane involved in industrial processes at high temperature and, thus, it should
be taken into consideration when addressing safety-related issues.
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Abstract
In this work, incipient soot particles collected from a laminar premixed flame, have
been analyzed, to gain further insights in their chemical composition and on the
mechanisms leading to their nucleation. Raman spectroscopy, proton nuclear
magnetic resonance (1H-NMR) and electron paramagnetic resonance (EPR)
spectroscopy have been used. The combination of these different techniques
provides relevant information about the molecular composition of the incipient
particles and the relevance of the different types of carbon-bonded hydrogens.
Based on the results obtained by EPR spectroscopy, a technique for studying
materials with unpaired electrons, a discussion on the role and the possible origin
of resonantly stabilized radicals is included.
Introduction

The topic of soot nucleation in flames has long been an object of debate among
scientists owing to the underlying complexity of the involved chemical and
physical processes. However, recent experimental advances in soot nucleation have
shed new light on this process. Recently, Johansson et al. [1], using vacuum
ultraviolet photoionization mass spectrometry (VUV-PIMS), have provided a
rational explanation to the nucleation process through the involvement of
resonantly stabilized radical (RSR) species. The proposed mechanism involves
chain reactions of RSRs through initiation and propagation of the radicals leading
to a rapid molecular growth and clustering that ultimate in the formation of
covalently bound complexes [1]. In parallel to the study of Johansson and coauthors, the use of high resolution atomic force microscopy (HR-AFM) [2,3] has
allowed, for the first time, the visualization at the atomic scale of the molecular
aromatic constituents of incipient soot particles. The HR-AFM results confirmed
the presence of RSRs among the pool of visualized molecules [2, 3]. In addition,
the observation of methylene (CH2) groups, as a very common motif among the
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pool of imaged molecules, seems also consistent with a radical propagation
mechanism.
Motivated by the potential of proton nuclear magnetic resonance (1H-NMR)
spectroscopy in discerning different types of hydrogen atoms, i.e., hydrogen bond
to different kind of carbon atoms, we report some experimental observations
obtained by this technique to characterize the incipient soot. Earlier utilizations of
1
H-NMR for soot analysis date back to nearly ten years ago by Santamaria et al. [4,
5] who investigated the chemical functional groups of carbonaceous products from
an ethylene inverse diffusion flame. To our knowledge the utilization of such
analytical methods has never reported before for analyzing incipient soot in
laminar premixed flames. The obtained 1H-NMR spectrum of the collected
incipient particles is discussed in comparison to the most recent experimental and
theoretical achievements concerning the soot nucleation process.
In addition, EPR and Raman spectroscopy techniques were performed for the
characterization of incipient soot and are discussed in conjunction to the NMR data
to improve our understanding of the soot nucleation process in flame.
Experimental

A premixed laminar ethylene-air flame was stabilized on a water cooled McKenna
burner. The cold gas stream velocity was 9.8 m/s and the carbon to oxygen (C/O)
atomic ratio was set at 0.67. The flame products were sampled using a horizontal
tubular probe positioned at 8 mm, corresponding to the onset of soot particle
formation [2, 3, 6]. The sampled flow entering the probe was immediately mixed to
a turbulent N2 diluent flow reaching a dilution ratio on the order of 1:3000. The
flame carbon particles were collected on a quartz ﬁlter in a stainless-steel aerosol
filter holder, positioned on-line, downstream of the dilution tubular probe. Several
filters were implemented by this procedure to ensure enough material for the
analysis by Raman, NMR and EPR spectroscopy.
Raman spectroscopy was performed by using a Horiba XploRA Raman microscope
system. The laser source was a frequency doubled Nd:YAG laser (λ = 532 nm).
The power of the excitation laser beam, the exposure time and the other
instrumental parameters were opportunely adjusted to avoid structural changes of
the sample.
The filters covered by soot particles were suspended in chloroform (CHCl3) by
stirring for 24 hours. The solution of extracted particles was evaporated in vacuum
(Buchi rotavapor 600).
NMR spectra of the chloroform extract was recorded at 297 K on a Bruker
AscendTM spectrometer, operating at the 1H frequency of 400.130 MHz in
CDCl3. 1H spectra of the extract was obtained using the following parameters: 128
transients, 65 K data points.
EPR spectroscopy of the sampled material was performed using an X-band (9
GHz) Bruker Elexsys E-500 spectrometer equipped with an ultrasensitive probe
head. The instrumental settings were as follows: sweep width, 100 G; resolution,
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1024 points; modulation frequency, 100 kHz; modulation amplitude, 1.0 G. EPR
spectra were recorded at an attenuation value of 20 dB, and 128 scans were
accumulated to improve the signal-to-noise ratio. For the sample, 12 spectra
obtained at different incident powers were collected. The g-factor and spin-density
values were evaluated using an internal standard consisting of Mg2+/MnO powder,
which was inserted into the quartz tube coaxially with the analyzed samples.
Results

The Raman analysis has been performed to clarify the structural characteristics of
the acquired sample. Raman scattering is a remarkable and powerful tool for
gaining chemical, structural and electronic information of graphite-like materials.
Furthermore, it allows monitoring of defects in the sp2 aromatic network, which
leads to the activation of the Raman D mode at 1350 cm−1, prohibited in the perfect
hexagonal lattice [7]. Conversely, the G band, at 1600 cm−1, which is due to every
sp2 bond, is mostly insensitive to defects showing only slight changes in width and
position of the maximum. Figure 1 shows the first-order spectrum of the incipient
soot sample, in which the two main bands are evident. For flame-generated soot
particles, i.e., for highly disordered/amorphous carbon materials, the intensity ratio
of these two bands give an estimate of the average size of the aromatic areas in the
particles, La through the following empirical expression [7]:
𝐿2a (nm2 ) = 5.4 ∙ 10−2 ∙ 𝐸L4 (eV 4 )

𝐼(D)
𝐼(G)

where EL is the energy of the incident photon. From the ratio of the intensity of the
D and G bands the size of the polyaromatic units contained in the particles, La, is
approximately 1.09 nm. This value is in good agreement with the average
molecular constituents recently visualized by HR-AFM [2, 3].

Figure 1 Raman spectrum of incipient soot.
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As discussed in the introduction, a possible route for the formation and growth of
such polyaromatic involve the chemical propagation of resonantly stabilized
radicals [1], which are clearly observed at the onset of soot formation [2,3]. To
corroborate these previously results, EPR spectroscopy has been used to
characterize the sample.
In Fig.2 the EPR spectrum shows a single peak with a g factor of 2.0027 (±0.0003).
The g factor value is characteristic for each kind of radical. It is determined by the
chemical environments of unpaired electrons and is used to characterize interior
molecular structures. The values obtained for the sample, which are slightly higher
than the typical g factors of free electrons (2.0023), are typical of persistent carbon
radical [11]. The broad line shape recorded can be associated with the presence and
superposition of multiple paramagnetic species in the particles.
Finally, the spin density, i.e., the quantity of unpaired electrons in the samples, has
been calculated, obtaining a value of 4.5*1016 spin/g. It was calculated using the
total mass of particles collected on the filter, which was evaluated in terms of the
particle concentration in the flame measured by DMA in a previous work [13], the
N2 diluent flow rate and dilution ratio, the total sampling time, and volume of the
solution. Such value confirms the presence of a significant number of persistent
radicals in the sample.

Figure 2 EPR spectrum of incipient soot.
A further relevant information from the analysis of soot molecular constituent from

HR-AFM [2, 3] was the presence of saturated sp3 carbon in the form of CH2
groups. Hydrogen removal from CH2 groups leads to the formation of a π radical,
and may be responsible of the observed radical character of the incipient soot
particles.
Owning to its potential in retrieving qualitative and quantitative information
concerning the distribution of hydrogen in organic molecules, 1H NMR
spectroscopy was used for the analysis of incipient soot. 1H NMR is a powerful
analytical technique, widely adopted in organic chemistry, and also routinely used
to characterize hydrocarbon fuels, solvent-soluble coal fractions and asphaltenes

42th Meeting of the Italian Section of the Combustion Institute

[8, 9] and only few attempts have been performed for soot analysis and more in
general for fuel-combustion products [4, 5].
Following the attributions described by Santamaria et al. [4, 5], the range of
chemical shifts associated to the different hydrogen types are reported in Table 1.
Table 1. Assignments of the proton chemical shift in NMR spectra.
Hydrogen
Ha

Hα

Hβ
Hγ

Description
Aromatic hydrogens sterically with bay, fjord regions and other
geometrically similar zones.
Aromatic hydrogens in very peri-condensed PAHs
Aromatic hydrogens corresponding to a single aromatic ring.
Aliphatic hydrogens in methylene groups α to two aromatic
rings (fluorene type)
Aliphatic hydrogens in methylene groups α to an aromatic ring
and β position to another (acenaphthene-type).
Aliphatic hydrogens in methyl groups placed in bay or fjord
regions of polyromantic hydrocarbons.
Alicyclic hydrogens in β position to two aromatic ring.
Aliphatic hydrogens in methyl groups γ or further to an
aromatic ring.

δ (ppm)
6.5-9.0

2.0-5.0

1.0-2.0
0.5-1.0

Figure 3 shows, in a range between 0-10 ppm, the 1H-NMR spectrum of the
collected incipient soot particles, i.e., soot at a height above the burner (HAB) of 8
mm. The spectrum in Fig.3 shows very intense aliphatic peaks, probably caused by
long saturated chains. Note that the peak at 1.57 ppm is due to humidity.
Interestingly, the spectral range between 3.0-4.3 ppm, it is also dominated by
several peaks that may be attributed to the benzyl hydrogens , thus corroborating
the previous observation by HR-AFM and possibly their relevance for the soot
formation process. It is worth to mention that such the peaks, however, could be
also due to the oxygen presence expressed as a ~OH. In addition, we cannot
exclude that the presence of this group is caused by oxygen quenching of radical
species during the sampling procedure and storage at ambient conditions.
In the area 5-9 ppm the main peak (7.24 ppm) is due to the solvent residue.
Generally, solvent impurity leads to presence of two additional symmetric signals
as the peaks at 7.02 ppm and 7.54 ppm, Fig.2.
The observed peaks in the region between 7.5-8 ppm are related to hydrogens on
aromatics. The low intensity of the aromatic signals indicates a rather low
concentration of the aromatic hydrogens in the carbon matrix composing the
incipient soot particles. This also corroborates the rather large size of the aromatic
constituents as evidenced by Raman spectroscopy.
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Hβ
Hγ
Ha

Aromatic region

Ha

Aliphatic region

Figure 3: H-NMR spectrum of the incipient soot particles. Inserts in the blue lines
are two magnifications representative of the main spectral regions.
Conclusions
In this work, incipient soot particles from a laminar premixed flame, have been
analyzed by Raman, NMR and EPR spectroscopy. Raman spectroscopy has been
used for structural and chemical characterization of the incipient particles, 1HNMR for the analysis of the different hydrogens of the molecular constituents and
EPR spectroscopy for the study of the unpaired electrons. Raman analysis shows
the presence of solid amorphous carbon with aromatic molecules of about 1 nm.
EPR confirms the presence of RSRs in the particles. The measured EPR signal is
characteristic of carbon-centered free radicals stabilized by resonance through the
whole aromatic structure leading to the observed rather persistent character.
Finally, the 1H-NMR spectrum of incipient soot seems to confirm the existence of
aliphatic moieties and methylene hydrogen (-CH2), in agreement to the recent
observations by HR-AFM. It is possible that this methylene groups are related to
the radical character of the incipient soot particles.
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Abstract
In burner-stabilized stagnation (BSS) flames the probe used to sample particles is
embedded in a disk. This allows to have well defined boundary conditions;
however, particles pass through a “cold zone” (temperature below 1000K). This
zone can significantly modify the features of the particles due to condensation of
material from gas phase onto the particles. In order to investigate the effect of this
zone, particulate collected from ethylene burner-stabilized stagnation flames was
chemically characterized. Several diagnostic tools were used to shed light on the
effect of temperature on soot properties in this peculiar flame configuration.
Particles were thermophoretically sampled on the stagnation plate and analyzed by
Raman and UV–visible spectroscopy, techniques sensitive to particle internal
structure. Complementary information on the functional groups located at the edge
of the polyaromatic system constituting soot nanostructure was obtained by FTIR
analysis. The experimental conditions chosen provide a broad range of sooting
conditions to understand the temperature effect on soot properties in ethylene BSS
flames.
Introduction
Combustion processes under fuel-rich conditions lead to the formation and
consequent emission of a wide class of carbon-based byproducts, ranging from gasphase polycyclic aromatic hydrocarbons (PAH) to solid particles/aggregates
passing through high molecular weight aromatic compounds. Combustion-formed
particulate properties are important for determining its value for practical
applications as well as its impact on the environment, air quality and human health
[1, 2]. A great variety of diagnostic techniques has been proposed for studying soot
and its precursor formation [3, 4]. Among them in-situ optical diagnostic
techniques are usually preferred since the measurements do not perturb the
combustion process and present a high sensitivity, however they can only give
fewer details about sizes and morphology/nanostructure of the particles.
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The sampling of soot particles in laminar premixed flames is a common method for
studying soot formation. However, probe intrusiveness into the flame can introduce
a significant perturbation of the flame configuration and a subsequent uncertainty
in the interpretation of experimental data. To partially overcome this problem a
burner-stabilized stagnation (BSS) flame has been proposed by Wang and
coworkers as experimental approach for soot sampling [5]. In this flame
configuration, the sampling probe is embedded in a water-cooled circular plate
positioned above the flame, which acts as flow stagnation surface. If from one side
this experimental configuration guarantees a defined boundary condition
downstream of the flame for a more accurate description of the perturbation of the
flame due to the sampling system, on the other side it induces a significant
perturbation of the flame temperature profiles. This experimental set-up is widely
diffuse in the combustion community, mainly to study particle size distribution of
premixed flames. However, very few studies have been devoted to the chemical
characterization of soot formed in BSS flame. Thus, it appears of great importance
the knowledge of the properties of particles formed in these peculiar systems and
how the collected material is related to the particles formed in practical combustion
systems. To this aim in this work we have chemically characterized the particulate
collected from ethylene BSS flames with the same feed of the premixed flames
previously studied by Abid et al. [6]. By changing the inlet cold gas velocity,
different maximum flame temperatures were obtained. An array of diagnostic tools
was used to shed light on the effect of temperature in this peculiar flame
configuration on soot properties.
Experimental
Experimental set-up
The experimental set-up is the same described by Abid et al. [5] and the flame
feeds are the same reported by Abid et al. [6]. Thus just for simplicity even if we
have use a BSS system, in the following the flames will be labeled C3, C4, C5 and
C6 as done by Abid et al. [6]. We have examined the composition and
nanostructure of particulate sampled from a set of ethylene-argon-oxygen flames
previously characterized [6], all with an equivalence ratio Φ=2.07 but varying in
maximum flame temperatures. The maximum flame temperature is nearly the same
of the flames studied by Abid et al. [6] since the perturbation of the stagnation plate
lowers only the temperature of the post-flame region keeping unchanged the
temperature of the oxidation region [5]. The distance of the stabilization plate from
the burner was set at 12.5mm. A brief summary of the operating conditions of the
flames is reported in Table 1. Carbonaceous samples were collected mechanically
removing the deposited material from the stabilization plate. In order to standardize
the procedure, the flame was light on whilst a metal cover was positioned onto the
plate, preventing particle from being deposited onto the stabilization plate during
the initial transient regime of the flames. After removing the cover, the material
deposited drives by thermophoretic force onto the plate. A total deposition time of
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300s was used. Successively the flame was rapidly turned off and particles were
mechanically removed from a 2.5x2.5 cm2 spot in the middle of the burner. The
procedure was repeated several times in order to obtain enough material to perform
the analysis.
Table 1. Summary of flame studied ([6])
Flame no.

a

Cold gas velocity ,cm*s

-1

Maximum flame temperature, K

C3

8.00

1736±50

C4

6.53

1710±50

C5

5.50

1660±50

C6

4.50

1610±50

a

STP conditions

Carbon particulate characterization
Raman spectra were measured by means of a Horiba XploRA Raman microscope
system (Horiba Jobin Yvon, Japan) with an excitation wavelength of λ = 532 nm.
FTIR spectra in the 3400–600 cm–1 range were acquired in the transmittance mode
using a Nicolet iS10 spectrophotometer. Analyses were performed on the sample
dispersions prepared by mixing and grinding the carbon particulate matter samples
in KBr pellets (0.2–0.3 wt%). Carbon particulate was suspended in N-methyl-2pyrrolidinone (NMP) and analyzed in a 1-cm path length quartz cuvette using an
Agilent UV–vis 8453 spectrophotometer.
Results
The Raman spectra of soot sampled in C3-C6 flame are reported in Fig. 1. The two
typical peaks of carbon materials, near 1600 cm-1 (G or “graphite” peak) and 1350
cm-1 (D or “defect” peak), can be observed in the first order spectral Raman region,
between 1000-1800 cm-1. The peak broadness underlies the highly disordered
structure of soot. The G band has been assigned to the C=C stretching of all pairs
of sp2 atoms, whereas the D peak is due to the breathing modes of sp 2 atoms in
rings [7]. Tuinstra and Koenig [7] showed that the D mode intensity increases
linearly with decreasing size of graphite crystals L a. However, increasing the
defects and reducing La below 2 nm, this relationship is no longer valid. Thus, in
highly disordered carbons the development of a D peak indicates ordering, exactly
opposite to the case of graphite [7]. As can be observed in Fig. 1 the intensity of
the D peak increases in respect to the G peak, going from C6 to C3, indicating the
progressive aromatization of soot as the flame temperature rises.
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Figure 1. Raman spectra of particulate collected from C3, C4, C5 and C6 flames.
The particulate collected from the C3 flame was found to be partially soluble in
NMP. The spectrum of the C3 particulate soluble in NMP along with the UVVisible spectra of particulate collected in the C4, C5 and C6 flames is reported in
the Tauc domain, i.e. (A*E)^0.5 vs the energy of the radiation, E, expressed in
electron Volt, and normalized at 4 eV (~300nm) in Fig. 2.

Figure 2. UV-Visible spectra normalized at 4 eV and reported in the Tauc domain
of carbon particulate collected from C3, C4, C5 and C6 flames.
Reporting the UV-Visible spectra in the Tauc domain, allows the visualization of
the different absorption properties of carbons also retrieving the optical band gap
widely used as optical parameter significant of soot properties [8]. It is remarkable
that the optical bad gap, calculated in the 400-1100nm (3.1-1.13eV) range,
decreases with the flame temperature rise, moving from 0.66 eV for the C6 flame
to 0.2 eV for the C3 flame. This inference hints to a higher electronic
delocalization, i.e. a greater aromatization in agreement with the Raman results.
FT-IR spectroscopy has been performed to analyse particle functional groups [9].
Consistently, the infrared mass absorption coefficients reported in Fig.3 show that
C6 and C5 samples are the less light-absorbing soot. The qualitative analysis of the
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aliphatic C-H stretching region, in the 3000–2800 cm−1 wavenumber range, reveals
that aliphatic hydrogen is present mainly in form of methylene groups being the
most intense peak at 2925 cm-1 attributed to asymmetric CH2 stretching. Aromatic
hydrogen presents strong signals between 900 cm−1 and 700 cm−1, where the
hydrogen bending out-of-plane (OPLA) of aromatic systems occurs, whereas the
aromatic C-H stretching signal, occurring at about 3050 cm-1, is generally
characterized by a lower absorption strength, and can be clearly seen only in the C5
and C6 soot.

Figure 3. Infrared mass absorption coefficient of particulate collected from C3, C4,
C5 and C6 flames.
As expected as the flame temperature rises, i.e. moving from C6 to C3 flames, the
aromatic hydrogen lowers [10,11]. The opposite was found for aliphatic hydrogen,
showing very high signals for C3 soot. This result is quite surprising and
apparently in contrast with what shown so far. Actually, the band gap analysis of
the NMP-soluble fraction and the Raman spectroscopy analysis of the total
particulate put in evidence the stronger aromatic character of C3. These results
were consistent with the higher temperature of the C3 flame, as soot in a hotter
chemical environment should experience stronger aromatization and also
dehydrogenation processes [10,11]. The higher mass absorption coefficient
measured by FT-IR spectroscopy was in agreement with the other spectroscopic
techniques, thus the nature of the superimposed spectral features due to aliphatic
hydrogen remains unclear. However, just this high aliphatic content could be the
reason for the partial solubility of the C3 particulate in NMP. A possible
explanation is that the flame environment is affected by probe perturbation: when
the probe cools down the flame, gas-phase compounds condensate onto soot
particles matter changing their superficial functionalities without changing their
bulk properties in terms of carbon network. To this regard, it is worth to note that
the mean particle size significantly decreases with increasing flame temperature
from flames C6 to C3 [12]. Hence, surface phenomena are expected to be more
intense for the small particles produced by the C3 flame and along with the higher
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temperature can justify a higher tendency toward aliphatic addition on soot
particles edges.
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Abstract
Facing increasingly strict environmental regulations, waste-to-energy plants often
rely on multi-stage treatment processes for the abatement of acid pollutants. In the
multi-stage configuration, while the overall required abatement of pollutants is
fixed by the emission limit values at stack, there are degrees of freedom in the
repartition of abatement between stages, leaving room for process optimization. An
optimal repartition of acid gas removal allows to reduce the consumption of
reactants and the production of residues, with obvious economic and environmental
advantages. The present study outlines a procedure for the identification of such
optimal repartition, based on the analysis of process data by means of an empirical
model.
Introduction
Acid gases, such as hydrogen halides (HCl, HF) and sulfur oxides (SO2), are
typical fuel-related pollutants. Cement production, steelmaking, ceramics and glass
manufacturing, maritime transportation, biomass and waste combustion are all
sectors in which the emission of acid gases is a known issue. In particular, wasteto-energy (WtE) facilities are subject to strict emission limit values and the
upcoming revision of the BAT (Best Available Techniques) for waste incineration
sets even higher standards for the emission control of these contaminants [1].
Therefore, in order to comply with the required high removal efficiencies, multistage acid gas treatment configurations are increasingly adopted in WtE plants,
both in new installations and as retrofits.
Clearly enough, a multi-stage configuration introduces a degree of freedom in
process control: the overall required removal of pollutants is fixed, but it can be
achieved with different repartitions of the removal between stages. A wellbalanced utilization of the treatment stages can minimize the consumption of
reactants and the generation of process residues/wastewater, compared to an illbalanced system with the same overall acid gas removal efficiency.
Nonetheless, in particular for dry multi-stage configurations (based on the injection
of powdered basic reactants, like calcium hydroxide or sodium bicarbonate),
systems are often operated far from the optimal conditions. The selection of the
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operating parameters is typically done on conservative assumptions, without the
support of an adequate understanding of the reaction process. The gas-solid
reaction process is strongly dependent on a variety of plant-specific parameters
(operating temperature, gas composition, solid residence time), which would
require a plant-specific process optimization. In the present study, a simple
methodology, generally applicable to dry multi-stage acid gas removal
configurations, is proposed to identify the optimal operating point of a treatment
system, starting from its performance data registered by the plant control system.
Examples of dry multi-stage acid gas removal configurations
Dry systems are the most widespread approach for acid gas abatement in countries
such as Italy, France or UK [2]. A multi-stage configuration can be generally
realized as shown in Fig. 1.
In the first case (Fig. 1a), acid gas removal takes place downstream of the heat
recovery section of the WtE plant, in two consecutive reaction stages where a solid
reactant is first injected in the flue gas ductwork and then the solid products of the
neutralization reaction are captured by a fabric filter. Typically, the first stage
employs a cheap reactant like calcium hydroxide, Ca(OH)2, while the second stage
relies on a more performant, yet expensive sorbent like sodium bicarbonate,
NaHCO3.
In the second case (Fig. 1b), deacidification starts directly in the combustion
chamber via the injection of a reactant such as calcined dolomite (CaO∙MgO).
Then, the heat recovery section of the WtE plant acts as particulate collection
device for the reaction products. Downstream, the second stage of acid gas removal
generally consists in a sodium bicarbonate injection.
In both cases, the operating costs consisted in the purchase cost of reactants and the
management cost for the solid process residues, which have to be sent to specific
landfilling sites or recycling facilities.

Figure 1. Two-stage dry acid gas removal systems.

Methodological approach and simplified process modelling
We propose a plant-specific approach to optimize the operation of a multi-stage
system, based on the following steps:
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1.
2.
3.

Collection of plant-specific process data;
Calibration of a performance model for each acid gas removal stage;
Simulation of different multi-stage configurations to identify the optimal
repartition of acid gas removal between stages that minimizes operating costs.
Core of the methodology is the use of a simple semi-empirical model for the
description of the reaction between acid pollutants and solid reactants [3]:
(1)
where the conversion of the acid pollutant i by the reactant j is a function of the
stoichiometric ratio SR, i.e. the ratio of the actual feed rate of reactant to the
amount of reactant theoretically required to convert all the acid pollutants in the
inlet flue gas. The model offers a simplified approach to the description of acid gas
removal, by lumping the influence of all the variables affecting the reaction
(sorbent properties and flue gas operating conditions) in a set of empirical
parameters ni,j, which can be tuned by calibration with plant-specific data. The
calibration dataset can be obtained either by analyzing the past performance of a
treatment unit (calibration through process data analysis) or by performing test runs
at controlled feed rates of reactants (calibration through dedicated test runs).
Model calibration through process data analysis
If an acid gas removal stage is equipped with gas composition measuring devices
both upstream and downstream, the conversion of the acid pollutant in the stage
can be monitored continuously and put in relation with the concurrent feed rate of
solid reactant. However, the raw data retrieved from the plant has to be properly
processed to be used as calibration dataset. For example, Fig. 2 sketches the
procedure for a Ca(OH)2-fed treatment unit, with reference to HCl removal. The
performance data of the unit (HCl conversion vs. SR) are collected as hourly
averages for an entire year of operation, obtaining over 7500 data pairs. The
performance is highly variable (see e.g. how an 80% HCl removal efficiency has
been obtained during the year with widely different SR, ranging from 1 to 5), as a
consequence of the highly fluctuating conditions of WtE operation. This cloud of
data can be processed by cataloguing data pairs in clusters according to the most
relevant operating conditions (temperature and inlet HCl concentration) registered
during their collection. More details regarding the classification procedure can be
found in [4]. Hence, in the example, by considering the average data point for each
cluster, the dataset was reduced to 16 points, on which it was possible to identify a
clear effect of operating temperature on lime performance. At lower temperature,
the reactivity of lime increases, arguably due to an increase of relative humidity
that reduces the diffusional limitations in the gas-solid reaction process [5].
Therefore, in this case, the tuning parameter nHCl,Ca(OH)2 for the model in eq. 1 was
obtained as a function of temperature.
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Figure 2. Classification of raw process data for Ca(OH)2 injection.
Model calibration through dedicated test runs
If an acid gas removal stage is not equipped with upstream and downstream
measuring devices, it is not possible to retrieve performance information from
historical process data. The data gap can be filled with a dedicated experimental
campaign. For example, in the case of calcined dolomite injection directly in the
combustion chamber (see again case b in Fig. 1), the concentration of acid
pollutants in the flue gas can be measured only downstream of the furnace.
Therefore, in order to assess the effect of the injection of reactant in terms of acid
gas removal, “on/off tests” have to be performed, by alternating periods of
injection and interruption of the reactant feed rate, as shown in Fig. 3a. Then, the
removal efficiency of calcined dolomite towards HCl or SO2 at different feed rates
can be calculated considering the reduction in acid gas concentration at the
downstream measuring point, compared to the periods without injection of
reactant. With a sufficient number of experiments, a neat calibration set for the
model of eq. 1 can be obtained (see Fig. 3b).

Figure 3. a) Dolomite feed rate and SO2 concentration varying during a test run. b)
Calibration of the empirical model on experimental data point from test runs.
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Identification of the optimal operating point
Once calibration has been performed for each removal stage in the plant, the model
can be used for process optimization. Different repartitions of acid gas removal
between stages are simulated to identify the one that achieves cost minimization.
For example, here we consider a two-stage acid gas treatment system, with a 1st
stage based on Ca(OH)2 injection and a 2nd stage based on NaHCO3 injection (case
a in Fig. 1). The target is to minimize the overall operating cost given by:
(2)
where the costs for both purchase of reactants and disposal of process residues are
taken into account. This function can be minimized by varying the acid gas
conversion in the two stages (XCa(OH)2 and XNaHCO3), keeping constant the overall
removal efficiency:
(3)
Fig. 4 shows the outcome of this analysis for a plant equipped with the considered
two-stage system, assuming an inlet concentration of HCl and SO2 of 800 and 100
mg/Nm3, respectively. Different repartitions of acid gas removal between stages
were explored by varying XCa(OH)2 in the range 0-80%. A minimum for the
operating costs can be identified at a 30% HCl conversion in the Ca(OH)2-fed
stage. Variations in the unit costs of reactants supply and residues disposal or in the
emission limit values imposed at stack for HCl and SO2 can influence significantly
the position of the optimal operating point, which is clearly a plant-specific and
condition-specific result.

Figure 4. Operating costs as a function of HCl conversion in the Ca(OH)2 stage.
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The proposed methodology is an easy and effective approach to the performance
analysis of multi-stage acid gas removal systems. The result of the analysis, i.e. the
optimal repartition of acid gas abatement between treatment stages, represents
useful information for plant managers, since a properly optimized multi-stage
system can achieve significant cost savings compared to non-optimized operation.
Once the optimal removal repartition between stages is known, it can be actively
pursued through process control, e.g. by imposing the value of optimal acid gas
conversion at the 1st stage as setpoint in a feedback control logic for reactant feed
rate regulation (see the scheme of Fig. 5).

Figure 5. Example of process control using as intermediate setpoint the optimal
operating point identified by the process optimization analysis.
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Abstract
This study focuses on the measurement of the size distributions and the chemical
composition of atmospheric fine aerosol particles measured in the proximity of the
Napoli harbor. In particular, this study focuses on source apportionment for
particles in the atmosphere of a costal urban area in order to correlate particle
concentration levels with meteorological conditions, vehicle emissions and port
activities.
Measurements have been performed along a 6 month period from March to June
2016. The analysis of the size distributions and the chemical characteristics of the
collected particles shows that fine particulate matter (PM) of natural origin (sea salt
aerosol) contributes significantly to the concentration of PM detected in the harbor.
There is a contribution of PM of anthropogenic origin in conditions of high
vehicular and naval traffic and under certain environmental conditions. PM
concentration changes during the daytime: decreasing at nighttime and rising at
peak hours of morning and evening traffic events (both maritime and vehicular).
Sulfur is present in the collected particles despite of a limitation to the use of
sulphur-containing fuels for the ships is prescribed by the Port Authority. Hence,
other terrestrial activities in the harbor area make use of sulphur-containing fuels
thus contributing to the increase of the secondary organic aerosol formation.
Introduction
Fine fraction of atmospheric aerosol particles is recognized to have a strong impact
on the environment and to be of concern in health-related effects [1]. Particulate
Matter (PM) is generated by different sources: natural (i.e., wind-borne dust, sea
spray, volcanic ashes, biogenic aerosol) and anthropogenic (i.e., fossil fuel
combustion, waste and biomass burning, industrial emissions), and by
transformation in the atmosphere under sunlight irradiation of sulfates, nitrates and
organic precursors from human and agricultural activities (secondary aerosol) [2].
PM is rarely homogeneous: particles generally constituting PM vary greatly in size
and shape, and PM chemical composition is related to the specific source and
location of the emissions as well as successive modifications in the atmosphere
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after the emission. Particles sizes range from a few nanometers to several tens of
microns whereas the chemical composition is a complex mixture of organic and
inorganic substances [3]. The complexity of PM chemical composition and its wide
range of size and shape together with the variations during the time make the
measure of airborne particulate matter very difficult and the individuation of the
sources a challenge.
Large urban areas are strongly impacted by pollution emissions from
anthropogenic sources. The proximity of harbors to dense urban populations can
exacerbate the pollution level because emissions from ships and related activities in
ports could be of special importance. It has been recently shown that ship
emissions lead to an increase in ambient air concentrations of fine particles directly
generated by the ship engines (primary particulates) or formed in the atmosphere as
secondary particulates due to the combined presence of NOx, sulphur-containing
species and unburned hydrocarbons. To reduce particulate formation in the
atmosphere, low sulphur fuels are currently prescribed to run engines in the
proximity of the harbor or during port activities in order to enhance air quality and
possibly prevent large health impacts due to ship emissions.
Napoli metropolitan area, with a population of around 4.5 million and one of the
largest seaports in the Mediterranean Sea, represents a case study for the analysis
of the different sources of pollutants, i.e., the natural marine particulate matter and
that deriving from anthropogenic activities specific of the port (ships and earth
activities) and from urban activities (vehicle traffic and domestic heating).
This study focuses on the measurement and characterization, in terms of size
distribution and chemical composition, of the atmospheric particles sampled by a
Low Pressure Electrostatic Impactor (ELPI). The aim of the study is to find out the
possible sources of particles in the atmosphere of a costal urban area and to
correlate the particle concentration levels with meteorological conditions, vehicle
emissions and port activities.
Experimental setup
Surface measurements have been performed in the period March to June 2016
close to the seaside by installing ELPI on the roof of the Autorità Portuale of the
Napoli harbor. The measuring site is close to the sea (about 20 m from the coast)
and to a traffic light of a high vehicular traffic road (about 100 m from via Marina).
Therefore, contributions of atmospheric aerosols from different sources have been
detected. Measurements have been made continuously for 4 months every second
and stored on a personal computer for subsequent data analysis.
Vehicular traffic on via Marina and movements of ships in the harbor have been
monitored by a camera and registered. Conventional meteorological parameters
(temperature, pressure, relative humidity, rain events) and the concentrations of the
main pollutants have been also regularly measured.
The distribution of the particle size is measured by an Electrical Low Pressure
Impactor (ELPI, Dekati Ltd., Kansagala, Finland). The ELPI is a particle size
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spectrometer for real-time monitoring of aerosol particle size distributions. The
instrument is composed by a corona charger, a 12-stage cascade low-pressure
impactor and a multichannel electrometer, which allows covering the entire
measurement size range from 30 nm to 10 μm. An extra filter stage is added to
extent the measurement size range down to 7 nm. The charged particles are
collected on the 13 collection plates, and the current intensity value of each
channel, which is proportional to the number of particles collected, is converted
into particle aerodynamic size distribution using relationships describing particle
size dependent properties of the charger and the impactor stages. The instrument
sample flow is 10 L/min. Measurement data are then processed by the ELPI
XLS4.05 software (Dekati Ltd.).
PM collected on the collection plates of ELPI are analyzed for chemical analysis
by a Scanning Electron Microscopy (SEM) coupled with an Energy Dispersive Xrays Spectroscopy (EDX). SEM-EDX provides elemental analysis of the collected
particles.
Results and Discussion
Different size distributions of the atmospheric particles have been measured during
the field campaign at Napoli harbor. Figure 1 reports typical size distributions
detected in specific daytimes (the size distributions are normalized to the maximum
mass concentration of the prevailing size mode). It is interesting to highlight that
these size distributions are repeatable, since can be detected every day
approximatively at the same hour and are strongly dependent on the boundary
conditions at the sampling location. Indeed, the particle side distribution (PSD) in
Fig.1a is typical of rush-times at the traffic light whereas PSD in Fig.1b is typically
detected when normal vehicular traffic is recorded by the camera on via Marina.
The PSDs in Fig.1c and 1d are instead measured when ships approach or leave the
harbor and in nighttime, respectively.
The PSD in mass concentration are usually multimodal with particle sizes ranging
from few tents of nanometers (the lower limit of the instruments is 7 nm) up to
same microns.
Particle size distribution at “rush-time” (Fig.1a) is comparable to the size
distributions of the aerosol emitted by light-duty gasoline and diesel engines
reported in the figure as full line – gasoline and dashed-line – diesel engine [4]. It
shows a first mode at about 50 nm that comprises primary soot particles emitted by
engines, a second mode at about 200 nm that comprises agglomerates of soot
particles and a third mode at about 2 μm not seen in the PSD measured at engine
exhaust. It is important to remind that PSD are normalized, therefore no indications
on the different contributions – vehicular traffic or naval activity – can be given by
the comparison of Fig.1.Particle size distribution when average vehicular traffic is
observed in via Marina (Fig.1b) shows a predominant mode at about 500 nm that
resembles the size distribution of heavy-duty engines reported in the figure as a full
line [5]. A second mode at about 8 µm is also observed but not attributable to
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vehicular traffic, as again from comparison with literature PSD of car engine. The
size distribution named “Maritime traffic” (Fig.1c) shows a first size mode at about
500 nm and a strong mode at 8 μm: it resembles the contribution of ship engines
(full line in the figure) to the ambient aerosol [6]. Finally, the particle size
distribution measured at nighttime resembles that of sea-salt reported in the figure
for comparison. Overall, Figure 1 clearly shows that by following the evolution of
the different modes of the size distribution it is possible to follow the contribution
of different sources to the atmospheric aerosol.
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Figure 1: Normalized particle size distributions measured at different daytimes
Figure 2 reports the concentrations of the different modes of the PSD in terms of
PMx (mass concentration of particulate matter with sizes below x μm) measured in
the first week of April 2016. Peak PMx concentrations are associated to the
different sources (vehicular traffic and maritime traffic) based on the shape of the
PSD (Fig.1) and the observations of vehicular traffic on via Marina and maritime
traffic in the harbor. A clear increase of the mass concentrations of PM is observed
at rush times in via Marina (8-10 am and 5-7 pm) and when ships enter and leave
the harbor. The PM10 concentration is on average close to the ambient limit of 50
μg/m3 but is up to three-times higher at specific hours of the day in correspondence
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to vehicular traffic and to the approach of the ships to the harbor.
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Figure 2: PM concentrations measured in the first week of April 2016
Finally, the PM collected on the each single stage of the ELPI has been
characterized by SEM-EDX for an elemental analysis of the collected materials.
Hence it has been possible to obtain information on chemical features on single
portions of the PSD. Data show that a large presence of sodium, chlorine and
carbon in coarse mode particles (sizes from 1 to 2 μm); the first two elements
characterize the marine aerosol. For the ultrafine aerosol (100 - 200 nm), on the
other hand, both sodium and chlorine concentrations decrease, whereas carbon
concentration increases, indicating a strong contribution of the combustiongenerated particles to atmospheric aerosol. Almost constant concentrations have
been registered for all the other elements detected. In particular, it should be noted
the low, but not negligible, sulfur content (3% wt.); the use of sulphur-free fuels for
the ships approaching the harbor is prescribed by the Port Authority. The presence
of sulphur in the aerosol might be due to other terrestrial activities in the harbor
area that make use of sulphur-containing fuels thus contributing to the increase of
the secondary organic aerosol formation.
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Abstract
In the Calcium Looping (CaL) process for CO2 capture, a relevant role is played by
the possible presence, in the flue gas to be treated in the carbonator, of SO2 and/or
H2O. Moreover, as CaL is commonly proposed in a Dual Interconnected Fluidised
Bed (DIFB) configuration, Ca-based sorbent particles can undergo various attrition
phenomena. Impact fragmentation has been relatively less investigated, in
particular with reference to operating conditions entailing the presence of SO 2
and/or H2O. In this work, we have submitted a reference high-calcium limestone to
CaL tests in a lab-scale DIFB apparatus in presence of sulphur dioxide and/or
steam: in particular, calcination was carried out at 940°C in an atmosphere
containing 70% CO2; carbonation was carried out at 650°C, in an atmosphere
containing 15% CO2. To evaluate the effect of SO2 and/or H2O, six carbonation
atmospheres were simulated (steam was fed at 10% inlet concentration; sulphur
dioxide was fed at either 75 ppm or 1500 ppm). After ten cycles, the particles were
sent to an ex-situ impact test apparatus. The apparatus was operated at room
temperature at various impact velocities (six values between 10 and 45 m/s), and
the impacted fragments were sieve-analysed to discuss their fragmentation modes.
Introduction
Calcium Looping (CaL) is a post-combustion process aimed at CO2 capture from
flue gases followed by its release in a concentrated stream to be further utilised or
geologically stored [1,2]. The process relies on the reversible carbonation of Cabased sorbents (e.g., cheap natural limestone). CaL is carried out by means of two
reactors, in a Dual Interconnected Fluidised Bed (DIFB) configuration. The
possible presence of SO2 in the combustion flue gas, to be treated in the carbonator,
has a negative effect on the sorbent performance [3–5]: at the operating conditions
of the carbonator (600–650°C), SO2 irreversibly reacts with CaO according to the
sulphation reaction, so subtracting calcium oxide otherwise available for carbon
dioxide capture (in this respect, CO2 and SO2 do compete for the same active CaO).
In addition, the progress of the sulphation reaction determines the build-up of a
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CaSO4-based shell that surrounds the particle structure, where calcium oxide is
mostly concentrated in the core. This compact shell adds to the CaCO 3-based one
(as product of carbonation) in jeopardising the diffusion of carbon dioxide in the
sorbent pore network. The flue gas entering the carbonator also contains steam, as
result of the combustion process. Steam has been found to improve the CO 2 capture
capacity of the sorbent, possibly due to the ameliorated diffusion of carbon dioxide
through the sorbent pores [4–7].
When sorbent particles are processed in fluidised bed environment, they undergo
attrition phenomena which can cause loss of reactive material (as elutriated fines).
Besides attrition by surface wear, fragmentation by impact damage –
comparatively less scrutinised – is relevant as it is related to high velocity
collisions between fluidised particles and targets (bed internals, or other bed solids,
can act as target) [8–11]. These collisions can be experienced by the particles in the
jetting region of the FB reactor, as well as in the exit region of the riser and the
cyclone, for circulating FB systems. Depending on the extent and pattern of impact
fragmentation, coarse (non-elutriable) and fine (elutriable) fragments can be
generated. As discussed in earlier works, e.g. [10], the phenomenology of particle
breakage upon impact can correspond to three main patterns, differently reflected
by the Probability Density Function (PDF) of particle size for the impacted
samples: (a) particle chipping, with generation of a limited number of fragments of
a size much finer than the parent particle size; (b) particle splitting, with the
breakage of the parent particle into a relatively small number of fragments having
size comparable to that of the parent particle; (c) particle disintegration, with loss
of particle connectivity and generation of a large number of fine fragments.
While the effect of the presence of SO2/H2O in the carbonator atmosphere on the
CO2 capture capacity has been investigated by this and other research groups, the
specific influence of SO2/H2O on the impact fragmentation tendency of the sorbent
has been so far mostly neglected. Accordingly, in this research work we have
submitted a reference high-Ca limestone to CaL tests in a lab-scale DIFB apparatus
in presence of SO2 and/or H2O and, after ten cycles, the particles have been sent to
an ex-situ impact test apparatus, operated at room temperature at various impact
velocities, to discuss their fragmentation modes and referring to outcomes arising
from the exercise of the CaL DIFB system under various operating conditions.
Experimental
In the present work, we used a high-calcium (nearly 100% CaCO3) German
limestone, a commercial material termed “EnBW”. The experimental apparatus
was a lab-scale DIFB system, purposely designed for looping tests [12]. A CaL
“test” consisted of ten complete cycles of calcination/carbonation, plus an eleventh
calcination stage carried out to retrieve the “exhausted” sorbent in its calcined
form. The initial amount of limestone was 20 g (0.4–0.6 mm size range). Inert
silica sand (0.9–1 mm) was used in both reactors as fluidisation/thermal ballast
material. Calcination was carried out at 940°C, fluidisation velocity=0.5 m/s, in an
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atmosphere containing 70% CO2 (balance air), to simulate oxy-combustion
conditions. Each calcination stage lasted 20 min. Carbonation was carried out at
650°C, fluidisation velocity same as above, in an atmosphere containing 15% CO 2,
to simulate a typical composition in a combustion flue gas. Each carbonation stage
lasted 15 min. In order to evaluate the effect of SO2 and H2O, six compositions of
the gaseous atmosphere in the carbonator were simulated: (1) DRY, a base-case
with no H2O, no SO2; (2) STECAR, a “steam carbonation” case where 10% H2O
was added (a typical value in flue gas), no SO2; (3) DSP, a “dry sulphur poor” case
where 75 ppm SO2 was added (a typical value in a pre-desulphurised flue gas), no
H2O; (4) DSR, a “dry sulphur rich” case where 1500 ppm SO 2 was added (a typical
value in a non-desulphurised flue gas), no H2O; (5) SCSP, a case combining
STECAR with DSP, so we have the presence of 10% H2O and 75 ppm SO2; (6)
SCSR, a case combining STECAR with DSR, so we have the presence of 10%
H2O and 1500 ppm SO2. In this way, the influence of steam and of the two
concentration levels of SO2 was investigated, both alone and in co-presence.
The on-line analysis of the gas composition at the carbonator exit allowed to
calculate the value of , the CO2 capture capacity expressed as the mass of CO2
captured in a stage per initial mass of sorbent. The sorbent particles retrieved from
the bed at the end of each test (separated from the sand using a 0.71 mm-sieve)
were further submitted to an analytical chemical technique to evaluate , the
degree of Ca conversion to CaSO4 (i.e. the ratio between the moles of CaSO4 and
the total moles of Ca in the exhausted sample).
Impact testing of pre-processed sorbent samples was carried out in an apparatus
[10] based on the concept of entraining particles in a gas (air) stream at controlled
velocity and impacting them against a target. After feeding, the particles were
accelerated by the air flow and the particle velocity v was controlled by regulating
the air flow. The particles impacted on a rigid target plate placed in a collection
chamber. The target was made of stainless steel and was inclined by 30°. Impact
fragmentation tests were carried out at room temperature.
Samples (1.0 g), pre-processed in the DIFB apparatus, re-sieved in the size range
0.4–0.6 mm, were used for fragmentation tests in the impact testing apparatus. The
tests were carried out in air with the following values of v: 10, 17, 24, 31, 38 and
45 m/s. After each impact test, the sample was retrieved from the collection
chamber and sieve-analysed. It was then possible to get, for each impacted sample
at each impact velocity, the PDF, i.e. the ratio, for a given size interval, between
the mass fraction x(di) of particles having mean diameter di and the width (in size)
of the interval itself. Finally, we define “fragments” as the impacted particles finer
than 400 μm (the lower limit of the feed size range). The cumulative fraction of
fragments f is, therefore, the cumulative value for x(di) with di400 μm. This means
that, for each sample and for each impact velocity, it was possible to obtain a value
for f, that was plotted against v on a log-log chart, to better highlight the
establishment of a power-law (f  vk) relationship between the fraction of
fragments and the impact velocity.
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Figure 1. Probability density functions of fragments particle size for pre-processed
CaL sorbent samples impacted at six velocities. DRY and STECAR cases.
Results and Discussion
Figure 1 shows, as an example, the PDF of particle sizes for DRY and STECAR
cases, the other four being qualitatively similar. The related f versus v trends are
presented in Figure 2, for the six samples each tested at the six values of impact
velocity. For DRY, f substantially increases with v, showing a slope change at a
critical velocity v* of about 24 m/s. For v<v*, f is about 5–7%, to increase
thereafter up to 18% at v=45 m/s. The PDF curves suggest a prevailing chipping
fragmentation mode, possibly joint to splitting phenomena, in particular for v>v*.
In fact, for low impact velocities (=low impact energy), the propagation of
fractures due to the impact event is mostly confined at the particles’ surface, so
producing fine chips. When the energy associated to the impact event increases, the
fractures can propagate throughout the particle structure, so giving rise to the
splitting of the parent particles into fragments of comparable size. This behaviour
is typical of semi-brittle materials, as it might be the case for a sorbent sample preprocessed (and, then, thermally sintered) for many cycles during CaL operation.
When the sorbent was submitted to looping in presence of steam (STECAR),
similar considerations apply. The critical velocity here is closer to 17 m/s, and f
increases from 3–4% (v<v*) up to 10% at 45 m/s.

Figure 2. Fraction of fragments versus impact velocity for pre-processed CaL
sorbent samples impacted at six velocities.
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Table 1. Properties of impacted samples.
f, –
, g/g

, %

DRY
0.094
0.052
(11.8%)
–

STECAR
0.066
0.060
(13.6%)
–

DSP
0.094
0.033
(7.5%)
7.4%

DSR
0.073
0.007
(1.6%)
27.7%

SCSP
0.104
0.062
(14.1%)
3.4%

SCSR
0.036
0.025
(5.7%)
18.2%

For the sample treated under a low SO2 concentration (DSP), f increased from 6–
7% up to 15%. When raising the sulphur concentration (DSR), f ranged from 5% to
11%. In co-presence of H2O and (low-level) SO2, the sample (SCSP) was
characterised by v*=17 m/s and f increasing from 6% to 15%. At higher-level SO2
in presence of H2O (SCSR, v*=38 m/s), f increased from 2% to 7% with v.
Table 1 lists, for each sample: (i) the average value of f for the six impact
velocities; (ii) the asymptotic value of the specific CO2 capture capacity  as
obtained at the tenth CaL cycle, together with the same value expressed as
carbonation conversion %; (iii) the value of , the degree of Ca conversion to
CaSO4, for the material retrieved from the DIFB system after the CaL tests.
With respect to the DRY benchmark, STECAR is more resistant to impact
fragmentation. The effect of the presence of steam upon CaL carbonation allows a
better CO2 capture capacity. It has to be recalled that the calcination process does
not go to 100% completion, therefore some un-calcined CaCO3 might have
remained in the particle at the end of the test, and this is more extensive for more
CO2-reactive sorbents, as it is STECAR when compared with DRY. Moreover,
steam may promote the occurrence of cramming phenomena that make the particle
structure harder. When moving to a higher SO2 concentration (SCSR) the
carbonation degree decreases to =5.7%. This is related to extensive Ca
sulphation (>18%), that negatively affects CO2 uptake by the sorbent. On the other
hand, the irreversible build-up of a hard CaSO4-rich shell gives rise to a material
(SCSR) which exhibits the highest resistance to impact fragmentation, the average
value for f being 3.6%. Exposure to SO2 in the absence of steam, at either low
(DSP) or high (DSR) concentration levels, gives rise to the following departures
from the properties of the DRY sample: (a) the degree of carbonation progressively
decreases; (b) the degree of Ca sulphation is, obviously, higher when the SO 2
concentration is higher. The positive role of sulphation in strengthening the particle
structure is here much more limited, as the absence of steam (that promotes both
carbonation and cramming phenomena) increases the propensity to fragmentation,
hence partially counterbalancing the effect of exposure to SO2.
Conclusions
Results of the impact fragmentation tests show that the fraction of generated
fragments f generally increases with the impact velocity v, in the 2–18% range. For
all the samples, the PDF curves suggest a prevailing chipping fragmentation mode,
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possibly joint to splitting phenomena in particular for larger velocities.
Relationships among the degree of calcium carbonation and of calcium sulphation,
and the impact fragmentation tendency, have been discussed. In a nutshell, when
the sorbent particles are obtained from CaL tests carried out in presence of H2O
and absence of SO2, the material comes out to be more reactive to CO2, and it
results more resistant to impact fragmentation. In presence of H2O and of a high
concentration of SO2, the formation of an extensive hard CaSO4-based shell makes
the sorbent particles even more resistant to fragmentation events.
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Abstract
The improvement of soot oxidation performance was investigated for SCRoF
applications. The concurrent presence of NOx SCR reactions significantly inhibited
the NO2 assisted soot oxidation and the main oxidant that could be used was O2.
Complex interaction was observed between the soot oxidation and the SCR
reaction. Integrated soot oxidation and NOx SCR was achieved by mixing different
SCR and tailor made soot oxidation catalyst. Most importantly the reductant (NH3)
oxidation has to be prevented on the soot oxidation catalyst as its oxidation prevent
the SCR reaction from occurring. For this reason the soot oxidation catalyst was
tailored by selectively poisoning the acid sites with potassium which prevented
ammonia oxidation. By physically mixing the soot oxidation catalyst and SCR
catalyst (in this case Cu and Fe zeolites) comparable or improved NOx reduction
performance could be observed while simultaneously the soot oxidation
temperature was lowered by more than 150 °C.
1. Introduction
The highly toxic emissions from diesel engines resulted in progressive and ever
more stringent regulations to be implemented. The most regulated species are the
NOx and particulate matter (soot) and these require complex and expensive
multistage aftertreatment systems. NOx is difficult to remove due to the net
oxidizing conditions in the diesel exhaust, while soot due to the high temperature
(>500 °C) required for its combustion. One method to reduce cost and improve
performance is to integrate the selective catalytic reduction (SCR) of NOx and the
diesel particulate filter (DPF) on the same device, the so-called SCR on filter
(SCRoF). The SCRoF has been well established in practice (BASF has well
established commercial system), most commonly zeolite-based Cu chabazite is
used as the SCR catalyst, deposited inside the pores of SiC based filter. The
disadvantage of the SCRoF system is the inhibition of the soot oxidation by the
SCR reaction which consumes the NO2 [1–4]. This can be represented by the
following reaction set where NO2 is the key reactant:
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NO + NO2 + 2NH3 → 2N2 + 3H2O
Fast SCR
2C + NO2+ O2 → NO + CO + CO2
NO2 assisted soot oxidation
For this reason passive regeneration is inhibited and particulate matter accumulates
on the SCRoF and this results in higher pressure drop and reduced efficiency. To
regenerate the SCRoF, periodically fuel is injected to raise the temperature (> 600
°C) and burn off the accumulated soot. These harsh conditions consume additional
fuel and can easily damage and reduce the lifetime of the filter. The aim of our
work was to reduce the regeneration temperature so that the regeneration
temperature can be lowered or even brought in the range of working exhaust
temperature. This was achieved by physically mixing the SCR catalyst and the soot
oxidation catalyst in different ratios. The challenge was to find a soot oxidation
catalyst that is compatible with the SCR reactions, i.e. it is oxidative towards soot
however not oxidative towards ammonia which is a key reductant in the SCR
reaction:
NH3 + O2 → H2O + N2O + NO + N2
Non-selective ammonia oxidation
2. Materials and methods
Ion exchanged Cu and Fe ZSM5 were used as SCR catalysts. In a typical synthesis
the zeolite was added to a 50 mM solution of Cu(II) acetate and Fe(III) nitrate,
stirred overnight after which it was washed, dried and calcined.
CeO2-PrO2 catalyst was prepared by hydrothermal method, described in detail in
[5]. After calcination the catalyst was impregnated by wet impregnation with
potassium carbonate so that the final K loading was 1 %wt.
The catalytic tests were conducted in glass tube reactor heated by vertical furnace
in the temperature range 200-600 °C with 2 °C/min heating rate. The SCR and soot
oxidation catalysts were mixed in different ratios, however the total mass was
always 270 mg. The soot was mixed with the catalyst in mass ratio 1:9 with spatula
to obtain loose contact. The total gas flowrate was in all cases 600 ml/min with the
concentrations 500 ppm NOx (with NO2/NOx = 0 for standard SCR and 0.5 for fast
SCR), NH3, 4% O2 and balance N2.
3. Results and discussion
First the inhibiting effect of the NOx SCR on soot oxidation was demonstrated. The
Cu and Fe-ZSM5 had no effect on soot oxidation with O2, and the oxidation profile
was the same as the non-catalytic one on SiC. When NOx (with NO2/NOx = 0.5)
was added to the reaction mixture the soot oxidation initiated at 300 °C as NO2 is a
stronger oxidant than O2. This improvement was lost however once NH3 was also
added and SCR occurred. The NO2 was consumed by the kinetically much faster
Fast SCR reaction leaving none for soot oxidation. This has a strong implication
for the development of the soot oxidation catalyst as the main available oxidant
would be O2.
As can be seen from the reaction system, the non-selective ammonia oxidation has
to be avoided as in that case less is available for the NOx SCR and the fuel penalty
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increases. The activation of ammonia on the soot oxidation catalyst was achieved
by selectively poisoning the acid sites with small amounts of potassium. By adding
small amount of potassium the oxidation of NH3 was delayed by more than 150 °C
compared to the unmodified catalyst (see Figure 2). The deactivation of ammonia
adsorption was confirmed by ammonia adsorption/desorption where no adsorption
occurred.

Figure 1. Influence of NOx and NOx + NH3 on soot oxidation. Reaction conditions:
270 mg of catalyst mixed with 30 mg of soot, total flowrate of 600 ml/min of 500
ppm NH3 and NOx (when used), 4% O2 in N2. Heating rate 2 °C/min

Figure 2. Influence of potassium on the ammonia oxidation deactivation. Reaction
conditions: 270 mg of catalyst, 600 ml/min flowrate of 500 ppm NH3 and 4% O2 in
N2
On Figure 3 the performance of the simultaneous NOx reduction and soot oxidation
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of the physical mixture of Cu-ZSM5 and K/CeO2-PrO2 is shown. As the total
catalyst mass was always 270 mg Cu-ZSM5 and K/CeO2-PrO2 was mixed in
different ratios, namely 2:1 and 4.5:1. A slight decrease in the NOx conversion was
observed in the low temperature region (<300 °C) due to the lower amount of SCR
catalyst and the resulting higher relative GHSV. Above 300 °C there was a slight
5% improvement as the NO oxidation as the soot oxidation catalyst enhanced the
SCR activity by partially transforming the standard SCR to fast SCR by enhancing
NO oxidation. In general, however the SCR chemistry and activity remained
mostly unaffected by the addition of a soot oxidation catalyst. The soot oxidation
profiles in the mixture mostly resembled the catalytic soot oxidation in O2 alone,
confirming that in the presence of SCR reaction NO2 does not contribute
significantly to soot oxidation. A portion of the soot was also oxidized non
catalytically as in the mixture a portion of soot was segregated by the SCR catalyst
from the soot oxidation catalyst. As the proportion of the soot oxidation catalyst in
the mixture was reduced the proportion of the non-catalytically oxidized soot
increased.

Figure 3. Integrated NOx SCR and soot oxidation over Cu-ZSM5 and K/CeO2PrO2 mixtures. Reaction conditions: 270 mg of catalyst mixed with 30 mg of soot,
total flowrate of 600 ml/min of 500 ppm NH3 and NO, 4% O2 in N2. Heating rate 2
°C/min
Fe-ZSM5 benefited more from the combination with soot oxidation catalyst as it
has synergistic effect. As Fe based zeolites are more sensitive to NO2/NOx ratio the
performance was enhanced by the K/CeO2-PrO2 oxidizing NO to NO2. In contrast
to Cu-ZSM5, with Fe-ZSM5 more soot oxidation catalyst in the mixture resulted in
better performance. From the Fe-ZSM5: K/CeO2-PrO2 ratios of 1:1 and 2:1 the 2:1
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offered the optimized performance. As the SCR reaction system was partially
transformed to fast SCR the NOx conversion increased by more than 20 % relative
to the case when Fe-ZSM5 was used only. The soot oxidation was also improved
and the same conclusions can be drawn as in the previous case.

Figure 4. Integrated NOx SCR and soot oxidation over Fe-ZSM5 and K/CeO2-PrO2
mixtures. Reaction conditions same as in Figure 3.
4. Conclusions
The integration of NOx SCR and improved soot oxidation was achieved by
combining a commercial catalyst (Cu and Fe zeolite) with a tailor-made soot
oxidation catalyst. It was demonstrated that the soot oxidation temperature can be
reduced by more than 150 °C while simultaneously improving NOx conversion.
This enables milder regeneration conditions and lower fuel penalty. The soot
oxidation catalyst used for the improved SCRoF, in general, has to have the
following characteristics:
1. The oxidation of the reductant (in this case ammonia) must be avoided as it
would have detrimental effect on the SCR of NOx. The inhibition of
ammonia adsorption was achieved by selectively poisoning the acid sites
with potassium
2. The reaction rate of NO2 consumption during the NOx SCR is orders of
magnitude higher than its reaction rate with soot. The main oxidant
available in the SCRoF is O2, hence the catalyst should be highly active for
O2-soot reaction
3. It is preferable that the soot oxidation catalyst is also active for the NO to
NO2 oxidation. On SCRoF higher NO2/NOx ratios are preferred as it
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improves both the NOx conversion and soot oxidation
4. The contact between soot and the soot oxidation catalyst has to be
maximized as the soot not in contact with the soot oxidation catalyst can be
deactivated.
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Abstract
Seawater-based Flue-Gas-Desulfurization is a well-established process to comply
with environmental regulations of maritime shipping and coastal combustion
plants. The need to reduce its capital and operational costs is driving several
researchers toward the development of new solutions to increase the process
efficiency and reduce the seawater consumption.
Spray electrification is an emerging technique to improve the particle capture
efficiency of a conventional scrubber at a level similar or superior to that achieved
by B.A.T. processes, as Electrostatic Precipitation or Fabric Filtration. Spray
electrification is also able to enhance the gas-liquid mass transfer rate: past
experiments proved how this process can actually improve the SO2 absorption
performances of seawater scrubbers, opening the route for the intensification of
seawater-based FGD processes.
This abstract presents our most recent advancements in the field of flue gas
desulphurization by means of charged water sprays, through a set of new
experimental and model findings on the chemi-electro-hydrodynamics, CEHD, of
the charged absorbing droplets.
Tests were performed by contacting electrified sprays either with model gas as is or
with ionized model gas (ionization achieved by corona charging). The experiments
indicated a progressive improvement of SO2 absorption rate by increasing the
charge density applied on the droplets, the improvement being almost independent
on the droplets change polarity. Corona charging of the scrubbed gas further
increase the SO2 absorption rate, but the depletion of ionized SO2 over the scrubber
walls and the ionic-wind effects actually reduced the effective signal-to-noise ratio
of spray absorption. This hindered the application of a suitable absorption model
for ionized gases.
On the other hand, experiments with non-ionized gas can be interpreted with a
reasonable accuracy by a dedicated mass transfer model accounting the droplet
CEHD behavior. The key physical parameters determining absorption rate were
found in the droplets deformation and oscillation and the modification of droplets
interfacial properties.
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Abstract
Nowadays, the development of new combustion technologies is driven by the
enhancement of fuel flexibility, high efficiency and very low pollutant emissions.
In this scenario, the Moderate or Intense Low-oxygen Dilution (MILD)
Combustion technology is a very promising tool. The stabilization of the reactive
structures under MILD combustion is fulfilled by using internal dilution with large
amounts of burnt reaction products to avoid the high-temperature regions which
promote enhanced thermal NOx and CO formation. However, the main obstacle on
its wide development on an industrial scale is the lack of understanding that the
scientific community still has into such a combustion technology. In this context,
the Computational fluid dynamics (CFD) tools could be helpful to the optimization
and future introduction in practical applications of such systems. A reasonable
choice for MILD Combustion modelling is to adopt the Flamelet Generated
Manifold (FGM) model. In this work, it was applied to a novel cyclonic lab-scale
burner. An analysis of the performances of the model in reproducing the MILD
conditions for a broad range of dilution of the reactants was conducted. The results
showed that the role of the internal EGR is crucial in the establishment of the
typical isothermicity observed in this regime. In fact, for low dilution levels of the
reactant mixture, the model, is not able to predict the low and more distributed
reactivity of the system whereas it shows a good agreement for a high dilution at
inlet.
Introduction
MILD Combustion regime [1] is based on the concept of burned gas recirculation
and hence dilution of fresh gases. Temperature and species homogeneity can be
observed inside the combustor chamber, in addition to the absence of a visible
flame front, very low pollutants emissions [1, 2]. Such operative conditions are
usually achieved through exhaust gas recirculation (EGR) techniques [3, 4].
The main difference between MILD and conventional combustion systems is that
the former has a strong chemistry/fluid dynamic coupling. Indeed, the two
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processes have comparable time scales [5], with the local Damköhler number that
approaches unity [6, 7]. Furthermore, the internal EGR means a high content of
absorbing and emitting species (H2O and CO2) recirculating in the combustion
chamber [8], which leads to a non-trivial modelling of the radiative heat transfer.
These features make the modelling of MILD combustion very challenging and
interesting for the scientific community. Tabulated chemistry techniques [9, 10]
were used to model such systems. Among them, the Flamelet Generated Manifold
model (FGM) [11, 12] is one of the most used and promising. Several works [13–
15] have already considered such approach for the simulation of a MILD
combustion system. The development of comprehensive modelling tools needs
active interconnections between experiments and computations. Therefore, an
experimental and numerical study on a small-scale cyclonic burner [16] operating
under MILD combustion is reported. Especially, the authors highlighted the crucial
role of the dilution in stabilizing the peculiar MILD properties inside a small-scale
configuration, even for different inlet operating conditions.
Experimental setup
The lab-scale (20x20x5 cm3) MILD cyclonic burner considered in this work was
already described in previous works [16–18]. In Figure 1, a sketch of the reactor
section at the midplane, the feeding configuration and the position of the
thermocouples are reported. N-type thermocouples depicted in Fig. 1 can be moved
along the y-direction. The burner is located within an electrically heated ceramic
oven and its walls have a three layers structure made of alumina (99.7% Al2O3),
Superwool 607 HT and stainless steel 310s (Fig.1). The main oxidizer stream
(composed by oxygen and diluent) is preheated at 1000 K, whereas the fuel stream
(methane) was fed at 300 K.

Figure 1. Sketch of the midplane section of the cyclonic burner with the inlet
configuration and the two movable thermocouples positions.
The pressure was fixed at 1 bar and the inlet overall equivalence ratio is equal to 1
(stoichiometric conditions). In Table 1 the operative conditions investigated in this
work are reported. A percentage external dilution level d was defined as the ratio of
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the inlet moles of diluent and the overall inlet moles of diluent, oxygen and
methane. Three values of d were investigated: 71.48 (corresponding to air
conditions), 80 and 90 %. Furthermore, both N2 and CO2 were used as diluent.
The fuel jet velocity was fixed at 15.8 m/s whereas the oxidizer jet velocity, Vox,
was changed in order to guarantee a constant total thermal load of 2 KW.
Moreover, a mean overall heat loss flux at walls, QW, was estimated.
Table 1. List of the conditions investigated in this study.
CASE
Diluent d (%)
Vox (m/s)
QW (KW/m2)
D71a
N2
AIR (71.48)
17.78
13
D80
N2
80
26.2
12
D90
N2
90
54.2
11
D71b
CO2
AIR (71.48)
17.8
13
Numerical modelling
In this work, the RANS equations, with the k-ε model, were computed treating the
turbulence-chemistry interaction with the Flamelet Generated Manifold (FGM)
model [11] with a presumed β-PDF approach [19].
First, the chemistry was solved for one-dimensional (1D) flame configurations by
means of Flamelet equations [12], and then the related thermochemical quantities
were tabulated as functions of few controlling variables. The Flamelet equations
were solved for a premixed flame configuration [11, 12]. The Flamelet equations
were computed through the specialized solver Chem1D [20], developed at TU/e. A
unity Lewis number assumption was chosen, whereas the C1C3 POLIMI scheme
[21] was adopted as a kinetic mechanism. Two controlling variables were chosen: a
progress variable Y, linear combination of the mole fractions of H2O, CO2 and
HO2; and a mixture fraction Z, to represent the mixing between fuel and oxidizer
[18, 22, 23]. Thus, all the thermochemical parameters calculated from Flamelet
equations were tabulated as a function of Y and Z.
Afterwards, the effect of the turbulence was considered incrementing the manifold
dimension from 2 to 4 by using a presumed β-PDF approach [19], following the
procedure reported in [18]. In this way, both the mean values (100 table points) and
the variances (11 table points) of Y and Z are considered as controlling variables.
The RANS equations for controlling variables (mean values and variances of Y and
Z), mass, momentum and energy were solved using the commercial software
ANSYS Fluent 18.1 [24]. Grid is composed of about 40000 hexahedral elements.
The controlling variables steady-state transport equations, the mixing field inside
the combustion chamber and the boundary conditions were already characterized in
previous works [16, 18]. The radiation source term in the energy equation was
calculated using the Discrete Ordinate Method (DOM) [25] to solve the radiative
transfer equation (RTE). A modified weighted-sum-of-grey-gases (WSGG) model
with four grey gases and one clear gas was adopted to evaluate the absorption
coefficient required by the RTE. Wall emissivity was set equal to 0.8.
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Results and discussion
In Figures 2 and 3, the predicted temperature profiles along central and lateral
position, respectively, are compared to experiments for different cases (Table 1).

Figure 2. Measured (symbols) and predicted (solid lines) temperatures profiles
along central position.
The data underline the extreme isothermicity of the system for all the conditions
investigated, with very small temperature gradients. About the central position
(Fig. 2), the simulations for cases D71a and D80 are in good agreement, although
they show an overestimation of about 100 degrees in the near-wall regions (0 < y <
4 and 16 < y < 20 cm). For cases D71b and D90 such overprediction is strongly
reduced. The most diluted case (D90), in particular, depicts the best accuracy,
which corresponds to the more isotherm profile.
Regarding the lateral position (Fig. 3), the cases D71a and D80 show a higher
overestimation of the data (more than 200 degrees) and throughout the y
coordinate, with a peak near the inlet.

Figure 3. Measured (symbols) and predicted (solid lines) temperatures profiles
along lateral position.
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The agreement enhances for case D71b since the overestimation is reduced,
especially for y > 4 cm. Anyway, only the case D90 is able to predict with a very
good agreement the experimental data along the lateral position.
Hence, the model can predict with a good agreement the data along the central
position but not along the lateral one, where there is a consistent overestimation.
The most diluted case D90 seems to be the only condition with a very good
agreement along both positions. In general, the increase of the dilution level d
highly affects the predictions (improving them) of the cyclonic burner.
To better understand the reasons for such behavior, the contours of the source term
of Y and the temperature, for different dilution level, are depicted in Figure 4.

Figure 4. Contours of the source term of the progress variable and the temperature,
for three levels of dilution.
The air-diluted case (D71a) depicts a distributed source term in the zone in
between the two nozzles, whereas in the more diluted cases (D80 and D90) this
term has is lower but more extended and concentrated around the oxidizer flow.
This transition is due to the modifications of the manifold for higher d. On the
other hand, the stretching of the source terms is related to the higher velocities of
the oxidizer jet, needed to keep the same thermal power for each case (Tab. 1). The
same considerations are valid for the thermal field, with the temperature gradients
lower and the ignition that moves away from the inlet going from D71a to D90.
Conclusions
According to the model, the central position of the chamber is dominated by the
heat transfer whereas the reactivity is concentrated in the region near the inlets.
Indeed, the comparisons with the experiments showed that the temperatures away
from inlets are well predicted, but along the lateral position only the case with an

42th Meeting of the Italian Section of the Combustion Institute

overall dilution at inlet of the 90% gives a very good agreement. Furthermore, the
numerical results showed that the decrease of the reactivity tabulated (at inlet
condition), achieved both by dilution and different diluent, leads to the
displacement of the reaction zone around the oxidizer jet. In general, the model
seems not able to predict the reactivity of the burner under MILD combustion (the
mildened conditions) for slight dilutions at inlet, which means that it cannot
consider the impact of the internal EGR on the chemistry.
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Abstract
In this work, the H2/CO core of the widely used Aramco 2.0 mechanism was
optimized for improve performances in diluted conditions. The resulting model
showed accurate agreement with a wide set of experimental data regarding hydrogen,
carbon monoxide and syngas ignition delay time in RCM and ST. Comparison with
the nominal mechanism and another optimized mechanism for the same fuels is
given. The uncertain variables selection was performed using a two-step sensitivity
analysis which links all the mechanism parameters of the most impactful reactions
directly with the quantity of interest (QoI). This methodology coupled with an
Evolutionary algorithm for global optima searching was found to be particularly
effective. Finally, the impact of the core optimization on the ignition delay time of
low alkanes and alkenes was tested, showing promising results and room for future
work.
Introduction
Reaching the low emission targets requires the use of alternative carbon-free fuels,
like hydrogen, which is considered nowadays as a renewable energy source (RES).
The latter fuel can be produced via water electrolysis exploiting the energy surplus
of solar panels, converted into ammonia to facilitate its storage and transport, and
then re-converted in-situ for power generation. Another promising RES is synthetic
gas (syngas) which can be produced either via gasification of coal and burned
directly in Integrated Gasification Combined Cycle (IGCC), or biomass. However,
burning hydrogen and/or hydrogen-enriched fuels in air leads to very large NOx as
their pronounced reactivity activates the thermal pathway. Moderate or Intense Lowoxygen Dilution (MILD) combustion [1] is well-known for the inhibition of pollutant
formation, such as NOx and soot. Nonetheless, MILD combustion modelling is
challenging as the presence of a relevant amount of diluent makes the mixing and
the chemistry time scales overlap. Indeed, the low Damköhler numbers resulting
from this overlapping suggest that chemistry has to be addressed with detailed
kinetics when modelling this particular regime. Unfortunately, due to the central role
of diluents in MILD regime, kinetic mechanisms validated using conventional
combustion data, usually accomplish a non-accurate estimation for these, conditions
[2]. The aim of this work is to improve the core mechanism of the widely-used

IV2

42th Meeting of the Italian Section of the Combustion Institute

Aramco2.0 for MILD-like conditions using a new optimization procedure based on
evolutionary algorithm (EA), and existing data from literature. A novel procedure
for parameters selection supports the optimizer with a two-step approach, which digs
into the impact of each individual parameter on the target variable directly.
Database and kinetic simulations
This work is based on experiments in Rapid Compression Machines (RCM) and
shock tubes (ST), which were collected from literature. Table 1 summarizes the
characteristics of the test cases, which are composed by several datasets in turn.
Test Case
1
2
3
4
5
6

Table 1: Database details.
Fuel
Diluent,
H2
H2O, N2
H2
H2O, N2, Ar
H2
H2O, N2
CO
H2O, N2, Ar
Syngas
H2O, N2, Ar
Syngas
CO2, N2

Reference
[3]
[4]
[5]
[4]
[4]
[6]

Each experiment within the database has a virtual counterpart, which was reproduced
with a 0-D simulation in OpenSMOKE++ [7]. Facilities effects were included into
simulations. Regarding the RCM simulations, the experimental cold pressure traces
were used to infer corresponding volume histories applying the adiabatic core
assumption, following the procedure previously described in [8]. For shock tube
simulations, constant volume conditions can be usually adopted, but often it is
necessary to take into account the pressure rise before ignition. The ignition delay
time was estimated accordingly with the experimental measurements.
Sensitivity-based parameters selection
A local sensitivity analysis, with respect to temperature, was performed for each
experimental point using sensitivity analysis capabilities in OpenSMOKE++ [7].
Since, the QoI for the optimization is the IDT for each simulation the sensitivity
coefficients are extracted on the onset of ignition. Subsequently, the testcase D
related impact factor (I",$ ) for each reaction r is evaluated following equation 1.
𝑫
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Where s",$ is the testcase-related sensitivity coefficients vector for reaction r, which
is obtained as the average of the absolute value of the sensitivity coefficients s",9
related to each experiment d belonging to the testcase of dimensionality D. The
uncertainty factor f" of the rth reaction is then multiplied with the sensitivity
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coefficient. The I",$ vector is then used to rank reactions in term of importance and
enable the user to choose which ones to optimize. Thereafter, the P parameters,
which correspond to the selected reactions were considered for further evaluations.
First, the uncertainty of the reaction rate is propagated to the parameters to obtain
their uncertainty ranges, following the methodology reported in [9]. Subsequently, a
local brute force sensitivity analysis, which is capable of linking the ignition delay
time variations to every single parameter directly, was performed for each unit of the
dataset. The local brute force impact coefficients I;,$ are computed according to
equation 2 for each unit of the experimental dataset:
'
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Where Dt𝐝 is the ignition delay time (IDT) variation due to the variation D𝐩 of the
p-th parameter of nominal value 𝐩𝐧 on a specific data unit d, and t𝐧,𝐝 is the ignition
delay time obtained with the nominal combination of selected kinetic parameters on
that specific data-unit d. The uncertainty index (UIP) is an equivalent of f" for each
parameter p. Again, parameters are sorted according to their I;,$ to facilitate the
choice of the optimization active variables.
Sensitivity-based parameters selection
The optimization was performed by coupling OpenSMOKE++ [7] and Dakota [10].
The optimisation of pre-selected parameters of nominal values x is constrained
between previously mentioned uncertainty range, within this range they are assumed
to be uniformly distributed. The parameters hyperspace is then explored using a
mono-objective evolutionary algorithm (EA) which performs a searching over the
error function space to find global optima following the principle of the survival of
the fittest combination of uncertain variables. Equation 3 reports the adopted
objective function.
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Where Fnorm,k is a normalized objective function for the kth dataset. SDS is the number
of considered datasets within the complete database. Ei is the number of discrete
experiments belonging to the lastly mentioned dataset. Yi,jexp and Yijsim are the values
of the jth measurement and simulation belonging to the ith dataset. The third body
efficiencies for H2O and CO2, were directly included in the optimization together
with the other Arrhenius parameters, to account for their interdependency.
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Results
Figure 1 displays the results of this work showing only one dataset for each test
cases. More than 300 targets compose the overall database. A comparison between
the nominal mechanism, the optimized one and another available mechanism from
ELTE group was performed. The latter was optimized for conventional conditions
using an impressive number of targets. The agreement with experimental data is
significantly improved.
H2

H2

H2

CO

Syngas

Syngas

Figure 1: Optimization mechanism validation against experimental data. Comparison
between Aramco 2.0, ELTE and this work.

The optimization procedure involved 38 out of 50 kinetic parameters from 15
elementary reactions. It is important to say that the third body efficiencies of both
H2O and CO2 were found to be strongly impactful as well as in previous studies [2],
especially because of their participation as colliders in the reactive process. Though,
they were considered as active variable during the optimization. The search of the
global optima was not performed directly on the complete set of experimental
conditions but proceeded systematically and hierarchically. First, the algorithm was
run using a single test case and related selected parameters. Subsequently, the
obtained mechanism was used as a starting point for a new search, considering not
only the targets from a second test case, but also a new set of parameters, union
between old and new ones. This operation was repeated iteratively until all data for
hydrogen were handled. At this point, in order to respect the hierarchical structure
of the mechanism, sensitive reactions for hydrogen ignition were frozen, even though
the process always accounted for related targets, when considering carbon monoxide
and syngas experiments. Indeed, the reactions uncertainty bounds were always
calculated from the original mechanism along the process, so to avoid the final rates
to exceed the nominal boundaries. This was crucial to not lose mechanism
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comprehensiveness. Eventually, the mechanism was validated against other data in
diluted conditions involving the same fuel, in particular perfectly stirred reactors
(PSR) and laminar flame speed (LFS) calculation were performed and showed good
agreement. Finally, since Sabia et al. [2] stated the importance of fall-off reactions
involving hydrogen for their experiments on more complex fuels, the optimized core
was introduced within the original Aramco 2.0 to verify the impact of the performed
optimization. The ignition delay time of biomass pyrolysis gas, composed by CO,
CO2, CH4, C2H6, C2H4, was simulated in a plug flow reactor (PFR). Figure 2 shows
the remarkable improvements due to the optimization of lower layers of the
mechanisms. While significant error reduction was obtained in N2 and CO2, the
optimization potential for H2O dilution remains much larger. This is due to the direct
participation of water in reactions involving the methyl, ethyl and vinyl radical,
which were found to be particularly sensitive in this study.
Stoichiometric

Rich

H2O dilution

CO2 dilution

N2 dilution

Lean

Figure 2: Biomass pyrolysis gas ignition delay time in a PFR at atmospheric pressure.
Comparison between optimized (--) and nominal (-) mechanism for dilution from different
colliders. Experimental data from Sabia et al [2].

Conclusion
This study aimed at improving our knowledge about detailed kinetics in diluted
conditions through heuristic methods. A new optimization procedure was proposed
and tested on al relatively large amount of experimental evidences. Evolutionary
algorithms were found to be particularly effective when coupled with a rigorous pre-
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process for parameters selection based on a two-step sensitivity analysis reaching the
parameters level. The well-characterized core of the Aramco 2.0 mechanism was
improved using a pool of 300 experiments in RCM and ST collected from literature
for H2/CO/Syngas in diluted conditions and validated on as many data on PSR, and
LFS. The impact on the ignition of biomass pyrolysis gas was also assessed. In fact,
this study demonstrates further that the core fall-off reactions are responsible for a
great part of the non-accurate prediction of diluted conditions using existing
mechanisms, especially the third body efficiency of colliders such as H2O and CO2.
Future work has to focus on water dilution for low alkanes and alkenes.
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Abstract
MILD combustion for energy conversion applications is a very effective
technology to achieve high system efficiency and low pollutants emission. In fact,
the literature reports many works for evaluating the performance of MILD burners
but most of them operate gaseous fuels for several kind of molecules and under
different conditions. On the other hand, very few works have explored the
advantages of extending MILD combustion to liquid fuels for stationary
applications such as gas turbine and boilers.
In this context, the present work reports an experimental evaluation of MILD
combustion of liquid energy carriers, such as ethanol, performed in a cyclonic
combustor at atmospheric pressures. In particular, the influence of several external
operative parameters, such as equivalence ratio and thermal power on the process
stability and the pollutants emission has been investigated.
The experimental tests have been run by prevaporizing the liquid fuel fed into the
MILD burner in order to avoid the effects related to spray development. In this
way, the present work evaluates the impact of chemical kinetics, fluid-dynamics,
operative parameters on the stabilization of the process.
This is made by means of a set of thermocouples placed inside the rector and flue
gas analyzers to monitor the main species concentrations that allowed to monitor
the stabilization process and the emissions at the exhaust.
Results show that the combustion stability has been reached in a wide range of
operative conditions. In particular, the stabilization of the process is highly
dependent on the operative conditions and a joint regime of low CO and NOx
emission has been observed in the fuel lean region.

IV3

42th Meeting of the Italian Section of the Combustion Institute

Introduction
Moderate or intense low-oxygen dilution (MILD) combustion is a very effective
technology to abate CO, NOx and other emissions while maintaining stable
combustion and high thermal efficiency [1, 2]. The local oxygen concentration of
around 3-9% and the reactant temperature above the self-ignition temperature [3]
lead to a moderate temperature rise across the reaction zone, suppressing the
formation of NOx, CO and soot significantly [4-6]. These features of MILD
combustion are favoured in a wide range of industrial combustion systems.
Numerous studies have shown that the stabilisation and optimization of MILD
combustion with gaseous fuels depends on a range of operating parameters [7].
Most previous studies [8, 9] on gaseous fuels use hydrogen, methane and other
short-chain alkanes. Whilst is it true that previous studies have shown that MILD
combustion is not heavily dependent on the type of fuel with hydrogen addition the
literature is very sparse on oxygenated or long-chain hydrocarbons.
Hence, ethanol, is here considered to represent alcohol MILD Combustion in the
current study. Considerable differences in performances for various liquid fuels
under MILD combustion conditions have been reported in the literature [10 - 13].
In particular, higher emissions were found for some fuels, such as heavy fuel oil
and biodiesel fuel. The parameters controlling the stabilization and optimization of
MILD combustion of liquid fuels are not fully understood. In addition, a better
understanding of the impact of mixing on MILD combustion of liquid fuels is
required to extend MILD combustion technology to industrial combustors
operating with liquid fuels.
In this study experiments are conducted to understand the impact of various
parameters on the stabilization and optimization of MILD combustion with
prevaporized liquid fuels burning in a cyclonic-flow MILD combustor. The
cyclone configuration applied in the present study has been proven to be effective
in the establishment of MILD combustion of gaseous fuel and is well described in
previous publications [8, 14].
The prevaporization of liquid fuels allows the current study to ignore the
complexity of spray development and focus on the impact of chemical kinetics,
mixing, fuel type and heat transfer. The parameters investigated in the present
study are the equivalence ratio and the nominal thermal power. Measurements and
observations regarding the emissions, temperatures and the combustion stability
under different operating conditions are presented and discussed.

Experimental setup
The experimental campaign was carried out in the Laboratory Unit CYclonic
(LUCY) burner reported previous publications of this research group [8, 14]. It
consists of an alumina prismatic chamber (20x20x5 cm3) externally covered with a
heat-insulating material. It is located inside an AISI 310s stainless flanged case that
can be easily opened for inspection operations. Several shielded thermocouples
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(type N) are used to monitor the combustion process. The flow injection
configurations and the position of the exit (in the center of the bottom face of the
chamber) induce a toroidal flow-field. The oxidizer flows can be preheated by
means of two heat exchangers to the desired inlet temperature (Tin) before entering
the reactor. Fuel is fed into the combustion chamber at environmental temperature.
The burner is located within electrical ceramic fiber heaters to minimize heat
exchange towards the surroundings. The mixture inlet equivalence ratio can be
easily changed (from ultra-lean to very rich conditions). The exhaust gases are
sampled from the central outlet by a cooled probe and are analyzed through a
portable Agilent micro-GC analyzer that allows to measure O2, CO, CO2, C2species, H2, N2. NO and NO2 are measured by means of both a flue gas analyzer
(TESTO 350) and a dedicated ABB analyzer. NOx concentrations are normalized
to 15% O2.
Results
The experimental campaign was carried out by operating LUCY burner with
ethanol/air mixtures at atmospheric pressure. The performance of the cyclonic
burner has been characterized in terms of system working temperatures (T) and
pollutant emissions (CO, NOx) for several equivalence ratio (Φ) values of the
mixture, in accordance with previous works [11]. Results were obtained at
environmental inlet temperature. Experimental tests were realized for a fixed value
of the nominal thermal power P = 3 kW and P = 6 kW, as a reference value for
efficient working conditions identified in previous works with several hydrocarbon
fuels [8, 14]. Figure 1 shows the mean system working temperature (T) by varying
the equivalence ratio. As it is possible to note, the sustainability of the combustion
process is ensured at 3 kW and 6 kW when the working temperature is higher than
about 1100 K in the whole range of equivalence ratio here investigated. Working
temperatures lower than 1100 K (dashed lines) should be avoided because of the
occurrence of extinction phenomena.
Noticeably, such threshold is similar in the case of methane-air combustion and
therefore it could be stated that this behavior is related to the switch on high
temperature kinetic branching of hydrocarbons chemistry.
Thus, Figure 1 shows that at environmental conditions (No preheating, atmospheric
pressure) a stable oxidation process has been obtained in the range 0.5 < Φ < 1.1.
The mean working temperature inside the chamber increases toward the
stoichiometric value and it is kept to almost constant values. It passes from 1150 K
at Φ=0.5 to 1300 K at Φ=1. Residence times follow the same trends.
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Figure 1. Working temperatures and residence times for ethanol-air mixtures as a
function of Φ at P = 3 kW and P = 6 kW.

Figure 2 reports CO and NOx emissions at the exhaust for the same condition (P =
3 kW and P = 6 kW) by varying the equivalence ratio of the mixture, for ambient
inlet temperatures. It shows that the NOx emission levels are decreased toward
stoichiometric/rich mixture compositions. In particular NOx emissions ranged from
5 ppm under lean conditions for to 0 ppm at Φ = 1.1.
It is possible to observe that NOx emissions significantly decrease moving toward
stoichiometric/fuel rich conditions for the case here investigated. Figure 2 shows
that very lean ethanol-air flames emit low levels of NOx. Thus, the stoichiometry is
seen to have a major impact on the NOx formation. Such results are in accordance
with several literature works for alcohols-air combustion in model combustors [12,
13].
On the other hand CO emissions follow an opposite trend with respect to NOx
ones. They increase to values higher than 100 ppm for Φ>0.95. They are very low
for fuel-lean mixtures.
It is worth to note that the minimum joint emission levels are reached in the
operational windows around Φ=0.9 where both the CO and NOx emissions are
minimized.
The results reported in Figure 2 show that high values of the inlet equivalence ratio
allows to lowering NOx emissions at 0 ppm, while the opposite effect is obtained
with respect to CO ones.
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Figure 1. CO and NOx emissions for ethanol-air mixtures as a function of Φ at P =
3 kW and P = 6 kW.

Conclusion
MILD combustion of prevaporized ethanol, was successfully established in a
MILD combustor with a cyclonic-flow configuration over a broad range of
equivalence ratios.
The main operational characteristics of ethanol/air combustion in a cyclonic burner
were investigated through temperature and exhaust gas emission measurements.
Results of the influence equivalence ratio on system performance were presented.
The appearance of flameless combustion conditions and the temperature values
were used to investigate the stability characteristics.
In particular, MILD Combustion regime was achieved for a wide range of external
parameters with reduced combustion peak temperatures and very low CO and NOx
emissions in a wide operational window. Remarkable performance in terms of
stabilization of the oxidation process and low pollutants has been verified in a wide
range of operating conditions.
The sustainability of the combustion process with ethanol/air without external
preheating is ensured when the working temperature is higher than about 1100 K
for each condition investigated in this manuscript.
The critical equivalence ratio above which there is a decrease in NOx emissions
was found to be around the stoichiometric value (Φ = 1).
CO emissions follow an opposite trend and they showed a steep increase for
equivalence ratio higher than 0.9, passing from 2 to 1300 ppm for rich mixtures.
The joint regime of low CO and NOx emissions is located at Φ = 0.9 where both
the CO and NOx emissions are in the single-digit limit.
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Abstract
The aim of this work is to present an experimental and numerical study of
ammonia oxidation and pyrolysis in a Jet Stirred Flow Reactor. Tests were
performed for mixtures with different equivalence ratios and bath gases, changing
the mixture inlet temperature. In order to evaluate the potential impact of
heterogeneous effects, further tests were performed adding water vapor to the
mixtures to passivate the reactor surface. Experimental results were compared with
numerical simulations using different kinetics mechanisms available in literature.
Experimental results for the ammonia oxidation suggested that it is possible to
identify three different kinetics regimes: low, intermediate and high temperatures.
NOx and H2 concentration profiles are very similar for low and intermediate
temperatures but exhibit a strong dependence on the equivalence ratio for high
temperatures. Surface effects are restricted to the NOx profiles in the intermediate
temperature regime and do not affect the O2 and H2 concentrations. Pyrolysis tests
shown that ammonia decomposes at inlet temperature higher than 1100 K. In
pyrolytic conditions, the heterogeneous reactions affect the ammonia reactivity, by
enhancing its decomposition. None of the used kinetic models could accurately
reproduce the experimental data in the considered operating conditions. The main
differences among mechanisms is the description of the low-intermediate
temperatures reaction pathways.
Introduction
The contemporary energetic scenario is currently faced with necessity to develop
new systems for energy production due to the recent several constrains. Global
warming acceleration and the request of renewable energy systems have induced to
focus attention on non- conventional fuels (i.e. molecules produced by biochemical
or thermal treatments of biomass). Energy carriers represent a wide category of
molecules, including both conventional and bio-derived fuels as well as molecules
used to store both conventional and renewable source energy (de Joannon [1]).
Among these molecules, hydrogen and ammonia stand out for their potentiality to
be oxidized without CO2 emission. Currently, the fulfillment of a hydrogen-based
economy is a hard challenge due to safety problems in hydrogen supply and
distribution. On the other hand, an efficient ammonia transport network is already
available. For these reasons, the interest in ammonia consists in both the
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opportunity to employ this molecule as hydrogen carrier or as fuel itself. New fuelflexible combustion technologies and a deep understanding of ammonia chemistry
are necessary for these purposes, because the physicochemical properties of
ammonia (ignition temperature, calorific value, flame velocity) do not enable its
oxidation in traditional combustion systems. Furthermore, its toxicity and the NO x
formation in oxidizing conditions require to identify the best operative conditions
to minimize NH3 slip and pollutant emissions. The development and validation of a
kinetic mechanism for the decomposition and oxidation of ammonia need a
considerable database of experimental data in model reactors. However, the
interpretation of these data must be careful because ammonia is known to interact
with surfaces (for example quartz, alumina, steel) by both physical and chemical
adsorption [2, 3]. The decrease of the surface-volume ratio (S/V) and the surface
passivation by means of water could be useful to reduce the impact of
heterogeneous effects [2].
This work presents an experimental and numerical study of ammonia oxidation and
pyrolysis in a model reactors. The experimental tests were performed in a quartz
Jet Stirred Flow Reactor (JSFR) as a function of inlet temperature, for different
mixtures with different equivalence ratios and diluent species. The impact of
surface effects was analyzed by means of water surface passivation, according to
the literature suggestions. The capability of available kinetic mechanisms to
reproduce the experimental data was evaluated by means of numerical simulations.
Experimental and numerical methods
The oxidation and pyrolysis of ammonia were analyzed in a quartz JSFR. The
experimental devices consist of a feeding system, a reactor, an air-cooling system
at the outlet of the reactor and flue gases analyzers. The JSFR is a spherical reactor
with a volume of 113 cm3 which approaches the behavior of a Perfectly Stirred
Reactor (PSR). The detailed description of the experimental facility and of the
reactor is reported elsewhere [4]. The oxidation experiments were studied as a
function of the inlet temperature for different equivalence ratios and bath gases (N2
and Ar), at fixed pressure, residence time and dilution level. Experiments with a
small amount of water vapor as diluent were realized to passivate the reactor
surface. The pyrolysis experiments were performed at same conditions, by
replacing the oxygen with the same amount of diluent. The details are summarized
in table 1.

Table 1. Experimental conditions for the JSRF tests.
Conditions
Inlet temperature (T in)
Equivalence ratio (Φ)
Residence time ()
Pressure

Oxidation
900-1350 K
0.8, 1.0, 1.2
0.25 s
1.2 atm

Pyrolysis
1000-1350 K
1
0.25 s
1.2 atm
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Diluent (d)

86% N2, Ar
84.3% N2, Ar - 1.7% H2O

92% Ar
90.3% Ar - 1.7% H2O

The experimental results were simulated using the PSR code of the Chemkin PRO
[5] package. Four different detailed gas-phase chemical kinetic models were used:
Konnov [6], Glarborg et al. [2], Song et al. [7], Nakamura et al. [8].
Experimental results
Fig.1 shows the main species profiles for the oxidation of NH 3/O2/N2 mixtures at
different  as a function of Tin.

Figure 1. O2, H2 and NO concentrations as a function of T in for different .
The mixtures reactivity is indipendent of  according to the O2 profiles: the ignition
temperature is at around 1225 K for all the considered compositions. The H 2
profiles are overlapped for T in<1225 K and exhibit a non-monotonous trends with a
relative maximum value at Tin=1100 K. Significant differences can be obsedved for
Tin>1225 K, in particular the higher amount of H 2 is produced at =1.2. NO
profiles exhibit similar trends, since NO concentration is slightly dependent on at
Tin<1225 K and present a non-monotonous trends with a relative maximum value
Tin=1100 K. At higher temperatures the maximum NO values can be observed at
=0.8. H2 and NO profiles suggest that it is possible to identify three different
kinetic regimes in ammonia oxidation: low (T in<1100 K), intermediate
(1100<Tin<1225 K) and high (T in>1225 K) temperatures. The potential effect of
heterogeneous reactions was evaluated by means of experimental tests for the
stoichiometric NH3/O2/N2 and NH3/O2/Ar mixtures by adding 1.7% of H2O in
order to passivate the reactor surface. The comparison among the main species
profiles for the mixtures with and without water is shown in fig.2.
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Figure 2. O2, H2 and NO concentrations as a function of T in for mixture with and
without H2O, with N2 (on the left) and Ar (on the right) as diluent.
The same considerations can be referred to both NH3/O2/N2 and NH3/O2/Ar
mixtures. The O2 and H2 profiles are overlapped for the mixtures with and without
water, thus suggesting that the heterogeneous reactions do not affect NH3 reactivity
and H2 production/consumption. Instead the NO concentrations exhibit different
trends in the intermediate temperature regime. These results show that the impact
of heterogeneous effects is restricted to NO concentration in the intermediate
temperature regime and does not affect the existence of the different kinetic
regimes.
The interaction of ammonia with quartz surface is stronger in pyrolytic conditions.
The decomposition starts at T in>1100 K independently of the presence of water.
However, the comparison between H2 and N2 profiles for the mixtures NH 3/Ar and
NH3/Ar/H2O (fig.3) suggests that the heterogeneous reactions enhance significantly
the ammonia decomposition, probably due to the slow homogeneous reaction rates
that characterize the pyrolytic processes.
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Figure 3. H2 and N2 concentrations as a function of T in for NH3 pyrolysis.
Numerical results
Experimental results were compared with numerical simulations performed by four
different kinetic mechanisms. For the sake of briefness, only the results obtained
for the oxidation of the stoichiometric NH3/O2/Ar/H2O mixture and the pyrolysis of
NH3/Ar/H2O mixture are reported here (figg. 4-5).

Figure 4. Comparison among experimental data and numerical profiles for NH 3
oxidation.

Figure 5. Comparison among experimental data and numerical profiles for NH 3
pyrolysis.

42th Meeting of the Italian Section of the Combustion Institute

The considered models are not able to accurately predict the experimental data in
the considered conditions. “Konnov” and “Nakamura” models predict a higher
reactivity at low temperatures with respect to the experimental data while the other
two mechanisms predict no reactivity at low temperatures. Three models
(“Konnov”, “Nakamura” and “Glarborg”) suggest the occurrence of dynamic
behaviors. “Nakamura” scheme reproduces the experimental H2 and NO trends at
low temperature but values are too overestimated, while “Song” and “Glarborg”
mechanisms reproduce H2 profile at higher temperatures. Same considerations can
be referred to NO profile. The agreement among experimental and numerical data
is worse for the pyrolytic conditions (fig. 5) since all the models cannot predict the
ammonia decomposition in the considered temperature range. Reaction rate and
sensitivity analyses (not reported here) highlight that the models describe similar
reaction pathways for the ammonia oxidation at high temperatures, but predict
different routes at low-intermediate ones, which involve intermediate species like
N2H2 and N2H4 (produced by NH2 recombination reactions) or H2NO and HNO
(formed by NH2 oxidation). The same analyses for the pyrolytic conditions suggest
that NH2 recombination reactions are important also for the ammonia
decomposition.
Conclusions
The present work characterized the oxidation and the pyrolysis of ammonia
mixtures in a JSFR, for different bath gases and equivalence ratios, as a function of
the inlet temperature. The results obtained for NH3/O2/N2 mixtures suggested that
the reactivity is independent of  and the ignition temperature is 1225 K. The main
species profiles (H2 and NO) exhibited the same non-monotonous trends at
Tin<1225 K with a maximum value at around 1100 K, independently of . At
Tin>1225 K they were mostly affected by . H2 and NO profiles suggest that it is
possible to identify three different kinetic regimes in ammonia oxidation: low
(Tin<1100 K), intermediate (1100<Tin<1225 K) and high (T in>1225 K)
temperatures. The potential effect of heterogeneous reactions was evaluated by
means of further experimental tests for the stoichiometric NH 3/O2/N2 and
NH3/O2/Ar mixtures by adding 1.7% of H2O in order to passivate the reactor
surface. The comparison among the main species profiles for the mixtures with and
without water shown that the surface effects were restricted to NO profiles in the
intermediate temperature regime and does not affect the ammonia reactivity and
the existence of the different kinetic regimes. In pyrolytic conditions, ammonia
decomposed at Tin>1100 K. In this case, the presence of water strongly affected the
process by inhibiting the ammonia decompositions. Experimental data were
compared with numerical results obtained using different kinetic mechanisms. In
general, models are not able to predict the experimental data for the investigated
conditions, in particular, the prediction of the experimental data completely fails
for the pyrolytic conditions. These results highlighted that the models are not
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adequately updated to describe ammonia pyrolysis and, perhaps, this aspect could
affect also the prediction of the species profiles for the ammonia oxidation.
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Abstract
The opportunities and critical aspects related to the use of low heating value gaseous
fuels produced from biomasses in an integrated energy system composed by a micro
gas turbine, an ORC as bottom system and a gasification system are analyzed in the
paper. The aim is to individuate an efficient strategy to an energetic re-use of organic
solid waste with small plants in a distributed energy point of view. The study was
carried out through thermodynamic analysis of each component. Results of
simulations highlight the possibility of using syngas in commercial MGTs with
waste heat recovery when mixed with methane but specially biogas to obtain a full
renewable power generation.
Introduction
Cogeneration, i.e., simultaneous generation of electrical and thermal power, based
on micro Gas Turbines (MGTs) is an interesting topic for mini/micro smart grid
applications due to the characteristics of flexibility, versatility, and low emissions
typical of MGTs [1]-[5].
In this context, the efficient recovery of the residual thermal power contained in
engine exhausts into electrical power (waste heat recovery, WHR) lead to higher
overall efficiency and, hence, to a reduction of fuel consumption and pollutant
emissions. WHR systems based on Organic Rankine Cycle (ORC) represent a
technology of great interest for applications in the low-grade energy recovery due to
their typical property [6]-[7].
Gasification systems in small energy systems, is largely analysed in literature, both
in case of externally fired gas turbines or not [8],[9]. In the present work, the MGT
is fed by using the syngas produced by the gasifier and mixtures with methane and
biogas. The discussion will be focused also on the critical aspects concerning the
utilization of a gas fuel of very low LHV.
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Layout Description
The layout is based on a micro gas turbine coupled with an Organic Rankine Cycle
turbine as waste heat recovery system. The MGT is integrated with a gasification
system producing the syngas. The solid fuel chosen is a biomass from organic waste.
The MGT is the single-shaft Turbec T100 (Ansaldo Energia AE100). It is able to
generate, by a recuperated cycle, 100 kW of electrical power with a global efficiency
close to 30% in standard conditions. Compressor and turbine are of the radial flow
type and the nominal values of compression ratio and rotational speed are 4.5 and
70,000 rpm, respectively. The model calibration and the performances related to full
load operating conditions have been discussed in a previous paper [10]. The effects
of different users load demand are considered through the adoption of off design
conditions for each component of the MGT. Compressor and turbine off design
operations are modeled through the adoption of characteristic operating maps, taken
from literature [11].
The bottom cycle is obtained through the adoption of an Organic Rankin Cycle
(ORC). The ORC layout is taken from literature [6]. The working fluid is R1233ze,
under consideration in recent years because of a low level of GWP and a
consequently lower environmental impact than the organic fluids previously adopted
[12]. The ORC pressure levels are between 26 bar and 3.53 bar. The efficiency of
the expander is set close to 75%.
Table 1 reports the characteristics and composition of a typical organic waste that
was used as solid fuel to be gasified. The gasification system is modeled starting
from the assumption that the available solid fuel mass flow is equal to 0.027 kg/s
and the air/fuel ratio is equal to 1.96: the resulting equivalence ratio is about 0.3
considering the stoichiometric ratio of the defined fuel. The syngas fuel mass flow
is 0.076 kg/s.
Finally, the syngas characteristics are reported in Table 2.
Table 1. Solid fuel data
Weight percent of Ash
Weight percent of Moisture
Weight percent of Carbon
Weight percent of Hydrogen
Weight percent of Oxygen
Weight percent of Nitrogen
Weight percent of Sulphur
LHV
HHV

14.18
20
34.84
3.93
24.45
1.46
1.14
12483
13829

%
%
%
%
%
%
%
kJ/kg
kJ/kg
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Table 2. Syngas composition and characteristics
Hydrogen
Water Vapor
Nitrogen
Carbon Monoxide
Carbon Dioxide
Methane
Hydrogen Sulfide
Carbonyl Sulfide
Argon
LHV
HHV
Molecular Weight

H2
H2O
N2
CO
CO2
CH4
H2S
COS
Ar

14.81
12.78
46.15
14.82
10.58
0.0004
0.3027
0.0097
0.5504
3220
3718
24.67

%
%
%
%
%
%
%
%
%
kJ/kg
kJ/kg

Results
The simulations were carried out using the commercial software Thermoflex
provided by Thermoflow.
In case of adoption of syngas as fuel with the hypothesis defined above, MGT can
reach minus than 50% of nominal load, because the amount of the primary thermal
power available is not adequate to obtain the nominal rated power; moreover, the
energetic cost related to the compression of the syngas fuel is very high, being close
to 50% of the available power. It must be underlined that this result can be obtained
with a combustor capable to burn a very low calorific fuel without any problem: as
known from literature and previous authors’ papers [16], the T100 combustor is
designed for natural gas and cannot operate with low LHV fuels without
modifications.
A valuable solution to exploit the syngas from organic waste can be the mixing with
another gaseous fuel, such as pure methane or biogas. In particular, biogas can
represent an interesting solution since also this fuel is obtained from organic waste,
after an anaerobic digestion. The results of numerical simulations with different fuel
composition are shown in Table 3.
Fig. 1 shows the integrated energy system layout and the results of the simulation in
case of a biogas (80%) - syngas (20%) blend as fuel the plant layout shows also a
mixer between two different gaseous fuels and a tank for syngas storage.
The simulations were addressed with the aim of comparing operating points with the
same velocity of rotating components and turbine outlet temperature, in addition to
the maximum value of available syngas mass flow. The adoption of biogas seems
to lead to a slightly better behavior of the energy system: the greater value of fuel
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compressor power is compensated by higher values of net power for both MGT and
ORC.

Fig. 1. Integrated energy system layout with results in case of biogas-syngas (8020%) mixture as fuel
In case of syngas, biogas and methane blends, the relevance of fuel compressor
power decreases with the decreasing of syngas percentage, although it remains
higher than the base case. Despite the high hydrogen amount in syngas mixtures can
lead to combustion anomalies such as flashback into the main swirler of the T100
combustor, preliminary CFD simulations indicate that blends with 20% of syngas in
volume can be adopted without risks for the combustor.
Table 3. Powers in kW for the six fuels investigated.

MGT
ORC
Gross TOT
Fuel
Compressor
Net Power
Net fuel input
Net efficiency

CH4

Biogas

Syngas

Syngas 50
Biogas 50

Syngas 20
Biogas 80

Syngas 20
CH4 80

95.3
12.2
107.5

101.4
12.7
114.1

83.8
11.4
95.2

106.4
13.5
119.9

103.2
12.7
115.9

96.4
12.3
108.7

5.8

7.3

42.7

13.5

12.8

12.3

96.9
394
24.6

101.8
404
25.2

47.6
337
14.1

101.5
412
24.6

102.1
405.7
25.2

97.4
395.2
24.7
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Conclusions
In this work, thermodynamic analyses of an integrated MGT-ORC-gasification
energy system have been carried out, investigating the performances of six different
fuels. Despite the satisfactory results related to methane and biogas fuels, the
adoption of a very low LHV such as syngas from organic waste lead to several
critical aspects like a significant increase of fuel compression power. The waste heat
exploitation implies the increasing of both overall power and efficiency, and the
adoption of a mixing system between syngas and another gaseous fuel, such as
methane or biogas, allows an efficient and rational use of this renewable fuel type.
The preliminary analyses performed in this paper represent the basis for future
works, which will involve a deeper study of the combustion process through the CFD
simulation, since the Turbec T100 combustor cannot operate with syngas without
structural modifications.
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Abstract
This contribution describes the construction and application of a simple low-cost
analytical solar pyrolysis minireactor. The minireactor consisted of a quartz tube
mounted over a trolley equipped with a Fresnel lens which had movable parts in
principle workable for passive sun tracking. Solar pyrolysis experiments were
conducted by irradiating 100 mg of softwood or herbaceous biomass positioned at
the focus of the Fresnel lens. After solar pyrolysis, three fractions could be
isolated: solid (biochar), liquid (bio-oil) and non-condensable gas (gas). Biochar
was characterized by elemental and proximate analysis, bio-oil by gas
chromatography-mass spectrometry (GC-MS) with and without silylation, and gas
by GC-TCD (gas chromatography-thermal conductivity detector). Biochar of pine
wood had a content of carbon 70% and H/C molar ratio of 0.60. The bio-oil was
characterized by high levels of levoglucosan, methoxyphenols, dihydroxybenzenes
and abietic acid derivatives. Lignin dimers were also revealed. The gas
composition was dominated by CO and CO2 and lower levels of light
hydrocarbons. The precision of data from the mini reactor was satisfactorily. The
results from corn stalk was more variable probably due to the high amount of ash.
The yields of the fractions and their chemical composition were similar to those
obtained by intermediate pyrolysis at about 450-500 °C under electrical heating.
The results obtained from the minireactor enabled to obtain quali-quantitative data
useful to understand the chemistry of the thermal conversion of biomass assisted by
concentrated solar radiation.
Introduction
The application of concentrated solar radiation to assist the thermochemical
transformation of organic matter started with coal and then biomass with many
studies performed by Antal and coworkers at least forty years ago [1]. One of the
main advantages is to capture the intermittent radiative energy of sun and transform
it into chemical energy of storable fuels. Among the disadvantages, the generation
of films onto the quartz walls of reactor due to the deposition of char and tar. Solar
thermochemical processes include gasification for the production of syngas and
solar pyrolysis for the production of biochar, bio-oil and gas [2]. Many pyrolysis
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experiments have been conducted by means of devices (simulators) to mimic solar
conditions under reproducible and controlled parameters useful for theoretical
studies and identification of reactive intermediates. The incident solar radiation
requires devices to concentrate and focus the energy onto the biomass particles.
Parabolic troughs, dishes, central towers and linear Fresnel reflectors have been
used to this purpose [2]. This study was aimed at the individuation of a low costeasy to operate solar pyrolysis minireactor. The advantages of using a miniaturized
reactor are to increase the fraction of irradiated biomass, reduce the effect of black
deposits, favor heat transfer, minimize fluctuations of solar radiations (short
pyrolysis time), and obtain more homogeneous products.
Experimental
The minireactor consisted of a movable trolley equipped with a linear Fresnel lens
(240 mm x 240 mm) and a quartz pyrolysis tubular reactor (300 mm x ø 8mm)
connected one side by means of stopcock to a vacuum pump and the other to a
tedlar bag (Figure 1). A quartz sample tube (100 mm x ø 6 mm) containing 100 mg
of dried biomass (pine sawdust or corn stalk) was introduced into the quartz reactor
prior to solar pyrolysis which was conducted under slight vacuum conditions after
nitrogen purging. The tubular rector was moved manually to ensure irradiation of
all the biomass through the focal zone. When all the biomass was pyrolyzed (25 ±
5 minutes), the reactor was cooled down to ambient temperature prior to sampling
for chemical analysis. Solar pyrolysis experiments were run in triplicate. In
selected experiments the temperature was measured with a K-type thermocouple.
The reactor and sample tube was extracted with acetone, the solution was dried
under nitrogen, and the residue weighed to calculate the bio-oil yield. The residue
was dissolved in acetone, added with internal standard (phenol-D5) and analysed
by GC-MS (Agilent 7820A-5973) with a polar stationary phase (J&W DB-FFAP).
An aliquot was added with internal standard (sorbitol), silylated and analysed by
GC-MS (Agilent 6850-5975) with a non-polar stationary phase (HP-5). The sample
tube was dried at 110 °C, the solid withdrawn and weighed to calculate the biochar
yield. Elemental and proximate analyses of biochar were performed with Thermo
Scientific Flash 2000 series analyser and TGA-Q600 thermogravimetric analyser,
respectively. Gas CO2, CO, H2, CH4, non-methane hydrocarbons in the Tedlar bag
were analysed by GC-TCD. The composition of gas was utilised to estimate the gas
yield.
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Figure 1. The solar pyrolysis minireactor. A: Fresnel lens; B: valve (vacumm
system); C: tubular quartz reactor; D, E: movable systems; F:Tedlar bag.
Results
The minireactor was ideated to work in principle by passive sun tracking system in
which the position of the sun is identified and subsequently the device is moved in
order to properly focus the sample. To this purpose, the minireactor was equipped
with a two-axis tracking system (Figure 1). The rationale of logical control would
consist in a webcam parallel to the Fresnel lens that detects the position of the sun
by means of a digital picture which is filtrated and elaborated by means of
Matlab® image processing algorithm. When the solar disk is not centered, the
Matlab® running micro-PC send, by means of serial port, the information to
Arduino I/O board which calculates the motion needed to reach the correct position
by means of the wheels and bars of the trolley (Figure 1). In this preliminary study,
the minireactor was operated manually.
The procedure adopted with the minireactor enabled the isolation of three main
fractions: biochar, the condensable fraction of pyrolysis vapours (here named as
bio-oil) and permanent gas. In general, the procedure provided satisfactorily
precise data, especially in the case of pine sawdust, with relative standard
deviations lower than 10%. Data from corn stalk were more scattered, probably for
the higher content of ash and heterogeneity of this biomass. The yields of biochar,
bio-oil and gas are reported in Table 1. In the case of pine wood, the three main
fractions were produced at similar levels suggesting that the process was more
similar to slow pyrolysis. The characteristics of biochar from elemental and
proximate analysis could be utilized to estimate the degree of carbonization. In
particular, carbon content and molar H/C ratio are strongly affected by
temperature. Carbon (70%) and H/C ratio (0.6) were similar to the biochar obtained
at 500 °C from experiments with an electrically heated pyrolysis reactor [3]. A
similar comparison with corn stalk suggested temperatures of 450 °C.
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Table 1. Yields (weight %) of pyrolysis fractions. Loss included volatiles.
biomass

biochar

bio-oil

gas

loss

Pine sawdust

23 ± 2

32 ± 2

27 ± 2

18

Corn stalk

43 ± 5

10 ± 2

28 ± 8

19

Table 2. Elemental and proximate analysis of biochar (weight %).
Biomass
Pine sawdust
Corn stalk
Biomass

Pine sawdust
Corn stalk

carbon

hydrogen

nitrogen

H/C

70 ± 5

3.5 ± 0.6

0.23 ± 0.06

0.60

52 ± 2

2.9 ± 0.6

1.11 ± 0.03

0.66

Humidity

volatile
matter

Fixed
carbon

ash

2.0 ± 0.06

40 ± 3

54 ± 3

3.9 ± 0.4

3.2 ± 0.1

34 ± 7

35 ± 4

28 ± 3.5

Measured temperatures of selected solar pyrolysis runs averaged at 530 °C. The
composition of gas was dominated by high levels of CO/CO2 followed by light
hydrocarbons (Table 3), however, the yields and the low levels of H2 confirmed
that the process did not operate under the high temperatures typical of solar
gasification (> 800 °C) [2].
80
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Figure 2. Percentage gas composition (% mass) from solar pyrolysis.
The chemical composition of bio-oil investigated by GC-MS supported this view.
Examples of chromatogram traces are shown in Figure 3 for pine sawdust. The
molecular distribution was typical of bio-oil from softwood, characterized by
thermal degradation products of holocellulose (furans, cyclopentenones,
levoglucosan and other anhydrosugars), type G lignin (phenols and 2methoxyphenols) and extractives among which abietic acid derivatives. The
aromatization of abietic acid into the polycyclic aromatic hydrocarbon retene and
the abundance of demethylated phenols confirmed that pyrolysis occurred at
temperature higher that 370 °C [4]. The composition of semi-volatiles of the bio-oil
of cornstalk was typical of pyrolysis oil of herbaceous biomass. The summed
concentrations of the compounds detected by GC-MS was estimated to be 30% by
weight of bio-oil. The remaining could be accounted for water and high molecular
weight components, as sugar and lignin oligomers. In fact, some dimers could be
detected by GC-MS after trimethylsilylation. The presence of stilbene-type lignin
dimers (2 and 3 in Figure 3) are indicative of thermal degradation without
significant deconstruction of the wood matrix [5].
anhydrosugars

levoglucosan

1

2

lipids

3
abietic acids

2
1

10.00

15.00

20.00

25.00

30.00
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3
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16.00

18.00
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28.00

30.00 min

Figure 3. Total ion chromatogram of bio-oil without (left) and after
trimethylsilylation (right).
In general, the results of this study showed that biochar, bio-oil and CO-reach gas
with yields and chemical characteristics typical of slow pyrolysis can be obtained
by solar irradiation with a 200-fold concentration factor (calculated from the areas
of the Fresnel lens and the focus zone). This finding indicated that in principle,
with a proper assembly of linear Fresnel reflectors, pyrolysis of biomass can be
conducted off-grid in locations situated nearby the production of the feedstock.
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Abstract
Pure carbon dioxide methanation by hydrogen with simultaneous in situ steam
removal (sorption-enhanced methanation - SEM) was studied, from a
thermodynamic point of view. The focus of the analysis was to describe the carbon
deposition boundaries at low pressure (1-10 atm), and to check the suitability of the
equilibrium product gas composition for injection in the natural gas grid. Results
show that steam removal can result in significant carbon generation, especially at
high temperature and low pressure. In order to avoid carbon formation, only partial
steam capture should be performed if a stoichiometric CO2/H2 feed is used. On the
other hand, total steam capture can be possible without carbon formation if an
excess of hydrogen is fed. The H2 content in the product appears to be the most
critical limit to be respected.
Introduction and Methodology
Methane is an important energy carrier for many sectors as well as a precursor for a
number of chemicals. It has a developed storage and distribution infrastructure in
many countries, and benefits from a relatively large public acceptance. The
growing debate on climate change and on chemical storage of energy has
stimulated a renewed interest towards paths to Synthetic or Substitute Natural Gas
(SNG) production. Catalytic methanation (discovered by Sabatier and Senders in
1902 [1]) occurs exothermically either via CO2 or via CO hydrogenation, with a net
reduction of gaseous moles (volume).
Methanation of CO2 (CO2 + 4H2 = CH4 + 2H2O; -164 kJ mol-1 @298K), using
hydrogen obtained by water electrolysis, is often indicated as Power‐to‐Gas
technology, since it converts surplus (renewable) electric energy into a gridcompatible gaseous fuel. Commercial methanation processes typically rely on a
cascade of adiabatic catalytic fixed bed reactors operated at temperatures between
250 and 600°C with intermediate cooling steps and recycles, and at high
operational pressure [2]. Fluidized bed reactors have been suggested as a possible
alternative since they are known to be favorable for large‐scale operation of highly
exothermic reactions [2].
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Recently, the sorption enhanced methanation (SEM) concept has been proposed
[3,4]: in SEM the steam generated by the methanation reaction is in situ removed
from the gas phase by adding a suitable sorbent material [3,4], or by using waterselective membranes [5]. This removal shifts the chemical equilibrium towards the
products formation also at moderate temperature and relatively low pressure, in
spite of thermodynamic constraints. This would decrease the energy duty for gas
compression work needed to reach the pressure level of the natural gas grid [4].
Catalyst deactivation due to carbon deposition is one of the main challenges during
methanation [2,6]. Thermodynamic calculations and experimental results showed
that carbon deposition is usually not a problem during pure CO2 methanation [5-9].
However, it is reasonable to expect that SEM conditions could enhance carbon
formation also during pure CO2 methanation.
The purpose of this study was to investigate the effect of SEM during pure CO2
methanation at low pressure, with a specific focus on avoiding carbon formation
and on achieving product compositions suitable for injection in the natural gas grid.
In this work we used the Gibbs free energy minimization technique, subject to
constraints of conservation of elements, to calculate the equilibrium composition of
the chemical species in the system (the details of the equations and of the species
properties estimation have been reported in the literature [5,7,9-11]). Calculations
were carried out using a code set up in MATLAB environment. The choice of the
species present in the system is an important consideration in this approach. The
following major species were accounted for in this work: CO2, H2, CH4, CO, H2O,
C (solid carbon). Since the maximum pressure was kept below 10 atm, all the
gaseous species were considered as ideal gases and their fugacity coefficients were
set to unity. The inlet conditions used for the calculations were either a
stoichiometric feed (H2/CO2 = 4 on a molar basis) or a feed with an excess of
hydrogen. The moles of inlet H2 and CO2 were translated into the total available
moles of oxygen, hydrogen and carbon elements which constituted the constraints
in the mathematical procedure. The maximum possible number of moles of H2O
that could be subtracted equals the maximum number of moles of H2O that could
be generated at complete conversion of the limiting reactant, i.e. two times the inlet
moles of CO2. As a consequence, we defined a H2O removal fraction as RH2O =
nH2O,cap/2nCO2,in, where 0 ≤ RH2O ≤ 1. If RH2O = 0 no steam is captured, on the other
hand, if RH2O = 1 all the formable steam is captured (i.e. all the oxygen is
subtracted from the system), and this represents the limiting condition when all the
CO2 is converted into CH4.
Results and Discussion
To represent the carbon deposition boundaries in such a system where only
oxygen, hydrogen and carbon elements are present, we used ternary diagrams
reporting in triangular coordinates the molar fraction of CHO elements in the gas
phase. The feed composition is represented by a point in the diagram that does not
change with reactant conversion (since the ratio of CHO elements remains
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constant), unless one or more elements are subtracted from the gas phase. This may
happen e.g. if solid carbon is formed, or if H2O is captured (SEM conditions). The
ratio of CHO elements in the system completely determines whether carbon will
form or not [12]. Carbon deposition boundaries can be computed at certain
temperatures and pressures and are represented in the ternary diagram as isotherms
which divide the area into two zones. In the upper zone carbon is formed, while in
the lower zone it is not formed. These curves represent all the ratios of CHO
elements in the gas phase which are in equilibrium with solid carbon at that
temperature and pressure. Figure 1 reports such diagrams where the computed
carbon deposition boundaries are shown in the range 200-600°C, at the two
pressures (1 and 10 atm). In these diagrams two operating points representing
traditional methanation with stoichiometric feed (SF, RH2O = 0) and SEM condition
with half of the maximum formable steam removal (HR, RH2O = 0.5) are also
displayed. A feed consisting of H2 and CO2 alone must be located on the line
connecting these two species on the diagram (the five gaseous species considered
in this work are all found on the axes of the diagram since they all consist of only
one or two elements). The HR point is located on the line connecting CH4 and H2O,
in an intermediate position between the SF point and the CH4 point (representing
the condition RH2O = 1), which can be calculated using the lever rule.

Figure 1 carbon deposition boundaries, at 1 atm (left) and 10atm (right)
At 10 atm (Fig.1, right) the HR point is always located below all the curves,
indicating that no carbon is formed in the range 200-600°C. However, it must be
highlighted that for RH2O > 0.5 (i.e. moving upwards along the line connecting CH4
and H2O) conditions do exist where carbon would form. On the other hand, at 1
atm (Fig.1, left) the HR point is located below the 200, 300 and 400°C curves, but
above the 500 and 600°C curves. Again, increasing the RH2O value would lead to
more severe carbon deposition. On the basis of these results, at each temperature
and pressure, the maximum value of RH2O which entails no-carbon formation can
be calculated.
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Figure 2 reports the calculated RH2O,max values as a function of temperature for the
two pressures: under all operating conditions considered in this work RH2O,max < 1.
The calculated RH2O,max spans in the range 0.28 – 0.94.

Figure 2. RH2O,max as a function of temperature for two pressures (1 and 10 atm)
SEM conditions corresponding to RH2O,max are those providing the best methanation
performance with stoichiometric feed, while still guaranteeing no carbon
formation: it is interesting to compare the performance and gas quality indicators
obtained in these conditions with those obtained in traditional methanation (RH2O =
0). Figure 3 reports the methane yield (YCH4=nCH4,out/nCO2,in ) and the dry gas molar
concentrations of CO2, CO, and H2 , respectively, under the above conditions, as a
function of temperature for the two pressures. In the figures, also the acceptable
concentration limits of the main contaminants for grid-injection are reported as
horizontal dashed lines (CO2 < 2.5%, CO < 0.5%, and H2 < 2% [7, 13]).

Figure 3. Methane yield (left) and dry gas molar concentrations of CO2, CO, and
H2 (right) as a function of temperature
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Figure 3 shows that there is an advantage in working under SEM conditions, at all
temperatures and pressures. The outlet CO concentration is not affected
appreciably, while optimized SEM conditions can significantly extend the
operating range as regards the acceptable outlet CO2 concentration. The acceptable
outlet H2 concentration appears to be the most critical limit to be respected. In
traditional methanation H2 > 2% at all temperatures and pressures. SEM conditions
can decrease the H2 concentration in all conditions, but only at 10 atm the 2% limit
can be fulfilled below 290°C.
A non-stoichiometric feed richer in H2 could improve the avoidance of carbon
deposition. A feeding point can be found where even after all the formable steam is
removed (RH2O = 1) still no carbon is formed. Figure 4 reports the calculated
threshold H2/CO2 feed ratios where RH2O,max = 1 can be attained, at the two
considered pressures. Stoichiometric feed is also reported as a horizontal dashed
line, for reference. It can be seen that such threshold value increases exponentially
with temperature. As expected, values at 10 atm are much lower than those at 1
atm. In order to understand the feasibility and possible advantage of working under
such non-stoichiometric feed, it must be noted that when RH2O,max = 1 the outlet gas
will consist of a mixture of only CH4 and H2. This implies that in this case the
methane yield is always = 1 and the CO2 and CO concentrations = 0, which are
clearly very appealing operating conditions. On the other hand, the critical quantity
to be examined is the H2 content in the gas. In Fig.4 (right) the dry gas molar
concentration of H2 obtained for non-stoichiometric feed conditions represented by
the curves in Fig.4 (left) is compared with that obtained under traditional
methanation (RH2O = 0) with stoichiometric feed. It can be observed that under
optimal non-stoichiometric feed conditions with RH2O = 1 the 2% H2 limit can be
respected below 230 and 300°C at 1 and 10 atm, respectively.

Figure 4. non-stoichiometric H2/CO2 feed ratios where RH2O,max = 1 can be attained
(left) dry gas H2 molar concentration with stoichiometric feed (R = 0) and optimal
non-stoichiometric SEM (R = 1) conditions (right)
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Advanced diagnostics for dieseline combustion in a
research engine
E.Mancaruso, L.Sequino,B.M.Vaglieco
l.sequino@im.cnr.it
Istituto Motori-CNR

Abstract
Compression ignition engines are widely used for transport and energy
generation thanks to their high efficiency and low fuel consumption.
Conversely, they are source of pollutant emissions at the exhaust that are
strictly regulated. To face this issue, alternative strategies as low
temperature combustion (LTC) concepts are born, recently. The reactivity
controlled compression ignition (RCCI) uses two fuels (direct- and port
fuel- injected) with different reactivity to control the reactivity of the charge
by adjusting the proportion of both fuels. Beside this, the characteristics of
the direct-injected fuel play a main role on the combustion process. Use of
gasoline for direct injection is attractive to retard the start of combustion and
to improve the air-fuel mixing process.
In this work, RCCI combustion mode is performed in an optical
compression ignition engine. Gasoline is injected in the intake manifold
while a high reactivity fuel is directly injected in the cylinder. To investigate
the effect of the direct-injected fuel properties on combustion, the engine is
fed alternately with pure diesel and with a blend in volume of gasoline and
diesel (a.k.a. dieseline). Engine-out emissions and performance are
analyzed. Optical diagnostics of the combustion process is applied to
investigate with high spatial resolution the phenomena involved in the
combustion chamber. In particular, non-conventional optical diagnostics in
the visible and infrared spectra is applied for the investigation of the
injection and combustion processes
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Effect of prechamber on engine fuelled with
gas/liquid fuel for emission reduction
F.Catapano, S.Di Iorio, P.Sementa B.M.Vaglieco
p.sementa@im.cnr.it
Istituto Motori-CNR

Abstract
The aim of the study was the optimization of the gasoline combustion process by means of
a passive prechamber. The improvement of the engine efficiency in lean-burn operation
condition is an opportunity to give further use of Spark Ignition (SI) engine. A commercial
small SI engine was modified with a proper designed passive prechamber. Engine
performance in terms of indicated Mean effective pressure, heat release rate and fuel
Consumption were evaluated as well as gaseous emissions. Particulate Mass, Number and
Size Distributions were measured. Several engine operative conditions were investigated at
full load varying the engine speeds for stoichiometric and lean conditions. The results were
compared with those obtained with the engine equipped with the standard spark plug. The
results indicated that both performance and emissions were strongly influenced by the
prechamber.

Introduction
The engine efficiency and the simultaneous pollutant emissions reduction is mandatory for
next years to the aim of improvement of quality of life of us and of future generations.
Engines with gasoline direct injection (GDI) systems allow to achieve improved efficiency
and higher level of power. The injection of the fuel directly into the cylinder increases the
knock resistance and the volume efficiency because of the improved air cooling due to fuel
evaporation. Moreover, the fuel amount can be more precisely controlled with a better
operation in part load and during transient operation mode. The main drawback of the GDI
technology is the increase of unburned hydrocarbons (UHC), CO and particle emissions
due to the short time for fuel evaporation and mixture formation as well as the fuel
impingement on piston head and cylinder wall . The application of lean stratified
combustion can reduce UHC during the cold start emissions and the CO2 emissions [1-4],
but the engine stability is worsened. The Cycle to Cycle variations (CCV) create engine
vibrations and noise that reduce the power output meanwhile the reduction of the CCV
results in the increase in power output for the same fuel consumption. The sources of the
CCV in a spark ignition engine are due to the turbulence intensity of the flow field in the
cylinder, the variations in the fuel–air ratio, the amount of residual or recirculated exhaust
gases in the cylinder, the spatial inhomogeneity of the mixture composition especially close
to the spark plug, the spark discharge characteristics and the flame kernel development play
an important role on the CCV worsening. The increase of the burning speed results in a
reduction of the indicated mean effective pressure coefficient of variation, IMEP CoV [5].
Several solutions can be applied to improve the flame front propagation. The improvement
of engine efficiency can be obtained with an optimized prechamber that permits to increase
the flame speed and the turbulence improving the flame front propagation and then
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increasing the combustion stability especially in lean condition. Moreover, the prechamber
permits to obtain also some advantages for the GDI engines without its drawbacks because
it can be improved both the stratified charge combustion and the very lean mixture
combustion, saving the fuel economy as for the DI engine. The application of prechamber
leads to a fuel stratification considering the entire engine because the fuel injected into the
prechamber stays in this volume during the compression stroke and only a small part of the
overall mixture has to be enriched to help ignition, in combination with the benefit of using
conventional injection and ignition systems. The faster combustion permits the increase of
the compression ratio and consequently the engine efficiency without any effect on the PM
emissions.
The aim of this paper is the study of the effect of prechamber ignition on the engine
stability and efficiency in stoichiometric and lean-burn operation conditions. The
prechamber was optimized to increase the burning speed. Its design and the preliminary
analysis of the combustion using the prechamber was performed by means the optical
diagnostic performed into the combustion chamber [6].
The experimental activity reported in this study was carried out on a small displacement
single cylinder Spark Ignition (SI) engine representative of the most used gasoline engine
for automotive application. The tests were performed at 2000, 3000, 4000 and 5000 rpm
WOT (Wide Open Throttle) both in stoichiometric and in lean conditions. These engine
speeds are representative of some typical conditions considered in the New European
Driving Cycle (NEDC). The engine was operated in lean condition in order to increase the
engine efficiency. The analysis of the combustion process was performed by indicated data,
moreover gaseous regulated emissions and particle size distribution were measured too.

Experimental apparatus
Prechamber
The prechamber was properly designed to fit with the single cylinder SI engine head used
for the experimental activities. In order to not modify the engine head the prechamber was
designed to be housed inside the spark plug hole. The main challenge was to adapt the new
component to an existing very small geometry. The prechamber is composed of two parts
so that it can be made only with mechanical machining: the spark plug / injector housing
(green part in Figure 1) and the combustion prechamber (grey part in Figure 1). In Figure 1
is shown a detail of the prechamber tip with the holes for the injection of plasma into the
combustion chamber. Different number of holes and diameter was designed and tested, in
this paper are reported only the result obtained with 4 holes characterized by a diameter of
1mm. The original head spark plug housing has a maximum diameter of 24 mm. Due to the
limited available space, the spark plug and the injector could not be fixed parallel to each
other, therefore, the injector housing has an axis parallel to that of the original spark plug
and instead the spark plug housing axis has an angle of 14 ° with respect to the injector
axis. The volume of the prechamber, obviously, affects the compression ratio, and if this
volume is very large (approximately >2.5% of the dead volume) the benefits of combustion
do not exceed the disadvantages of the compression ratio reduction.
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Figure 1. a) Prechamber image, spark plug / injector housing and combustion pre-chamber (grey), b) detail of the
pre-chamber tip.

In this paper, in order to show the effect of the prechamber on the combustion evolution, it
was used a prechamber, not optimized for the performance, with a volume of 2.2 cm 3, 9,4
% of the dead volume, with a reduction of the compression ratio from 11.5:1 to 10.5:1. In
order to overcome the compression ratio decrease, for each engine speed the prechamber
WOT condition was compared with a partialized standard ignition condition. In order to
compare similar test engine condition, the throttle was set in order to have at each engine
speed the same motored peak pressure. In Figure 2 are shown a section of the engine head
equipped with the prechamber and the image of the prechamber mounted in the spark plug
location of the engine head.

Figure 2. a) Section of the engine head equipped with prechamber, b) image of the prechamber tip in the central
location of the head.

The effect of the prechamber on the combustion ignition was previously analyzed in an
optical engine with the same characteristics of the real engine used in this paper. In Figure 3
are reported two sequence of images, acquired in the optical engine, that represent the
evolutions of the combustion process from the start of spark until the flame front reaches
the optical limit/cylinder wall, for both ignition configurations at 2000 rpm in
stoichiometric mixture condition. For standard ignition the flame kernel moved from the
spark plug with a radial like behaviour reaching the cylinder wall in more than 30 crank
angle degrees (CAD ASOS), instead using the prechamber four flames spread from its with
a jet behaviour. These four flames, much brighter than the standard flame front, spread until
the cylinder wall in 5 CAD after the first evidence of flame in the combustion chamber.

Engine
The investigation was carried out on a 4-stroke single cylinder SI engine equipped with the
cylinder head of a naturally aspirated PFI engine. All specifications are reported in [6].
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Figure 3. 2D chemiluminescence measurements detected at typical crank angles of the combustion process for
standard (up) and active prechamber (down) ignition at 2000 rpm in stoichiometric condition [6].

The in-cylinder pressure was measured by means of a quartz pressure transducer flushmounted in the region between the intake and exhaust valves. The in-cylinder pressure, the
rate of chemical energy release and the related parameters were evaluated on an individual
cycle basis and/or averaged on 500 consecutive cycles [5]. A lambda sensor was installed at
the engine exhaust for the measurement of the air/fuel ratio. The injection timing, as well as
the ignition timing, was controlled by the Engine Timing Unit (ETU) multi-channel system.
The engine was equipped alternatively with the standard spark plug and with a properly
designed prechamber equipped with a direct injector (not used in this paper), used to inject
the fuel into the prechamber, and a spark plug used to ignite the mixture. The engine was
fueled with gasoline. The gasoline was port fuel injected at 3 bar.

Emissions Measurement Systems
HC, CO and CO2 emissions were measured by means of a NDIR analyser. NOx emissions
were measured by means of chemical sensors. Particle number concentration and size were
measured by means of a TSI® engine exhaust particle sizer (EEPS) in the range from 5.6 to
560 nm. For particle number measurements, the exhaust was sampled and diluted by means
of the Dekati® engine exhaust diluter (DEED), a Particle Measurement Program (PMP)compliant engine exhaust conditioning system. The dilution ratio was fixed at 1:79.

Results and discussion
Engine operating conditions
All the experimental investigations were carried out at engine speeds of 2000, 3000, 4000
and 5000 rpm at wide open throttle for prechamber and partialized for standard ignition
condition, in order to have the same peak pressure in motored condition. The intake air
temperature was fixed at 298 K and the cooling water temperature was set at 333 K.
The end of fuel injection (EOI) and the start of spark were fixed in order to minimize the
IMEP CoV and the duration of injection (DOI) were fixed in order to reach the
stoichiometric equivalence ratio and the leanest combustion with a reasonable IMEP CoV,
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which varied according to the engine point and the injection configuration. For both
configurations, the end of fuel injection in the manifold was fixed at 0 CAD (TDC firing).
For all the test cases, the electronic spark timing was fixed to operate at the maximum brake
torque. The details of engine performance at the selected operating conditions are reported
in [7].

Indicated data analysis
Using the prechamber, despite the lower compression ratio, the in-cylinder pressure is
higher with respect to that obtained with the traditional spark plug for all the conditions
because of the faster combustion due to the faster flame front propagation. In particular, at
2000 rpm for both stoichiometric and lean conditions the quantity of energy available in the
combustion chamber is similar but slightly higher for prechamber configuration due to the
air partialization of the standard spark plug condition, instead the engine efficiency is much
higher in prechamber condition with respect to standard ignition one. Moreover at 3000,
4000 and 5000 rpm both stoichiometric and lean conditions despite the quantity of fuel
injected in the combustion chamber is slightly higher for standard ignition condition the
IMEP and the efficiency are always higher in prechamber mode. In all the configuration the
fuel was injected in the same time and with the same pressure, there are no differences on
the mixture formation and therefore on lambda distribution into the combustion chamber at
the SOS and during the flame front propagation, the main difference is the flame front
propagation due to the prechamber. At 2000, 3000 and 4000 rpm, for both lambda
conditions, analyzing the prechamber combustion it is evident that ROHR curves sharply
increase indicating a faster combustion with respect to the standard configuration resulting
in higher in-cylinder pressure. The combustion acceleration for the prechamber
configuration can be ascribed to the faster flame front propagation obtained with the
outgoing plasma jets from the prechamber. Moreover, at the increase of the lambda value,
the combustion speed is slowed down by the lower flame speed for lean mixture both for
prechamber and standard ignition configurations. In Figure 4 the effect of the prechamber
on the pressure cycles and ROHR at 5000 rpm WOT is reported. In standard ignition
condition the combustion is faster and advanced as larger the fuel content, as evidenced by
the ROHR curves. These results can be ascribed to the properties of rich mixture, such as
the higher flame speed. With the prechamber ignition, combustion acceleration result in
higher peak of the ROHR and a higher slope with respect to the standard ignition.
Moreover, in lean condition, the combustion evolves closer to TDC in standard ignition
mode due to the advanced start of spark improving the combustion efficiency and
producing a higher effective pressure, as it can be seen in [7]. It is important noting, that
despite the IMEP increase, in lean condition the efficiency is higher for the prechamber
configuration due to the shorter injection duration with respect to the standard ignition. In
stoichiometric condition at 5000 rpm the combustion shows similar injection duration, the
prechamber strongly improves the stability of the combustion and consequently causes the
increase of the Indicated Mean Effective Pressure (IMEP) averaged on 500 consecutive
cycle. The values of the IMEP, the related coefficients of variance (CoV) and the lambda,
for all the conditions are reported in [7]. A slight decrease of IMEP values for the
prechamber conditions was observed only for 5000 rpm lean condition because of the
worse mixture formation into the prechamber. In all the conditions the benefits of
prechamber combustion exceed the disadvantages of the compression ratio reduction. The
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CoV of IMEP is a marker of cyclic variability derived from pressure data, it is should be
less than 3% to indicate that the combustion is very stable in each condition. The CoV of
IMEP is influenced by the lambda and by the flame kernel. In particular, the CoV IMEP is
lower for prechamber configuration suggesting a more stable engine combustion except for
5000 rpm lean condition, probably because at the increase of engine speed the prechamber
scavenging and the subsequent filling are not perfect resulting in a mixture far from the
stoichiometric value that causes a weak ignition. The reduction of the cycle-by-cycle
variations can be ascribed to the increased turbulence flame speed rather than at the laminar
flame speed that depends on lambda value.

Figure 4. Comparison between the in-cylinder pressure and the ROHR for both ignitions type in stoichiometric
and lean configurations at 2000 and 5000 rpm.

The effect of ignition strategy and lambda value on combustion is also evident in terms of
Indicated Specific Fuel Consumption (ISFC), as it possible to observe from the figure 5 the
ISFC is obviously always lower for lean condition in both ignition configurations. For the
prechamber ignition the ISFC is much lower than standard ignition except at 5000 rpm
where the prechamber scavenging and mixture formation needs to be improved.

Figure 5. Comparison between the ISFC for both ignitions type in stoichiometric and lean configurations at several
engine speeds

Exhaust gas emission data analysis
CO2 and CO emissions are depicted in Figure 6 The CO emissions are lower in prechamber
configuration despite for the larger fuel quantity than the standard ignition, as in this case
the engine runs in partial load (PL), indicating a more efficient combustion, except at high
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speed where the efficiency of the prechamber combustion decreases with respect to the
lower engine speed, this data corroborates the indicated data analysis at 5000 rpm. Looking
at the indicate data it is observed in this case a more advanced and faster combustion for the
standard ignition despite the delayed SOS.CO2 emissions are quite higher for the
prechamber not only because of the larger fuel amount but because of the efficient
combustion, as suggested by the CO results. In lean condition CO2 emissions in prechamber
condition are always lower with respect to the standard configuration, in this case the
benefit of low fuel quantity injected in prechamber the combustion exceed the
disadvantages of the higher CO2 production due to the efficiency rise.

Figure 6. CO and CO2 emissions for all the tested conditions.

The HC emissions are shown in Figure 7. The more efficient combustion is also evidenced
by the much lower HC emissions for the prechamber configuration, for which a faster and
more advanced combustion results in a higher in-cylinder temperature that enhances the
fuel evaporation. Another aspect to consider is the lower quenching distance due to the
faster combustion and then lower thermal dispersion. At 5000 rpm despite the high incylinder pressure/temperature is observed a larger emission of HC for the standard ignition.
In this case the combustion is quite faster in the early phase but after slows down, see
ROHR curve, losing the beneficial effect on the quenching of the flame.

Figure 7. HC and NOx emissions for all the tested conditions.

NOx emissions are strongly affected by the in-cylinder temperature. They are larger for the
prechamber configuration in stoichiometric condition, the faster and more advanced
combustion results in higher in-cylinder temperature, this effect is more evident at low
engine speeds. At 5000 rpm, instead, there is an inversion of the trend as a higher
temperature is measured for the standard ignition configuration. In lean condition, instead,
the NOx emissions are much lower for the prechamber configuration due to the low
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differences between the pressure peaks of the two ignitions mode and probably because of
the different turbulence in the main chamber caused by the flame jets outcoming from the
prechamber.

Figure 8. PSDFs measured in prechamber and standard ignition configurations at some engine speeds in
stoichiometric condition.

Figure 9. PSDFs measured in prechamber and standard ignition configurations at some engine speeds in lean
conditions

Figure 8 depicts the particle size distribution functions (PSDF) at all tested stoichiometric
engine operating conditions. The particle emissions are strongly affected by the engine
configuration both in terms of number and size. A large number of nuclei particles are
measured in the prechamber configuration at each engine speed. On the other hand, the
accumulation particles are larger for the standard ignition configuration. The faster
combustion due to the prechamber results in higher in-cylinder temperature that enhances
the fuel evaporation across the valves, the main source of particles in the PFI engine. This
effect is more evident at low engine speed where combustion is more influenced by the
presence of the prechamber, as reported in indicated data. Another aspect to consider is that
in standard configuration the engine works al partial load resulting in lower turbulence so
despite the injected fuel is lower the particle formation is enhanced because of the lower
turbulence. The high concentration of nuclei particles can be ascribed to the larger volatile.
Despite the lower HC emissions, the more advanced combustion, due to the advanced spark
and faster flame propagation, does not allow the complete combustion of volatiles that can
nucleate. Figure 9 depicts the particle size distribution functions (PSDF) at some of the
tested lean engine operating conditions. For lean condition similar results are observed. In
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this case it is worth noting that particle emissions at 2000 rpm and 3000 rpm are very low
and outcomes cannot be drawn as the Signal Noise Ratio is too high.

Conclusions
The analysis of the effect of prechamber ignition on the combustion stability and efficiency
in stoichiometric and lean-burn operation condition in a small SI engine fueled with
gasoline and equipped with a prechamber prototype is reported. It is properly designed to fit
with the single cylinder SI commercial engine head. The engine is equipped alternatively
with the standard spark plug and with the prechamber equipped with a spark plug used to
ignite the mixture.
Using the prechamber, despite the lower compression ratio, the in-cylinder pressure is
higher than that obtained with the traditional spark plug for all the conditions except for
5000 rpm because of the faster combustion due to the faster flame front propagation. At
5000 rpm the much advanced SOS in standard ignition condition causes a higher-pressure
peak but a lower value of the CoV IMEP with respect to prechamber mode. It is a more
stable engine combustion except for 5000 rpm lean condition, probably because at the
increase of engine speed the prechamber scavenging and the subsequent filling are not
perfect resulting in a mixture far from the stoichiometric value which causes weak ignition.
The effect of ignition strategy and lambda value on combustion is also evident in terms of
indicated specific fuel consumption (ISFC). The ISFC is obviously always lower for lean
condition in both ignition modes. For prechamber ignition the ISFC is much lower than
standard ignition with except of 5000 rpm were the prechamber scavenging and mixture
formation needs to be improved.
The CO emissions are generally lower in prechamber configuration despite for larger fuel
quantity with respect to the standard ignition, as in this case the engine runs in partial load,
indicating a more efficient combustion. In lean condition CO2 emission in prechamber
condition is always lower than standard configuration, in this case the benefit of low fuel
quantity injected in prechamber combustion exceed the disadvantages of the higher CO 2
production due to the efficiency rise. The more efficient combustion is also evidenced by
the much lower HC emissions for which a faster and more advanced combustion results in
higher in-cylinder temperature that enhances the fuel evaporation. NOx emissions are much
lower due to the low differences between the pressure peaks of the two ignitions mode and
probably because of the different turbulence in the main chamber caused by the flame jets
outcoming from the prechamber. A large number of nuclei particles are measured in the
prechamber configuration at each engine speed. On the other hand, the accumulation
particles are larger for the standard ignition configuration.
Prechamber offers the possibility to enhance the engine efficiency and the lean operating
limit of engines, whilst ensuring stable operation at high excess air ratios. At high engine
speed, probably it is necessary a fueled prechamber in order to improve the mixture
formation and consequently the engine stability.
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Abstract
The objective of this paper was to apply the IR imaging capability for individuating
the role of the pilot burner during combustion instability settlement in a 1 MW
industrial gas turbine burner under atmospheric conditions. To do that, different
operative conditions were tested on an industrial Gas Turbine burner fueled by
natural gas. The infrared images of flames were coupled with photomultiplier and
microphones measurements. The image analyses evidenced main oscillations at
low frequencies around 15Hz and 145Hz, and were confirmed by microphones and
photomultiplier measurements. Moreover, the IR imaging allowed in locating these
frequencies in the 2D dimensions under humming conditions. The further non-liner
analysis investigation came out a real time tool and allowed in tacking temporally
and spatially the oscillating frequencies of the burner. The role of the pilot burner
during the unstable combustion was clearly evidenced.
Introduction
Stringent regulations on the reduction of pollutant emissions pushed over the last
30 years the development of lean low-emission combustors as the main design
challenge for land-based gas turbines. Lean premixed combustion allows to limit
NOx emissions but may also induces the onset of instabilities, an undesirable
behaviour that needs to be avoided. Combustion instability is characterized by
pressure oscillations in the combustion chamber that produce detrimental effects
such as increased heat transfer to the combustor walls, flashback or blowout and, in
extreme cases, mechanical failure, hardly mining the operability of the engine [15]. Due to the continuous growth of energy demand and the expected stricter
targets regarding NOx emissions, the well-established Rich pilot/Lean scheme of
standard combustors will be replaced by lean burn chambers. With such strategy
the onset of pressure oscillations due to thermoacoustics will be present in the
combustors, potentially affecting flame stability and engine operations. Many
researches are focused on new concepts for ultra-low NOx burners, with
developments in fuel preparation and wall cooling techniques in the case of gas
turbine combustors. Concerning Gas Turbine (GT) a mature technological solution
for the reduction of pollution, while increasing the specific power, is the use of lean
mixtures premixed before fuel/air enter into the combustion chamber. Nowadays,
the study is also steered to their capability of working without any interruption or,
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at least, without unwanted interruptions. One can easily understand that this aspect
of the research is synergistic to the previous one because the reduction of
unproductive time of machines increases the time available for production.
Considerable work has been done by several research groups in order to understand
the mechanisms that cause the interaction between heat release fluctuations and
pressure waves in lean burn gas turbines fueled by natural gas [6-9]. The heat
release fluctuations produce pressure fluctuations is well known and well
understood; however, the mechanisms whereby pressure fluctuations result in a
heat release fluctuations are not. Rayleigh [10] postulated that, for the pressure
oscillations to be amplified, the heat release and pressure fluctuations must be in
phase. The exact mechanism of unstable combustion is not yet completely
understood. Moreover, in order to validate the different numerical models of
combustion instabilities, real time measurements are needed giving thus the
possibility of a better description of the phenomena. Acoustic frequencies can be
easily measured by fast traducers, while the oscillations of the equivalence ratio
can be obtain performing real time measurements [11]. Other time averaged
techniques (e.g. LIF, PLIF, Chemiluminescence, etc.) give an idea of the
combustion process [8,11]. UV–Visible spectroscopy is usually used to obtain
information on the flame structures. New available technology based on InfraRed
imaging allows to go forwards improving 2-dimensions studies [9]. This
technology represents an interesting tool for instability characterization and
feedback for burner designers. The objective of this paper is to apply the IR
capability for individuating the role of the pilot burner during combustion
instability settlement. To do that, different operative conditions were tested on an
industrial Gas Turbine burner fueled by natural gas.
Experimental Method
Measurements were performed on 1 MW test rig with optical accesses. These
accesses permit to carry out investigation on flame instability on full scale
prototype gas turbine burner at nearly atmospheric condition. The test rig consists
of a plenum chamber upstream of a swirl inducing burner and a combustion
chamber downstream of the burner. The circular cross section combustion chamber
consists of a ceramic flame tube adherent to a metallic water cooled liner. The
prototype burner is composed by two stabilizing air swirlers and different gas
injectors: a diffusion nozzle and two premixed systems; the diffusion nozzle
behaves like a high stability pilot for premixed unstable flame. During the tests, the
burner was always fed by the main premixed line and in the first step using the
diffusion line and in the following step using the second premixed line. This caused
a variation in flame structure and dynamic. The combustion chamber is equipped
with several optical and/or sampling accesses along the external surface and an
optic window on the bottom of flame tube: this window permits a high quality
vision of burner. During the test campaign, the sideward accesses have been used
to install flush mounted piezo-electric microphones by means of water cooled
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probes (Fig.1). For reason of confidentiality regarding the industrial process, no
more detailed figure is presented about the experimental set-up.

Probes

Figure 1. Experimental set-up apparatus
One of the optical accesses was used to install a photomultiplier equipped with an
interferential filter and a focusing lens. The filter is centered at 430±10nm. This
wavelength represents the specific chemiluminescence of CH* radical [12, 13].
The signal processing was performed at 20 kHz. The data undergone a Fast Fourier
Transformation. Fast IR imaging was performed using a SC6800 Camera from
FLIR Systems with a InSb sensor matrix of 640x512 pixels and a sensitivity ranged
between 1 and 5µm. The films were acquired at 1.5 kHz with a sized windows of
320x188 pixels. Data were transferred to the Data Transfer System by mean of a
CoaxPress© cable. The integration time of the sensor was optimized to obtain a
signal-to-noise ratio greater than four. A 100 mm lens (f:2.3, Si:Ge) was used and
focused at a distance of 2.5 m from the camera, namely 0.5 m far from the burner
throat. A neutral density filter for the whole band was used to reduce the flame
intensity during the acquisition. A sapphire window was used on the combustor
optical access. Images were analyzed by the ResearchIR Software® and
Labview®. IR Imaging was performed together with fast recording of both
pressure transducers and CH* chemiluminescence. Three conditions were
investigated:
 Stable Condition: 100 Base load;
 Transition Condition: 100 Base load;
 Unstable “Humming” Condition: 100 Base load.
Results and Discussion
The investigations aimed to individuate fluctuating frequencies under the different
combustion conditions changing the equivalence ratio of the pilot burner. The
Transition Condition was obtained with an equivalence ratio φ= 0.7x φo, while
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Unstable Humming Condition was reach with an equivalence ratio φ= 0.65x φo.
The Fast Fourier Transform analyses applied on the acquisitions gave an averaged
idea of the distribution of the frequencies of the combustor for a selected working
condition. They were performed on a sliding averaged window of 2x2 pixels. The
results are reported on Figure 2 for the different combustion conditions as raw
values (left part) and normalized to the maximum peak intensity for each condition
(right part).
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Figure 2. Frequency analysis (FFT) for the different combustion conditions
We observed that flame intensities present different frequency distribution. The
Stable Condition presents values ranged between 5 Hz and 70 Hz, while Transition
and Unstable conditions, generates higher frequency range reaching up to around
145 Hz. It is worthwhile to note, the change of the frequency peak intensities
between the different conditions as reported on Fig. 2 (right part). The main
frequencies under Stable Condition (5 Hz and 15 Hz) switched to 5Hz and 145 Hz,
when the combustion is starting to become unstable. Moreover, a new frequency
appears at around 60 Hz. While the 5 Hz frequency can be attributed to the
methane auto-ignition oscillation behaviour [14], the identification of the other
main frequency (145 Hz) is not clear, but is correlated to the pressure transducer
and photomultiplier measurements. Once identified the frequency distribution
functions for the different combustion conditions, a spatial distribution plot for
every main frequency has been performed. Figure 3 represents the spatial
distribution of the main frequency intensity for Stable Condition (15 Hz),
Transition Condition (145 Hz) and the Unstable Condition (145 Hz). In the case of
stable condition, the peak intensity is uniformly distributed around the burner,
while passing from transition to unstable condition enhanced the intensity towards
the centre of the burner, close to the pilot burner. This clearly indicates that the
“Humming” phenomenon arise nearby the pilot burner. This indication is of great
importance for the burner design and optimization.
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Figure 3. Spatial distribution of the main frequency intensity under the
different combustion regimes: Stable (a), Transition (b) and
Unstable (c)
Conclusions
The role of the pilot burner during combustion instabilities settlement was studied
in a 1 MW industrial gas turbine burner under atmospheric conditions. Different
operative conditions were tested including Transition and Humming conditions by
changing the equivalence ratio of the pilot burner. The equivalence ratio of the
pilot burner was changed from φo (Stable condition) to 0.65xφo. The infrared
images of flames were coupled with photomultiplier and microphones
measurements. The image analyses evidenced main oscillations at low frequencies
around 15Hz and 145Hz, and were confirmed by microphones and photomultiplier
measurements. Moreover, the IR imaging allowed in locating these frequencies in
the 2D dimensions under humming conditions. The role of the pilot burner during
the unstable combustion was clearly evidenced by IR imaging post processing
analysis. Finally, the further non-liner analysis investigation came out a real time
tool and allowed in tacking temporally and spatially the oscillating frequencies of
the burner.
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Abstract
The feasibility of using ion-current sensors to monitor the combustion process in a
gas turbine is investigated by developing a numerical model able to predict the field
of ionic species. Different kinetic schemes describing the formation and evolution of
ions were preliminary tested in simple flames and then applied to the gas turbine
combustor. Significant discrepancies were found between the available kinetic
schemes in literature for the present conditions.
Introduction
The monitoring of combustion processes represents a central objective in
combustion research, as fast and efficient diagnostics are needed to control and face
events such as flame flashback or blowout.
Many efforts and advancements in this field have been made on internal combustion
engines (ICEs) because of their great use in mobility. Waterfall et al. [1] provided
an overview of the most important monitoring techniques used in ICEs underlining
the use of ionization probes, optical fibres, laser methods and electrical capacitance
tomography to detect the position and the dimension of the flame position, analysing
also the sensitivity of the sensors to operating conditions such are the air to fuel ratio.
Eriksson et al. [2] successfully used the spark plug in a sparked-ignited engine as an
ion-current sensor. The spark was then employed as a pressure sensor for spark
timing control, as the ionization current was observed to have a strong correlation
with the cylinder pressure.
The application of these techniques to monitor combustion in gas turbines is more
difficult because of the high temperatures, that can damage the sensors, and because
of the geometrical complexity of the combustion chamber, that limits the possibility
of inserting the sensors. However, one promising system is the Combustion Control
And Diagnostics Sensor (CCADS) [3]. The CCADS is constituted by two electrodes,
the sense electrode and the guard electrode. The first one, collocated near the air
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inlet, can detect flashback, while the second one, placed close to the combustion
chamber, allows the detection of the flame.
Wollgarten et al. [4] observed a close correlation between the ionization current
signal and the chemiluminescence signal of OH*, that is often used to reveal the
flame presence.
The present work is aimed at analysing the feasibility of the insertion of ion-current
sensors to monitor the combustion process in a gas turbine. To this purpose, a
numerical model of a simplified gas turbine is developed in order to get information
on the distribution of the ionic species.
Methodology
Modeling ions in a gas turbine is a very complex problem, which involves several
phenomena: turbulence, gas oxidation with formation and evolution of many
radicals, formation of ions from some radicals and their evolution, and interaction of
ions with the electric field which is applied at the electrodes of the sensor.
Here this complex problem was handled through a hierarchical validation procedure
which is a common technique in CFD studies [5]. At the top of the hierarchy,
reported in Figure 1 we found the main goal, which is the simulation of a gas turbine
with an applied electric field, while at the lowest level of the pyramid we have the
molecular processes and phenomena, which interact giving coupled problems. To
address these phenomena, two benchmark cases were identified: a turbulent bluffbody flame and a laminar flame.
Three different kinetic schemes involving formation and evolution of ions were
compared for the simulation of the bluff body flame, i.e. mechanisms of:
- Prager et al. [6], which includes 11 ions and 65 reactions, that were added to the
GRIMech 3.0 w/o NO scheme for the chemistry of neutral species (35 species
and 219 reactions).
- Rao et al. [7], containing 4 ions (i.e. HCO+, H3O+, e-, O2- [8]), 17 neutral species
and a total of 22 reactions.
- Camara et al. [9], comprising 3 ions (i.e. HCO+, H3O+, e-), 29 neutral species
(including 2 excited species, i.e. CH* and OH*) and a total of 73 reactions.

Figure 1 Hierarchical scheme for CFD study validation
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An attempt was made to model the electric field and its effect on the transport of ions
through the use of subroutines based on the local ion concentrations. However,
simulations showed convergence problems, further stimulating the analysis of a
simple laminar flame, not presented here.
Turbulent flame case and numerical model
The B1F1 bluff-body flame, experimentally characterized by the University of
Sydney [10] (see Figure 3), was chosen because it is quite similar to the conditions
in gas turbines environment. Methane is fed at a velocity of 67.0 m/s through a
circular nozzle of ID=2 mm placed within two coaxial annular nozzles for the
primary and the secondary air. Their injection velocities are 15.0 m/s and 2 m/s,
respectively.
The numerical model was developed with ANSYS ® Fluent 19.2. A 2D axisymmetric
domain was used because of the symmetry of the system. The grid was structured
with 42k cells and a grid convergence index GCI<3%.
Favre-averaged Navier-Stokes equations (FANS) were solved by closing Reynolds
stresses with the realizable k-𝜀 model and using the Eddy Dissipation Concept
(EDC) as the model for interaction between turbulence and chemistry. Chemkin files
were generated by merging the gas oxidation and ion chemistry. The thermodynamic
and transport properties of the ions were taken as those for the neutral species.
Steady state simulations were run using a second order upwind interpolation.

Figure 2 Image of B1F1 burner flame [11]

Gas turbine test rig and numerical model
The flame tube of the gas turbine combustor was modelled by using 1/8 of the
geometry (see Figure 3) with periodic boundary conditions. A mixture of methane
and air is supplied through the central nozzle by setting profiles of velocity, chemical
species mass fractions and turbulence characteristics to take into account the
presence of a swirled flow. The secondary air inlet is then collocated externally to
improve the combustion process. The pilot, which feeds methane, is also shown in
Figure 3. The grid was unstructured with 1.3M cells. The physical model was
basically the same as for the bluff body flame, thus based on the solution of FANS
equations with k-𝜀 turbulence model and EDC combustion model, the latter coupled
with mechanisms of Prager et al. [6] and Rao et al. [7].
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Figure 3 3D model of the gas turbine.
Results
The temperature distributions obtained for the B1F1 bluff-body flame with the three
kinetic schemes are compared in Figure 4a and show a fairly good agreement.
However, the axial profiles of temperature along the flame axis (Figure 4b) highlight
some discrepancies; the trend is the same, but the mechanisms of Rao et al. [7] and
Camara. [9] anticipate the flame quenching with respect to Prager et al. [6].
As for the ions, it was observed that the mechanism of Camara et al. [9] lead to much
smaller concentration values (up to 3 orders of magnitudes) than that of Prager et al.
[6]. Hence, Figure 5 compares only the mechanisms of Prager et al. [6] and of Rao
et al. [7] for the prediction of radial profiles of e- and H3O+, representing the most
important ionic species, at axial distances x=40 mm and x=280 mm, corresponding
to the initial and final region of the flame, respectively. The performance of the
mechanism of Rao et al. [7] for the prediction of H3O+ may be considered satisfactory
when compared the detailed mechanism of Prager et al. [6], especially considering
the very small concentration values. However, e- profiles indicate that econcentrations are strongly underestimated by Rao et al. [7].

Figure 4 Temperature distributions (a) and profile along the axis of the bluff-body
flame (b) predicted with mechanisms of Prager et al. [7], Rao et al. [8] and Camara
et al. [11].
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Figure 5 Radial profiles of e- (a, b) and H3O+ (c, d) predicted with the mechanisms
of Prager et al. [6] and of Rao et al. [7] at x=40 mm (a, c) and x=280 mm (b, d):
Similar comments hold also for the gas turbine combustor. The agreement between
the mechanisms of Prager et al. [6] and of Rao et al. [7] for the prediction of the
temperature field is satisfactory, however there are discrepancies on the
concentration fields of e- and H3O+. In particular the simulations with Rao et al. [7]
indicates a strong accumulation of ions in the recirculation region above the pilot.
This region however, is characterized by high temperatures so the insertion here of
the ion-current sensor should be carefully checked.

Figure 6 Distribution of temperature (a) and mass fraction of e- (b) and H3O+ (c)
predicted in the gas turbine with of Prager et al. [6] and of Rao et al. [7].
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Conclusions
A CFD study of combustion, involving ion chemistry, in gas turbines had been done
to investigate the possibility of the insertion of ion-current sensors. The use of
reduced kinetic schemes leaded to significant differences especially in terms of the
electron e- concentration while better results were achieved for H3O+ when compared
to the detailed mechanism of Prager et al. [6]. These findings were also confirmed
on a bluff body flame.
Further efforts would be needed to include the presence of the weak electrical field
imposed by an ion current sensor thus to analyze its effect on the transport of ionic
species, even though the turbulent transport is probably dominating.
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Abstract
In this work, the evaporation process of a Fast Pyrolysis Bio Oil (FPBO) droplet is analyzed
from a numerical point of view. The droplet is suspended on a thin thermocouple against
gravity and evaporated in buoyancy driven convection, replicating the experimental works
performed at CNR of Naples. The surrogate composition of FPBO includes nine components
and it has been developed within the Residue2Heat project. The numerical modeling is
performed with the DropletSMOKE++ code, a comprehensive CFD framework for the
simulation of 3D evaporating droplets under gravity conditions. The diameter decay, liquid
temperature and species mass fractions in the liquid phase are presented and discussed. The
numerical results clearly show the presence of preferential vaporization in the mixture,
following a multi-stage evaporation process due to the strong internal convection in the liquid.
Introduction
The high energy density of liquid fuels is exploited in many engineering devices such as diesel
engines and industrial burners. Spray injection systems are widely used in order to disperse the
liquid fuel in an oxidizing environment and the control of this process is currently an active
area of research. In particular, the study of a single isolated droplet allows to neglect complex
interaction phenomena among droplets and to focus on the evaporation mechanism. Onedimensional modelling of spherical fuel droplets in microgravity conditions is already well
established [1-2]. Microgravity conditions can be reproduced conducting the experiments in
free-falling chambers both for suspended and free droplets. However, most of experiments are
conducted under the influence of a gravity field. Experimental devices are much cheaper and
the operative conditions are closer to the real ones where droplets are commonly adopted. The
buoyancy effects around the droplet strongly modify the evaporation mechanism across the
interface, especially if the droplet is also in a relative motion to the gas as it commonly
happens in spray injectors. Among the several methods available for multiphase flows, the
Volume Of Fluid (VOF) methodology [3] is widely known for its simplicity, robustness and
especially for the excellent mass conservation properties. In this work a full description of the
boundary layer is given, allowing to evaluate the evaporation flux directly from the interfacial
concentration gradient whatever the external flow field. The DropletSMOKE++ code,
developed at Politecnico di Milano, is adopted in this work [4-5]. It is specifically conceived
for the modeling of the evaporation of multidimensional fuel droplets in gravity conditions in
convective regimes. It has been validated against a large set of experimental data, covering a
wide range of operating conditions both in natural and forced convection. The droplet
evaporation case analyzed in this work is based on the experimental device used at CNR of
Naples. A bio oil fuel droplet (of which the surrogate mixture is available) is suspended on a
thin thermocouple and evaporated under a convective flow generated by an electric coil placed
below the droplet. The effect of the metallic suspension can be included in DropletSMOKE++
[5], but it has been neglected in this work (adiabatic fiber). The following paper presents the
mathematical model, the numerical approach (including the mesh description) and the results
for the droplet evaporation process.
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Mathematical modeling
The VOF methodology is often referred to as a "one-fluid" approach, where the two phases are
treated as a single fluid whose properties vary abruptly at the phase boundary [4]. A scalar
marker function 𝛼 represents the liquid volumetric fraction, varying from value 0 in the gasphase to value 1 in the liquid phase. The 𝛼 advection equation is:
𝜕𝛼
𝑚̇
1 𝐷𝜌𝐿
+ ∇ ∙ (𝛼𝑣⃗) = − −
𝜕𝑡
𝜌𝐿 𝜌𝐿 𝐷𝑡

(1)

The source terms represent evaporation and liquid density variations. The transport properties are
weighted by the α function. The momentum equation describes the whole flow field:
𝜕𝜌𝑣⃗
+ ∇ ∙ (𝜌𝑣⃗𝑣⃗) = ∇ ∙ 𝜇(∇𝑣⃗ + ∇𝑣⃗ T ) − ∇𝑝 + 𝜌𝑔
⃗⃗⃗⃗
𝜕𝑡

(2)

while the energy equation provides the temperature field, including the interface cooling:
𝑁𝑠

𝜕𝑇
𝜌𝐶𝑝 ( + ∇ ∙ (𝑣⃗𝑇)) = ∇ ∙ (𝑘∇𝑇) − ∑ 𝑚̇𝑖 ∆ℎ𝑒𝑣,𝑖
𝜕𝑡

(3)

𝑖

Concerning the species transport, the equation is written only for the saturated mass fraction of
each species. A major advantage of the DropletSMOKE++ code is that the evaporating flux is
not obtained by semi-empirical laws, but it directly depends on the mass flux 𝑗⃗𝑑,𝑖 at the liquidgas interface. For a multicomponent mixture:
𝑚̇𝑖 = −

∑𝑁𝑠
𝑖 𝑗⃗𝑑,𝑖
∇𝛼
1 − ∑𝑁𝑠
𝑖 𝜔𝑖

(4)

Where the term 1 − ∑𝑁𝑠
𝑖 𝜔𝑖 accounts for the global Stefan flow induced by evaporation. The α
gradient describes the interface surface per unit volume and forces evaporation to happen only
at the interface. The transport properties for liquid and gas phases are provided by the
OpenSMOKE++ library [6].
Numerical methodology
The computational mesh describes an axisymmetric domain (Figure 1), where a 5° angle of the
global cylindrical geometry is accounted for. The fluid region ( blue color) and the solid region
(orange color) are independently meshed. The solid region represents the metallic fiber, a long
vertical thin cylinder ending with a small supporting sphere ( d fiber = 125 μm ), around which
the liquid droplet will be positioned. The planar heating coil in the CFD configuration (Figure
1) becomes a series of empty holes from a 2D axisymmetric point of view. The mesh is made
of 60,000 cells, chosen by a sensitivity analysis on the cells size. A particularly detailed
meshing is required around and inside the droplet region and around the heating coil (Figure
3). The time step is controlled by the stability constrain given by the Courant number (< 1).

2
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Figure 1: Computational mesh of the geometry at three levels of detail. The fluid region (blue
color) and the solid region (orange color) are meshed separately. The four holes in the mesh
represent the planar heating coil.

Temperature boundary condition at the heating coil
The metallic coil heats the surrounding gas, moving the fluid toward the droplet and triggering
the evaporation process. However, the upward velocity of the hot gases is generally not known,
since it depends on many variables such as the coil geometry, the current intensity, the coil
resistivity etc. To overcome this problem, a preliminary experiment is performed:
1. The droplet is taken out of the system. The thermocouple is directly in contact with the sole
gaseous phase.
2. The coil is electrically heated, providing buoyancy and an upward convective flow.
3. The temperature at the thermocouple is measured, providing the temperature profile of the
gas in a fixed point.
The numerical strategy is to perform a trial and error procedure, in which the boundary
condition at the heating coil surface (Figure 1) is calibrated in order to generate an upward
flow which provides a temperature profile at the thermocouple equal to the experimental one.
Once this is done, the droplet is suspended on the thermocouple and evaporated, maintaining
the same boundary condition on the coil surface. The best boundary condition at the heating
coil surface is represented by a time-varying boundary condition, imposed by this exponential
function (which represents the coil heating dynamics):
𝑇(𝑡) = 1670 − (1670 − 285)𝑒 −0.6𝑡

(5)

Fast Pyrolysis Bio Oil (FPBO) evaporation
In order to model the bio oil evaporation, a chemical and physical definition of the surrogate is
necessary. The composition is reported in Table 1, including 9 components in the surrogate
definition. This preliminary composition was proposed on the basis of the available
information on the typical chemical composition of the FPBOs, in terms of elemental and
3
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chemical composition, and the physical properties of the FPBOs. The work for the surrogate
definition has been done within the Residue2Heat project [7].
Species
Acetic acid
Glycol aldehyde
Ethylene glycol
Vanillin
Lignin Alkali
Levoglucosan
2,5-Dimethylfuran
Oleic acid
Water

MW [g/mol]
60.05
60.05
62.07
152.15
10679.16
162.14
96.13
282.46
18.02

Mass fraction [-]
0.039
0.055
0.055
0.179
0.078
0.296
0.055
0.023
0.22

Table 1: Surrogate composition for the FPBO mixture

The DropletSMOKE++ code has been adopted to simulate a FPBO droplet evaporation. The
initial conditions are reported in Table 2. The coil is heated through the boundary conditions
described by Equation (5), generating an upward flow (due to buoyancy) which triggers the
vaporization.

Case

Mixture

1

FPBO

𝐷𝑜
[𝑚𝑚]
0.940

𝑇𝐿
[𝐾]
285

0
𝑇𝑎𝑚𝑏
[𝐾]
285

p
[atm]
1

Table 2: Cases for the numerical comparison with the experimental data
The results are reported qualitatively in Figure 2 and quantitatively in Figure 3. Initially the
droplet is heated by the external hot flow provided by the coil, in a regime characterized by a
competition between the droplet dilation (due to the decreasing density) and the slow
evaporation rate. After this steady-state condition, evaporation dominates and the droplet starts
shrinking. The evaporation behavior is very complex and very different to what usually
happens in monocomponent droplets or simple binary mixtures. The FPBO surrogate is made
of nine components with very different molecular weights, hence very different boiling points.
This is favorable for the preferential vaporization of the species, as can be clearly seen in
Figure 3. The diameter decay is characterized by three different slopes, indicating different
global evaporation rates for the mixture. This behavior is reflected also in the liquid
temperature, which reaches different temporary steady-state values (plateau). This happens
because we have three main species (water, vanillin and levoglucosan) which are the main
components of the surrogate in terms of mass fractions (Table 1), therefore their contribution
to the evaporation process is plays a major role. Their mass fraction profile in the liquid phase
is reported in Figure 3 (c): the light component (water) evaporates first due to the relatively
low boiling point and continuously decreases its concentration. On the other hand vanillin
exhibits an intermediate behavior, initially increasing its concentration. This is due to the
evaporation of the light species, which accumulates the heavy ones. When the temperature is
high enough and all the light species are evaporated, vanillin starts to vaporize and, after
reaching a maximum concentration in the liquid phase, it is consumed by the process. Finally,
very heavy species such as levoglucosan are continuously accumulated in the droplet due to the
evaporation of the light components. At the end of the process, levoglucosan remains the only
species in the droplet, which evaporates as if it was a monocomponent mixture.
4
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Figure 2: Numerical simulation of Case 1. Water (top), vanillin (middle) and levoglucosan
(bottom) mass fractions at times t = 1 s (a), t = 2 s (b), t = 3 s (c).

It is important to point out that having very different relative volatilities of the components in
the mixture is not a sufficient condition for preferential vaporization. The species vaporization
occurs at the free surface and therefore internal mass transport plays a fundamental role in this
sense. If the internal diffusion is slow (such as in microgravity conditions, where the internal
convection is totally negligible) the species are not readily available at the surface to evaporate
and they remain trapped inside the liquid phase. The only way they can reach the surface is by
the interface regression due to evaporation. This means that the boiling point and the
equilibrium mass fraction in the gas phase (which is ultimately the driving force for the
evaporation) are relatively unimportant in this case and the droplet will evaporate most likely
as a monocomponent mixture. On the other hand, if internal convection is strong enough, the
internal mass transport can be much faster. This is typically the case of droplets evaporating in
a convective regime, where the external fluid flow triggers internal circulation in the liquid
phase. This is the case analyzed in this work, where we can clearly detect preferential
vaporization of the species (Figure 3). The internal velocity field (not shown) is due to the
shear stress given by the external flow on the surface and reaches and is in the order of 5-6
mm/s. The internal convection is able to transport the liquid species to the surface, making
their thermodynamics (i.e. the equilibrium gaseous mass fraction) the actual driving force of
the process. It is worth noticing that this phenomena cannot be modeled with a 1D code for
droplet vaporization [1], since internal convection would not be predicted. This highlights the
importance of adopting a CFD model for droplet vaporization, not only to account for external
and internal convection, but also to correctly describe the vaporization rate of complex
mixtures such as FPBOs.

5
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Figure 3: Squared dimensionless diameter decay (a), internal liquid temperature profile (b) and
main species mass fractions at the liquid interface (c).

Conclusions
The DropletSMOKE++ code has been adopted to model the evaporation of a FPBO droplet
under buoyancy driven convection. The FPBO surrogate mixture includes 9 components and
has been developed within the Residue2Heat project. The VOF method has been used to track
the liquid interface and it is coupled with the solution of a velocity, temperature and mass
fraction field. The external gas flow causes internal recirculation in the liquid phase, because of
the external applied shear stress. This triggers a strong preferential vaporization in the mixture,
where components evaporate at different times and different rates. It has been pointed out that
this would not be possible if internal convection was absent, because internal mass transfer
would be the limiting step, enhancing the importance of using CFD models for droplet
vaporization. Future developments concern the activation of gas-phase reactions, as well as the
analysis on the effect of the supporting thermocouple on the evaporation process.
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Abstract
A compact and low cost spark ignition two stroke engine could be suitable for many
applications, especially for car range extenders and microcogeneration units. An
innovative opposed piston two stroke engine has been designed and developed at CNR
Istituto Motori for microcogenerative applications, showing very interesting
characteristics in terms of high efficiency and low noise and vibrations. On the other
hand, higher emissions have been recorded, needing for an innovative after-treatment
system in order to respect the new stringent regulation. In this Paper an unconventional
system has been proposed, consisting in a oxidative reactor placed before the oxygen
sensor and a three way catalyst (TWC). This pre-treatment notably enhanced the stability
of control system and the efficiency of the TWC, so resolving a significant issue of high
speed two stroke engines.
Emission issues for two stroke engines
Two stroke engines are considered a very interesting power and propulsion systems,
powerful, lightweight, simply constructed and suitable for a lot of applications; on the
other hand, they have been almost completely abandoned during the last years because of
their low efficiency and very high gaseous emissions. Many attempts have been made in
order to solve these problems, like direct injection systems, different scavenge schemes
and high efficiency after-treatment systems. The reasons for which it is not possible for
them to obtain lower emissions are strictly related to the poor scavenge efficiency, i.e. the
fluid dynamic process which replaces exhaust gas with a fresh charge. For this reason, a
significant amount of burnt gas remains inside the cylinder (causing a bad combustion,
quenching and misfiring) and a similar amount of fresh charge is pushed out at the escape
(the so called “short circuiting”), causing high specific consumption and very high
emissions [1].
To solve the short circuiting issue, direct injection systems have been introduced, as the
scavenge process is done only with air and the delivery of fuel is operated when the
cylinder has no communication with the external environment. On the other side, this
solution also involves a bad interaction of fuel with the trapped fluid inside of the
cylinder (which results a mix of fresh air and burned gas), as a very short time is
available to allow the complete vaporization of fuel droplets, because of the relatively
high revolution speed. Also, the distribution of exhaust gas inside the air is not uniform in
the cylinder volume, making the formation of a stoichiometric fresh charge even more
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critical, with a strong variability of the air/fuel ratio in the chamber and, consequently, a
bad combustion and high emissions. In fact, a significant amount of unburned fresh
charge (much higher than in four stroke engines) is produced, leading to high HC values
together with the presence of CO and O2, each of them confirming an incomplete
combustion process.
In order to improve scavenge operation, many different schemes have been proposed,
such as uniflow scavenge by means of opposed piston or poppet valve. Unfortunately,
these solutions are more complicated and bulky and they don’t solve completely the
short-circuit issue, which can still be the cause of unacceptable emission levels.
As regards after-treatment systems, a lot of schemes have been proposed, most of them
just considering the oxidation step, as NOx emissions could not be treated in any case,
because of the air deriving from short-circuiting and misfiring. This aspect was not
considered as an issue in the past, because NOx emissions were considered quite low (if
compared to four stroke engines) due to the considerable presence of burned gas which,
coming from the previous cycle, reduces the temperature peak during combustion, so
acting as an internal EGR (Exhaust Gas Recirculation). Nevertheless, the present
regulation cannot accept these NOx emissions, which result far away from the last
stringent limits; so that the adoption of a high efficiency stoichiometric three-way process
in the after-treatment apparatus is essential. As well known, even in case of
stoichiometric feeding conditions (at the intake), an engine normally produces HC, CO
and NOx at the same time, but not in a fixed proportion, this because of the ever
changing combustion conditions (typical of alternative engines) which constantly deliver
exhaust gas to TWC with a different composition. For this reason, in order to make the
engine work in the best way, a closed loop electronic control modifies the injection
parameters (opening time) based on the feedback coming from oxygen sensor at the
escape, so to get a dynamic equilibrium around stoichiometry. The capability of
converting all the different species depends on the aptitude of accumulating oxygen
during NOx reduction (the so called “oxygen storage”), in order to allow the HC and CO
oxidation also during rich air/fuel feeding. Obviously, with a higher combustion
instability (due to misfire and quenching) and/or short circuiting, a higher fluctuation in
respect of stoichiometry takes place, together with a lower efficiency of TWC and minor
control system stability. In a two stroke engine these aspects are even more critical for the
following reasons:
1) The massive presence of air in the exhausts due to the scavenge process (both in
case of manifold injection and direct injection) can mislead the feeding control
system. In fact, also adopting an air metering system at the induction, the oxygen
sensor will detect a lean combustion even in case of stoichiometric or rich
running conditions. This can easily cause instability for the control system and a
much higher production of polluting substances.
2) Circumstances for misfiring or partial combustion are very common for two
stroke engines especially if provided with crankcase pump, because of low
purity of fresh charge and due to poor efficiency of scavenge, with consequent
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high levels of O2, HC and CO. These species cannot be completely treated by a
catalyst because of the structure and overall dimension of the reactor itself,
which does not permit an adequate residence time for gas.
3) The contemporary presence of high levels of O2, HC and CO on a TWC catalyst
is unsuitable for the complete NOx reduction into N2, because the above
mentioned substances, when existing in significant amounts at temperatures
below 400°C, start competitive phenomena with NOx, inducing a low efficiency
in conversion rate and a potential production of NH3 [2]. On the contrary, when
gas temperature is above 400°C and in presence of an atmosphere rich in water
vapor, the CO conversion into CO2 does not affect the NOx reduction as
described below. However, when the conversion is not complete, it can cause
the production of a significant amount of H2 (through water gas shift reaction,
WGS, or steam reforming reaction, SR), which, combined with NO, is the main
responsible for the NH3 formation [3]. To drastically reduce the NH3 production,
a higher working temperature (higher than 530°C) on the catalyst is favorable
[3], while a complete elimination (lower than 10 ppm) could be possible only
with an ASC catalyst [4].
4) The low NOx production is an issue for the complete HC and CO oxidation
(which is much higher) as an inadequate amount of oxygen could be available
after the reductive process.
For the above mentioned reasons, even adopting all these solutions as a whole (direct
injection, improved scavenge and TWC) two stroke engines could never meet the new
stringent regulation regarding emissions, both in automotive application and in power
generation (cogeneration). In fact, the best percentage cut of emissions can hardly reach a
value of 80%, while modern four stroke engines can attain a 95% almost in all operating
conditions. Also, two stroke engines are normally lubricated with oil injected at the air
intake, whose presence represents a very important issue for the TWC as the lubricant
directly takes part to the combustion process. In fact, the oil which result unburned (or
partially oxidized) can easily jam the catalyst and dramatically reduces its global
efficiency as it covers the reactive surface. In any case, even in case of modern engines
(with reduced oil need) the system cannot completely oxidize lubricant traces in the
exhaust gas, this being the cause of smoke and heavy dangerous hydrocarbon emissions.
An innovative after-treatment system for two stroke engines
Some recent experiences at CNR Istituto Motori on an innovative opposed piston two
stroke engine (which is part of a 3 kWe microcogeneration system) and provided with a
manifold fuel injection system together with a TWC at the escape, have showed a
noteworthy performance in respect of control stability depending on oxygen sensor
position. In the following Fig. 1 is reported the experimental engine and the aftertreatment system (contained in the black case on the right of Fig.1), which also contains
the heat recovery system and the muffler.
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Fig. 1 Experimental opposed piston two stroke engine
In fact, when the oxygen sensor was placed before the catalyst, the system could not
manage the injection in order to get a rigorous stoichiometry, as the air presence, derived
from short circuiting and misfiring, misled the whole control, with deep instability and
very high emissions (before and after the catalyst) as reported in the following Tab 1.

Untreated
After TWC

HC [ppm] CO[%] NOx[ppm] O2 [%] Temp.[C] Osc. time [s]
3930
2,2
680
1,9
555
1,9
1760
1,3
460
1,1
580
1,9
Tab 1 Global emission with oxygen storage before catalyst

On the contrary, placing the same oxygen sensor after the catalyst, a quite different
behavior has been recorded; the global performance in terms of emission (always before
and after the catalyst) is reported in the following Tab.2

Untreated
After TWC

HC[ppm] CO [%] NOx [ppm] O2 [%] Temp. [C]
2160
1,7
740
1,4
525
1220
0,8
510
0,8
560
Tab. 2 Global emission with oxygen sensor after catalyst

Osc.time [s]
0,4
0,4

As it can be easily seen, in this way the catalyst completed the HC and CO reaction with
the oxygen which could not take place inside of the engine, eliminating most of these
gases and filtering their fluctuations over oxygen sensor. In fact, this massive presence
could not correctly consent the fundamental mission of the control system and, therefore,
the fixing of the effective stoichiometric air/fuel mixture. On the other hand, the
consequent lower variability in the composition of the exhaust mixture dramatically
enhanced the efficiency of the same reactor, because the time duration and amplitude of
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the rich/lean fluctuations resulted much shorter (about 0,4 s instead of 1,8 s on average)
and more compatible with the effective oxygen storage capability of the reactor.
Nevertheless, the produced emissions resulted still quite high and far away from current
regulation for small cogeneration units, and this probably because of TWC which was
not able to attain a significant efficiency, even if working at a quite high temperature.
After some analysis of the above seen performances it was clear that exhaust gas
composition was quite far from an ideal condition, as it was characterized by the
following features:
1) Oxygen presence.
2) Very high presence of HC, CO and low NOx, which does not represent the best
conditions for NOx reduction and oxidation of HC and CO.
3) Existence of unburned lubricants.
All these aspects together (control issue and TWC efficiency) suggested that an oxidative
pre-treatment system of the exhaust gas (by means of a specific reactor placed before
both oxygen sensor and TWC) would be very interesting in order to get the elimination
of every fluctuation of the exhaust gas composition over both oxygen sensor and TWC
through the following parallel actions:
1) Combustion of HC and CO deriving from short-circuiting, quenching and
misfiring (flow always provided with oxygen);
2) Filtering the fluctuation of HC, CO and NOx deriving from real combustion and
fuel feeding system (flow alternatively provided with oxygen) and balancing the
relative amounts.
Regarding the last aspect, this stage should have a very high active surface and a large
number of cavities which could physically trap (through viscosity) a significant
percentage of the gases passing in that moment in the reactor. In this way the system
should alternatively hold back gases with different characteristics deriving from
regulation around stoichiometric conditions. So, exhaust gas deriving from rich feeding
(full of CO and HC) could react with gas coming from lean feeding (full of O2) in order
to complete the oxidation and reduce the amplitude of these fluctuations. Regarding the
specific application to a two stroke engine, the oxidative pre-catalyst (OPC) when fed
with exhaust gas deriving from a lean mixture could reduce the higher amounts of HC
and CO in order to balance their presence in respect of the lower produced NOx and at
the same time to burn the captured oil droplets, which could react with oxygen with a
higher residence time. After having compared many different reactors typologies, an
automotive particulate trap, characterized by a cordierite structure with a diameter of 90
mm, 200 cpsi (cells per square inches) and coated with Pt (25g/cu3), has been chosen as
OPC. Moreover, a TWC catalyst (with Pt, Rh), characterized by a 400 cpsi and coated
with Pt (at 20g/cu3) and Rh (at 4 g/cu3) has been selected among other commercial
models. In the following Fig. 2 the above described elements are shown; the oxygen
sensor is placed between the two elements, before TWC.
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Fig. 2 OPC (left) and TWC (right)
The obtained system showed a very interesting behavior in terms of stability of
regulation, with a shorter fluctuation around stoichiometry (about 0,27 s on average) if
compared to the previous case without OPC and oxygen sensor placed after TWC. In the
following Tab.3 are reported the emissions before and after OPC and after TWC.
HC[ppm] CO [%] NOx[ppm] O2[%] Temp. [C] Osc.time [s]
Untreated
2050
1,6
650
1,4
520
0,35
After OPC
45
<0,01
670
<0,01
610
0,35
After TWC
15
<0,01
60
<0,01
620
0,35
Tab.3 Global emission with oxygen sensor after OPC and TWC
Conclusions
As it can easily seen, rough emissions are even better than in the previous case (due to a
lower instability of control system) and, after OPC, the HC and CO emissions resulted
absolutely reduced and much lower than the values obtained with a TWC only, together
with a quite complete absence of oxygen. Also, after TWC the global emissions result
notably reduced, with the TWC shoving a very high efficiency (higher than 90%) not
only on HC and CO but remarkably on NOx.
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Abstract
A recently developed direct numerical simulation dataset, is analyzed to
statistically characterize large scale premixed flames. A premixed flame is a large
scale flame if its reference hydrodynamic length-scale L is larger than a neutral or
cutoff length-scale λc for which the Darrieus-Landau (DL) or hydrodynamic
instability is balanced by diffusive effects. In this work a large scale slot Bunsen
flame is compared to its small scale counterpart in terms of topology statistics,
local propagation and straining patterns.
Background and motivations
In the context of the investigation of turbulent premixed combustion, direct
numerical simulation (DNS) is a fundamental research tool from both modeling
and physical standpoints. However, DNS comes with extremely high
computational costs ensuing from the multi-scale and non-linear essence of the
reactive Navier-Stokes equations [1-3]. As a result, the parameter space to be
explored by DNS needs to be carefully chosen and directly addressed by specific
theoretical and/or modeling questions [4,5]. A premixed flame is defined as a large
scale flame if the reference hydrodynamic length-scale L of its particular
configuration is larger than a neutral or cutoff length-scale λc for which the
Darrieus Landau (DL) or hydrodynamic instability is balanced by diffusive effects.
While the reference hydrodynamic length-scale can be easily estimated once the
configuration is known, the neutral length scale is a function of the mixture and
thermochemical conditions such as the unburned temperature and pressure. The
latter can be either estimated by means of DNS or using theoretical model
dispersion relations [6,7]. It has been assessed that large-scale flames (L>λc) are
significantly different from their small-scale counterpart (L<λc) in terms of both
morphological and propagative properties. In fact, both experimental [8-11] and
numerical [12-17] studies have observed the characteristic cusp-like wrinkling due
to DL instability in laminar and weakly turbulent settings. Such morphological
behavior is expected to be mitigated for increasing turbulence intensity and the
concept of a turbulence-induced DL cutoff as a function of turbulence and
instability parameters was introduced by Chauduri et al. [18] to confine the
instability effects to weakly turbulent scenarios. Nevertheless, the mutual
interaction of turbulence and reactive front remains far to be completely
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understood in both small and large scale flames [19-21] therefore motivating a
substantial research effort. Since the investigation of large scale effects in three
dimensional settings has been limited to weakly non linear models [22, 23] we
recently presented a set of three dimensional DNS specifically designed for the
investigation of large scale effects on weakly turbulent flames [24]. In the present
work we delve deeper into these data, and in particular on the slot Bunsen flame
configuration, comparing the small and large-scale flames in terms of topology
statistics, local propagation and straining patterns.
Formulation and DNS database
In order to study large scale premixed flames subject to hydrodynamic instability, a
one-step irreversible Arrhenius reaction is employed with the reaction rate
determined by the concentration of a deficient reactant. Across the flame the
deficient reactant is completely depleted while the other reactants concentration
remains unaltered. This assumption is therefore considering a reacting mixture that
is sufficiently off-stoichiometric and allow to assume all the transport properties to
be constant and independent from the deficient reactant concentration. The
governing equations are made non-dimensional starting from the neutral
hydrodynamic wavelength λc estimated from analytical dispersion relations as done
for instance in [16]. The complete derivation of the governing equations is
described in [16], the only difference in the present work with respect [16] is the
non-dimensionalization with respect to the cut-off wavelength λc, this resulting in
δc replacing δ in the governing equations reported in [16].
The governing equations are numerically integrated using an EoS independent
version [25] of the massively parallel, spectral element based [26], incompressible
and low-Mach [27] flow solver nek5000 [28]. This form of the governing
equations has been used in [24] in order to isolate the effect of L and have a fair
comparison between small and large scale flames by keeping constant all the
mixture dependent quantities. In fact, contrary to [16, 17], all the parameters
involved are function of the mixture only.
Results
In the present work we use the three dimensional small scale slot Bunsen flame
(SB) and large scale slot Bunsen flame (LB) presented in [24] to which the reader
is referred for DNS configuration details. The set of mixture dependent parameters
employed is: σ=3, δc=0.0258, Le=1.2, Ze=6.0 and Pr=0.1. The value of δc has been
estimated using an analytical form [7] and verified numerically. The flames are
weakly perturbed by homogeneous isotropic turbulence (HIT) superimposed to the
slot bulk flow with prescribed intensity u'/SL0 =1.1 and integral l0 / λc=0.1. An
overview of the flames is shown in Fig. 1, left panel, where an instantaneous spanwise cut of the Θ field is displayed. It is clearly observable that the LB case is
characterized by crests and wide troughs as morphological manifestation of the DL
instability as easily observable in Fig. 1 (right panel). On the other hand on the SB
flame, shown in scale in the inset of Fig. 1, diffusive effects prevail and DL cusp
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are not present. Defining the flame normal n as positively oriented toward the burnt
gases, it has been shown that cusp-like structures can be detected by largely
negative values of the flame curvature [16]. This concept has been extended [24] to
three dimensional settings using the mean curvature of the flame which can be
defined as KM= 1/2 (κ1 + κ2) where κ1 and κ2 are the surface principal components.
As a result the KM distribution conditioned to c*=0.64, being c the progress
variable defined as c=1-Y, was found to be negatively skewed.
0

0.25

0.5 0.75 1.05

Figure 1. Left panel: two dimensional span-wise cut of non-dimensional
temperature of the large scale slot Bunsen flame LB and the small scale SB (inset,
same scale). Right panel: 3D visualization of the flame LB. The red iso-surface is
obtained using a reference temperature value Θ=0.1 and the gray iso-surface using
the span wise component of the velocity w=0.
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comprehensive topological analysis [29] and is clearly observable that the complex
curvatures region (KG>KM2) cannot be realized in practice. The two flames show a
rather different behavior and, as expected, the bivariate distribution of KM and KG
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Figure 3, in the right panel, shows the pdf's of the three components of the flame
displacement speed for the two cases. It is clearly observable that in both cases the
tangential term is negligible and the local balance between reaction and diffusion
that governs the local propagation is mainly obtained trough normal diffusion.
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Ŝi /SL0

Figure 3. Probability density functions of displacement speed Ŝd (left panel) and
its components (right panel) scaled by the laminar unstretched flame speed SL0.
Minor differences between LB and SB are obtained for the reactive part, while the
difference in Sd shown in the left panel of the Fig. 3 can be directly attributed to the
Sn term behavior. Therefore we can partially conclude that although globally a
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significant DL-enhancement has been found, locally LB and SB flames propagate
in a similar fashion consistently with two dimensional studies [17]. It is now of
interest to analyze the strain and stretch statistics of the two flames considered
conditioned to the same progress variable value ĉ.
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The tangential strain rate is conventionally expressed as [7] aT = ∇・u-(n・

u)・

n and the total stretch rate as K=Sd KM +aT. Figure 4 displays the pdf's of aT and K
highlighting similar mean and peak values of the distributions between LB and SB.
This suggesting that in the reaction zone the two flames are similarly strained and
stretched. However, the small scale flame is observed to experience a wider range
of strain and stretch values that can be caused by the higher turbulence intensity
impacting the flame.
Summary
Large scale premixed flames have been characterized by means of a statistical
analysis of a DNS dataset specifically designed to isolate the effect of the reference
hydrodynamic length. The topological differences between large and small scale
slot Bunsen
flames
have
been density
investigated
means
of rate
theand
bivariate
distribution of
Figure
7: Joint
probability
functions ofby
tangential
strain
the mean curvafor the SB flame (left panel) and LB flame (right panel).
mean and ture
Gaussian
curvature. Such differences can be mainly attributed to the
hydrodynamic instability which is promoted in the large scale case in which L is
greater than λc. The local propagation has been investigated using the displacement
speed concept and it has shown that large and small scale flames bear close
similarities. It has been also shown that the two flames investigated are similarly
strained and stretched and the dual behavior observed at low turbulence intensity in
two-dimensional studies is less evident in the present 3D setting. Therefore the
global DL-enhancement of the turbulent burning velocity is confirmed to be mainly
caused by an increase of the flame area.
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Abstract
The exergy loss in laminar premixed flames of syngas is investigated by analyzing
the local entropy generation. Particularly, the effects of the change in the H 2 molar
ratio in H2-CO mixture at two different temperature values (300 and 600 K) and at
both atmospheric and high pressure (50 atm) conditions are deepened identifying
both the mainly responsible process for exergy loss and the factors that can positively
affect the performance of the syngas combustion. It is shown that the chemical
reactions are not always the main contribution to the total entropy generation (i.e. to
exergy loss) but the roles of the chemical reactions and heat conduction are strongly
affected by pressure. Furthermore, it is underlined that the hydrogen content in
syngas negatively affects the exergy loss while pressure increase has positive effects.
Introduction
Synthesis gas (syngas), ideally a mixture of hydrogen and carbon monoxide obtained
by gasifying various feedstocks (such as coal, biomass or waste), is an effective
alternative fuel that can be used in a wide range of applications [1,2]. However,
feedstock and gasification process significantly affect the composition of syngas and,
consequently, the combustion characteristics of this fuel [2]; the variation of
hydrogen content changes the flame structure and introduces adverse effects on the
emissions, blow-off and flashback limit, and combustion instability [3].
Thus, thorough investigations of the characteristics and efficiency of combustion
processes of syngas (especially with varying composition) are necessary [2,3].
The second law (entropy production) analysis is effective in evaluating exergy losses
and, therefore, in improving the performance of energy conversion systems and
combustion processes [4,5]. Studies on power generation systems involving
combustion processes clearly underline that the major part of the exergy loss is due
to these processes (to deepen see the review of Som and Datta [5]).
As suggested by Nishida et al. [4], the analysis of the local entropy generation can
be conducted in order to identify the causes of the large exergy loss in the combustion
processes. In these processes as well as in multi-component reactive processes the
entropy generation is due to four irreversible phenomena: viscous dissipation, heat
conduction, mass diffusion, and chemical reaction [6].
This study aims to investigate the exergy loss in laminar premixed flames of syngas.
Particularly, the effects of the change in the H2 molar ratio in H2-CO mixture at two
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different temperature values (300 and 600 K) and at both atmospheric and high
pressure (50 atm) conditions are, here, deepened identifying both the mainly
responsible process for exergy loss and the factors that can positively affect the
performance of the syngas combustion.
Methodology
The laminar premixed planar flame propagation of syngas/air mixtures is computed
by using the CHEMKIN software package. The detailed mathematical formulation
of the governing equations and boundary conditions of the freely-propagating
premixed flame model can be found in [7]. The transport properties are evaluated
using the mixture averaged transport models (see for details [7]).
The computational domain is set to 0.12 m (120 mm) from -0.02 to 0.1 m. In order
to ensure high accuracy, the two adaptive grid controls based on curvature and
gradient are set to 0.005 and 0.002, respectively (the maximum number of grid points
allowed is 5000).
Three H2-CO mixture are considered: 25%H2-75%CO, 50%H2-50%CO, 75%H225%CO (by volume). Moreover, comparisons with pure hydrogen premixed flames
are made.
The detailed chemical mechanisms consisting of 14 species and 30 reactions
(including detailed thermodynamic and transport data) developed by [8] is used to
model syngas combustion.
The local entropy generation in irreversible multi-component reactive processes can
be quantitatively evaluated following the approach proposed by Hirschfelder et al.
[6]; it can be written as [9] (the contribution due to viscous effect is negligible in
premixed flames as shown in [4,9]):
• Heat Conduction
𝛾ℎ𝑐 =

•

(1)

Mass Diffusion
𝑁𝑠

𝛾𝑑𝑖𝑓𝑓 = 𝜌 ∑

•

𝜆 𝑑𝑇 2
( )
𝑇 2 𝑑𝑥
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𝐷𝑘𝑚 𝑅𝑘 𝑑𝑌𝑘 𝑑𝑋𝑘
(
)(
)
𝑋𝑘
𝑑𝑥
𝑑𝑥

(2)

Chemical Reactions
𝑁𝑠

𝛾𝑟𝑒𝑎𝑐𝑡

1
= − ∑ 𝜇𝑘 𝜔𝑘
𝑇

(3)

𝑘=1

These quantities are computed in post-processing (from the flame results) by using
specifically developed Matlab® functions based on Cantera open-source suite [10].
The appropriate mixture-averaged diffusion coefficient 𝐷𝑘𝑚 is computed as [7]:
𝑁𝑠

𝑁𝑠

𝑗=1,𝑗≠𝑘

𝑗=1,𝑗≠𝑘

𝑋𝑗
𝑌𝑗
1
𝑋𝑘
= ∑
+
∑
𝐷𝑘𝑚
𝐷𝑘,𝑗 1 − 𝑌𝑘
𝐷𝑘,𝑗

(4)

The total exergy loss is obtained by the Gouy-Stodola theorem [11]:
𝐸̇𝑙𝑜𝑠𝑠 = 𝑇0 𝛾𝑡𝑜𝑡

(5)
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Here, 𝛾𝑡𝑜𝑡 = 𝛾ℎ𝑐 + 𝛾𝑑𝑖𝑓𝑓 + 𝛾𝑟𝑒𝑎𝑐𝑡 is the total entropy generation and the subscript 0 refers
to the exergy reference environment that is assumed to be, in accordance with [12],
the ideal gas mixture modeling Earth’s atmosphere reported in Table 1.
Table 1. Molar Fractions and standard chemical exergy at P0 = 101,325 Pa and T0
= 298.15 K of constituents of the reference environment.
Substance
Partial Pressure [kPa]
Molar Exergy [kJ/mol]
N2
75.78
0.72
O2
20.39
3.97
CO2
0.0335
19.87
H2O
2.2
9.49
Ar
0.906
11.69
Others
2.0155
The total exergy loss ratio is calculated as [9]:
𝑇0 ∫ 𝛾 ⅆ𝑥
(6)
𝐸𝑙𝑜𝑠𝑠 =
𝐸𝑓
where 𝐸𝑓 is the initial chemical exergy carried by the fuel-air mixture. It is defined
as the product between the chemical exergy per unit mass of the unburned mixture,
the density of the unburned mixture and the laminar flame speed:
𝐸𝑓 = 𝐸𝑢 𝜌𝑢 𝑆𝐿
(7)
Results
Figure 1 shows the entropy generation rates due to heat conduction, mass diffusion,
and chemical reactions and the temperature profile of premixed laminar flame of
hydrogen/air and 50%H2-50%CO/air mixtures at stoichiometric conditions, inlet
mixture temperature of 300 K and atmospheric pressure.

Figure 1. Entropy generation and temperature profile of premixed laminar flame at
φ = 1, P = 1 atm and at Tu = 300 K: H2 (left), 50%H2-50%CO/air (right).
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The Fig. 1, in accordance with the result of Nishida et al. [4], shows that temperature
and the entropy generation contributions sharply rise at the main reaction zone.
Furthermore, it is evident that the entropy generation due to chemical reactions is the
most important contributions to the total entropy generation for both the fuels
considered. Indeed, it more than doubles the contribution due heat conduction for
the pure hydrogen/air mixture and it is about 50% larger than heat conduction
entropy generation for 50%H2-50%CO/air mixture. The contribution of mass
diffusion is significantly smaller than the chemical reaction and heat conduction.
Figure 2 shows the exergy loss ratio from each source in the premixed flames of
syngas for different hydrogen content at atmospheric and elevated pressures (P = 50
atm) and at Tu = 300 K and Tu = 600 K.

Figure 2. Exergy loss from each source in the premixed flames of syngas for
different hydrogen content at P = 1 atm and P = 50 atm and at Tu = 300 K and Tu =
600 K.
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The exergy loss ratio for each case studied is computed by considering the
numerically predicted burning velocities reported in Table 2.
Table 2. Laminar flame speed [m/s] of the premixed flames analyzed for different
hydrogen content at P = 1 atm and P = 50 atm and at Tu = 300 K and Tu = 600 K.
Pressure 50 atm
Pressure 1 atm
Tu = 300 K Tu = 600 K Tu = 300 K Tu = 600 K
100% H2
2.236
7.165
0.448
2.203
75%H2-25%CO
1.654
5.615
0.338
1.459
50%H2-50%CO
1.165
4.054
0.271
1.051
25%H2-75%CO
0.760
2.581
0.214
0.758
The Fig. 2 clearly underlines that the reduction of hydrogen content in syngas
reduces the total exergy loss ratio. The same effect can be seen increasing the inlet
mixture temperature. Instead, the increase in pressure has a disadvantageous effect
on the total exergy loss ratio. It is worth to note that heat conduction contribution to
the total entropy generation significantly increases with pressure up to become
greater than the contribution due to chemical reactions at 600 K and 1 atm.
Conclusions
In this work the entropy generation and exergy loss have been analyzed for syngas
premixed flames at different pressures and temperatures. Some important
conclusions can be derived:
• the exergy loss increases with increased hydrogen content, mostly due to the
contribution of chemical reactions;
• at low pressure, the most important contribution to the total exergy loss is
due to the chemical reactions; the increase of inlet temperature scales down
all exergy loss contributions with a major effect on exergy loss due to heat
conduction;
• at high pressure a completely different pattern arises: exergy loss due to heat
conduction becomes comparable (at 600 K) or predominant (at 300 K) with
respect the relative contribution due to the chemical reactions, a result not
commonly observed; by increasing the inlet temperature, only the
contribution related to heat conduction significantly decreases.
Nomenclature
𝛾
Entropy Generation
𝜆
Thermal conductivity
T
Temperature
x
Arbitrary distance normal to
the flame
Density

𝐷𝑘𝑚 Mixture-averaged diffusion

Ns
𝜇
𝜔𝑘
𝐷𝑘,𝑗

Number of chemical species
Chemical potential
Production rate of k-th species
Binary diffusion coefficient

𝐸̇𝑙𝑜𝑠𝑠

Total exergy loss rate
Total exergy loss ratio

𝐸𝑙𝑜𝑠𝑠
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𝑅𝑘

X
Y

coefficient
Gas specific constant of the k- 𝐸𝑓
th species
Mole Fraction of the k-th 𝐸𝑢
species
Mass Fraction of the k-th 𝑆𝐿
species

Initial chemical exergy carried by
the fuel-air mixture
Standard chemical exergy per unit
of mass of the unburned mixture
Laminar flame speed
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Abstract
Oxygenated aromatics are of interest both as components of bio-oils derived from
fast pyrolysis of biomass, and for their potential use as anti-knocking additives. In
this work, we propose a list of reaction classes for the pyrolysis and combustion of
oxygenated aromatics in order to systematize the development of kinetic
mechanisms, along the same line of the traditional approach for n- and iso-alkanes.
Based on our list of reaction classes, we are performing ab initio Transition State
Theory (TST) based Master Equation (ME) calculations of rate constants of
relevant oxygenated aromatic hydrocarbons to derive rate rules. The latest version
of the CRECK kinetic model (1905) was updated and validated on a large variety
of experimental data for phenol and anisole.
Introduction
Bio-oils represent one of the most suitable near-term alternatives to fossil fuels.
Bio-oils are obtained from fast pyrolysis of biomass, producing mostly liquid fuels
with some residual char and fuel gas. The use of vegetables and sugar oils for fuel
production has raised ethical concerns about its competition with food stocks and
its impact on the price of food. Thus, lignin emerged as a promising route for the
production of renewable oxygenated fuels. The complex structure of lignin
potentially leads to the generation of a variety of oxygenated compounds, including
oxygenated aromatics such as anisole, phenol, guaiacol, and catechol. In addition
to bio-fuels, oxygenated aromatics are key intermediates in the oxidation of monoaromatic hydrocarbons (MAHs) (e.g. benzene, toluene, xylene, etc.), which are key
components in gasoline, diesel, and jet-fuels surrogate, as well as key building
blocks for PAHs kinetics, leading to soot formation. However, despite the relevant
role of MAHs in combustion systems, the knowledge of their combustion
characteristic is still limited compared to linear fuels. It is therefore necessary to
establish a systematic approach to the kinetic modelling of these species [1].
Therefore, we started classifying the kinetic mechanism into reaction classes as the
first step to identify most of the possible routes of decomposition/oxidation of the
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reactants. Once these classes were identified, we performed ab initio calculations
for each class and each molecule using EStokTP in order to obtain rate rules. The
updated kinetic model was then validated with kinetic simulations using
OpenSMOKE++.
Reaction classes
Reaction classes identify the different paths of decomposition/oxidation of a
molecule. The list of the main reaction classes for MAHs oxidation are shown in
Table 1, taking phenol as example.
Table 1. Reaction classes for phenol.
Reaction Class
Example
Initiation reactions
C6H5OH+M=C6H5O•+H•
C6H5OH+M=C6H4OH+H•
H-abstraction reactions
C6H5OH+R•=C6H4OH•+RH
C6H5OH+R•=C6H5O•+RH
Ipso-addition reactions
C6H5CH3+OH•=C6H5OH+CH3•
Radical addition/recombination and C6H5O+OH•=C4H5+CO+HCO
decomposition reactions via ring opening
Radical isomerization
C6H5O•=C6H4OH•
Radical decomposition
C6H4OH•=C6H4+OH•
Resonance stabilized recombination
2C6H5O•=DIBZUFR+H2O
Radical recombination
C6H5O•+CH3•=C6H5OCH3
Oxidation reactions
C6H5O•+O2=C6H5CH2O+OH•
Based on the current version of the CRECK kinetic model, about 36 sub-classes
were identified. We started to tackle the main reaction classes, namely Habstractions and ipso-additions.
Computational method
All the kinetic constants were determined using EStokTP [2], a modular
computational environment designed to perform electronic structure, transition
state theory (TST), and master equation (ME) calculations to obtain automatically a
priori predictions of temperature and pressure dependent rate constants. EStokTP
relies on commercial softwares such as Gaussian G09 and Molpro 2010 for
electronic structure calculations, and MESS for Master Equation simulations. A
sketch of the protocol adopted is shown in Figure 1 and explained below. The code
requires as input a guess for the geometries of reactants and products, the type of
transition state to be searched and the theoretical methods to adopt in each step.
After a first optimization of reactants and products, the reaction path is explored by
identifying first the transition state and then the intermediate wells, if present.
Structures, frequencies and hindered rotors are determined for each state at Level 1,
typically using DFT methods. High level single point energies calculations are then
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performed. This is typically the limiting step in terms of computational costs.
Finally, before evaluating the rate constants, an intrinsic reaction coordinate (IRC)
scan is performed both to check the TS and to implement variational TST. Master
equation calculations are then performed with MESS so as to obtain temperature
and pressure dependent rate constants k(T,P).

Figure 1. EStokTP program structure.
Calculations of H-abstractions and ipso-additions for phenol, toluene, benzene and
anisole are in progress (⁓100 rate constant calculations in total). Once all the rate
constants are evaluated, it will be possible to state general rules so that rate
constants for more complex aromatic hydrocarbons (multiple rings, multiple
substitutions) may be derived based on analogy, ensuring consistency within the
kinetic model.
H-abstraction reactions
H-abstraction reactions are relevant in defining the reactivity of the system and the
selectivity to products. Rate constants of the generic reaction R•+ R’H ↔ R’•+ RH
depend on the properties of the abstracting radical and on the type of abstracted
hydrogen, namely the type of bond and the effect of the neighboring moieties.
The potential energy surface of H-abstraction of phenol on OH group and on the
ring is shown, as an example, in Figure 2.
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Figure 2. PES of H-abstraction on phenol.
The rate constants obtained for phenol, toluene, anisole and benzene are illustrated
in Figure 3. In particular, H-abstraction on OH differ by less than a factor 2 on the
hydroxyl moiety and less than a factor 1.3 on the ring side with respect to previous
estimates [3,4]. Furthermore, the constants become comparable around 1500 K.
C6H5OH + H·

C6H5OCH3 + H·

k [cm3 mol-1 s-1]

C6H5CH3 + H·

C6H6 + H·

1.0E+14
1.0E+13
1.0E+12
1.0E+11
1.0E+10
1.0E+09
1.0E+08
1.0E+07
1.0E+06
1.0E+05

Frenklach
RING

0.5

1

1.5

2

2.5
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Figure 3. Rate constants dependence on temperature for phenol, toluene, anisole
and benzene.
Ipso-addition reactions
An example of dependence on temperature of ipso-addition reactions is reported in
Figure 4.
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Figure 4. Temperature dependence of ipso-addition reactions.
Ipso-addition reactions of H on phenol and toluene can form benzene via
subsequent elimination of OH or CH3. According to similar steps, catechol can
form phenol, and guaiacol can form phenol or anisole.
Kinetic simulations
The experimental mole fractions and the simulated profiles for phenol pyrolysis in
nitrogen, (at 1 atm, 1170 K) [5] are shown in Figure 5.

Brezi nsky 1998
Thi s Work
CRECK ol d

Figure 5. Mole fractions of main species from phenol pyrolysis.
The current model reproduces well the decay of phenol and of the main products,
but it still underestimates CH4, C2H2 and C6H6. The benzene profiles, nevertheless,
presents significant improvement due to updated phenol reactivity. It should be
noted that a very limited amount of data is available for phenol pyrolysis and
oxidation in the literature, thus preventing wide range validations and further
encouraging a theory based approach.
The experimental mole fractions [3] and the simulated profiles for anisole
oxidation (φ=0.5, 1 atm) are shown in Figure 6. The improvements brought by the
update of the model with the new kinetic parameters is indeed remarkable.
However, the concentration of benzene is still underestimated.
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Figure 6. Mole fractions of main species from anisole oxidation in JSR [3].
.
Conclusion and further developments
This work discusses the approach to the systematic investigation of MAHs kinetics.
The definition of reaction classes together with theoretical calculations allow the
determination of rate rules that can be extended to more complex systems such as
PAHs, or MAHs with multiple substitutions (e.g. catechol, guaiacol, vanillin, etc.).
The improved performances of the CRECK model updated with our new
calculations supports the robustness of the proposed approach.
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Abstract
This work analyses, experimentally and numerically, the combustion behavior of a
standard jet fuel (Jet-A1). The goal is to demonstrate the ability of a chemical
kinetic model to capture the combustion behavior of a representative real jet fuel in
a well-controlled experiment. Experimental measurements provided by DLR are
used to support and validate the predictions of a chemical kinetic model developed
at CRECK Modeling Lab. Jet fuels contain hundreds of components, therefore, a 9
component surrogate blend was formulated by means of detailed compositional
information and an in-house optimization tool. This surrogate, together with the
kinetic model that describes its combustion chemistry, offers a fundamental tool for
the analysis of the performance of the fuel in practical systems.
Flow reactor experiments
Quantitative species profiles have been measured in the DLR high temperature
flow reactor [1]. This experimental system is capable for in-depth investigation of
the combustion chemistry with respect to main reaction channels and intermediate
species formation in the combustion process since most of the relevant species
formed during the combustion process can be detected simultaneously. The
quantitative species profiles serve as validation targets for the development of
surrogates and kinetic models and allow for estimation of the fuel influence on
emissions in technical combustors. Since comprehensive recent literature on the
applied experimental setup is available [2], [3], only a brief description is given
here.
The system can be divided into two segments: i) the high temperature laminar flow
reactor including gas supply and vaporizer system; ii) a molecular beam mass
spectrometry (MBMS) time-of-flight detection (TOF) system. The reactor exit is
positioned to the sampling nozzle of the MBMS-TOF system and gas is sampled
directly from the reactor outlet and transferred to the high-vacuum detection
system.
The reactor itself features a ceramic tube (40 mm inner diameter, total length of
1497 mm). Premixed laminar flowing gases are fed highly diluted (over 99% Ar)
into the reactor to suppress significant heat release and a self-sustaining reaction.
Conditions are designed to yield constant carbon flow at slightly rich (Φ = 1.2) and
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lean (Φ = 0.8) conditions respectively. The oxidizer (O2) is adjusted according to
the designed stoichiometry. For adjustment of the respective stoichiometry the
hydrogen content of the fuels was determined in high precision by low resolution
pulsed NMR (ASTM D7171), heteroatoms are neglected and the corresponding
carbon content is assumed as the remaining.
The species in the stream exiting the reactor are detected by an electron impact (EI)
time-of-flight (TOF) mass spectrometer (Kaesdorf, mass resolution R = 3000). The
MBMS-TOF system is capable to determine the elemental composition of
combustion intermediates within a C/H/O system. To avoid species fragmentation
at the ionization process, soft electron energies are applied (10.6eV). Additionally,
a residual gas analyzer (RGA), i.e. a quadrupole mass spectrometer, was placed in
the ionization chamber (off beam) and operated at a higher electron energy (70 eV)
allowing for tracking the major species simultaneously to the MBMS-TOF
measurements.
The measurements were performed at constant inlet mass flow with a
monotonically decreasing temperature ramp (-200 K/h) applied to the oven. The
temperature range is chosen from 600 K to 1200K, to cover the regime from
unreacted fuel to full conversion to thermal equilibrium as it occurs in common
combustion processes. Flow conditions are in the laminar regime for all
temperatures and previous studies have successfully reproduced the experimental
results applying a zero dimension (i.e. plug flow) kinetic model calculation [1], [4]
using a predefined temperature profile. Axial temperature profiles for any oven
temperature passed while ramping the temperature are known from the detailed
characterization of the experiment and can be used as boundary condition for the
kinetic model.
Quantitative evaluation was performed following well established methods
described in previous publications [1], [5], [6] by direct binary (species/Ar)
calibration measurements or estimation of the ionization cross section based on the
RICS (relative ionization cross section) method.
The fuel model: a surrogate mixture and the associated kinetic model
Jet fuels contain hundreds of components, many of which are not available in wellvalidated kinetic models currently in use. In order to effectively simulate the
behavior of such complex mixtures, surrogate blends with fewer components are
generally used. The surrogate represents then the first constituent of a fuel model.
In order to facilitate the formulation of surrogate mixtures for jet fuels of practical
interest, the CRECK Modeling Lab developed a fuel surrogate optimization tool.
The optimization of the composition of a fuel surrogate is a multi-target
multidimensional problem (the number of targets to be match can be in the 10s
while the dimensionality is equal to the number of components included in the
palette minus 1) with multiple solutions. Different optimization strategies have
been proposed in literature for this type of problems (machine learning and genetic
algorithms are among them). The optimizer used in this work exploits the
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optimization package available in Matlab® and is inspired by previous literature
work by Narayanaswamy et al. [7].
The fuel palette used in the optimization of the surrogate has been carefully
selected cross-referencing the species available in the CRECK kinetic model and
compositional information on a Jet A-1 fuel obtained through a GCxGC analysis
performed at IFPEN.
The optimization targets used in the process at this stage are cetane number, H/C
ratio, distribution within the different family of components, average molecular
weight, threshold sooting index, density, distillation curve and liquid viscosity.
Additional targets will be added in future works to accommodate more relevant
properties. Not all of these targets are strictly related to the kinetics of the oxidation
of the fuel but, since the ultimate target is to formulate a surrogate fuel which can
be also applied to multi-physics calculations, a general approach has been
followed.

n-decane
n-dodecane
iso-octane
iso-dodecane
iso-cetane
methylcyclohexane
decalin
trimethylbenzene
methylnaphthalene

Jet A-1 surrogate composition (%mol)
24.1
16.4
0.3
0.0
7.9
21.6
10.8
16.9
2.0

Table 1: molar composition of the jet fuel surrogate proposed in this work
The second constituent of a fuel model is the kinetic model describing its
chemistry: in this case the CRECK kinetic model.
The kinetic model by CRECK Modeling Lab is based on a reaction mechanism
core, which includes a detailed kinetic model for small hydrocarbons, and
additional modules for heavier species which can be added depending on the
modeling needs. The core model used in the current version of the CRECK model
[8] is the Aramco 2.3 [9], [10], a kinetic mechanism published by National
University of Ireland – Galway. This model, which includes hydrocarbons up to 3
carbon atoms in size (C3), is the foundation for additional modules covering larger
molecules as in Ranzi et al. [11], [12]. Typically, jet fuels include components
having a number of carbons in the C7-C16 range. Kinetic models for such species
require the determination of a large number of reaction rates whose values have not
specifically measured o calculated. Analogy rules allow to estimate reaction rates
for this molecules. The resulting kinetic model here used covers both high
(>1000K) and low temperature (500-1000K) reactions. The comprehensive model
includes ~ 460 species and ~14000 reactions.
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Thermodynamic properties for all the species in the model have adopted from the
active thermochemical tables [13] or from the online repository compiled by
Burcat [14].
Modeling Results
The modeling results are shown in Figure 1. Although the flow reactor used in the
experiments is a laminar flow reactor with a non-uniform temperature profile, it
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Figure 1: Comparison between measured (dashed lines) and calculated (solid)
species profiles in the DLR flow reactor: Jet A-1, Φ=0.8
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has been shown previously that the plug flow assumption with an imposed
temperature profile allows a quantitative comparison between the data and the
simulations [1], [3]. The composition at the exit of the reactor has been calculated
for each of the three fuels in the temperature range between 800 and 1150K
(nominal temperature) and two equivalence ratios. Since the composition of the
initial fuel is not fully resolved, and a surrogate is used to simulate its combustion,
it is difficult to compare directly some of the species measured by the experiments.
An example is decalin, which can be either a secondary product formed during the
combustion and a fuel component. For this reason, in the following comparisons
we are focusing on the smaller species that are formed during the decomposition
and oxidation of the initial fuel and that may have an impact of the following soot
and NOx formation.
The fuel model (constituted by the combination of the surrogate and the relative
kinetic model) is able to predict satisfactorily the formation of major products
resulting from the oxidation of the Jet A-1 fuel in the DLR flow reactor, O2
consumption and H2O and CO2 formation are accurately reproduced, while H2
formation and CO show relatively small discrepancies. Based on the experiments,
H2 concentration should peak at about 1020K, while the model accurately predicts
its rate of formation but has a slight delay in the onset of the consumption. CO
formation is quantitatively reproduced but slightly delayed, showing a narrower but
sharper peak.
More interesting is the comparison with minor species such as ethylene, acetylene
and other unsaturated compounds. The agreement with these species is very good,
particularly for species up to C3. The model tends to over-predict C4H8 formation
and to underpredict C4H4. For species like C8H10 and C10H8 (xylene and
naphthalene) it is evident that the real fuel used in the experiments contain a certain
amount of these components while the surrogate used in the calculation does not.
Beside the inevitable differences observed at low temperature, where the fuel is not
consumed yet, the model captures the timing of naphthalene and xylene formation
and their consumption, and the variations shown in the experiments with
temperature are correctly captured. Similar observations could be done for the
moderately rich conditions tested in the experiments but these are not reported here
due to space limitations. The full results will be published in future works.
Conclusions
This paper describes the procedures used to characterize the reactivity of a standard
jet fuel from an experimental and modelling perspective.
A Jet A-1 fuel was investigated experimentally using flow reactor experiments and
concentration profiled for a number of species involved in the oxidation process of
the fuel and in the formation of soot were measured over a wide range of
temperatures (800-1150K) and two equivalence ratios (Φ=0.8 and 1.2).
A customized numerical tool was designed and implemented to select suitable
mixtures representing the chemical (and physical) properties of jet fuels of interest
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and a semi-detailed kinetic model reproducing the oxidation mechanism of a
specifically designed fuel surrogate was used to simulate the speciation profile
measured in the flow reactor. Comparisons with literature and new experimental
data collected by DLR were used to validate the model and support the analysis of
the combustion behavior. From the numerical and experimental results it is
possible to conclude that the general modelling framework developed by the
CRECK Modeling Lab has the potential to capture major combustion
characteristics of jet fuels and to reproduce with good accuracy the selectivity
towards different intermediates during their oxidation.
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Abstract
A parametric study on a twin fluid internal mixing burner is presented, that
includes the effect of some construction design improvements, the study of its
performance curve with single and twin fluid, feed at different flow rate and
temperature. Unfired test, performed with air and water as model fluids, are aimed
at understanding the nozzle behaviors in terms of mass flows and volumetric
coefficient at different feed pressures and pressure ratio of the two fluids, thus
helping in tuning up quickly the following fired test. Fired test, with Heavy Fuel
Oil and Steam are aimed at understanding the variations and improvements of
combustion efficiency and pollutant emissions, when some specific constructive
and operative parameters are changed, like the nozzle internal flow and geometry
details, the mass flow rate of steam and fuel, the operative temperature, that is the
parameters expected to play a major role [1,2,3] in the fuel atomization and
subsequent combustion.
Research Framework
The presented activity has been made within the Centro Combustione Ambiente
SpA project “BE4GreenS”, sponsored by Regione Puglia using European founds.
In particular, it is developed in the R&D program related to improving the
Sustainability of boiler burners, firing oil.
Set up: burner, nozzles, cold set-up and fired set-up
The study evolves from a standard production component used in Heavy Oil Fuel
Steam assisted combustion systems with typical [1] fuel mass flow up to 1 kg/s,
corresponding to a power of about 38-40 MWth. The gun has a length up to two
meters, with two coaxial channels, designed to be easily switched with the fuel
either in the inner or outer channel, depending on different design criteria and
plant-specific requirements, with minor installation differencies. The gun hosts at
its end the distributor plate, clamped by the same nozzle head (Fig 1). The
distributor plate geometry controls the two fluids mass flows, thanks to the two
ranges of circular metering holes, and stats their mixing by redirecting the
individual flows. The nozzle head forms the large internal volume where the two
fluid can mix [3] thanks to the long contact time, and hosts the slots through which
the mixture (oil, steam, condensed water) is injected into the burning chamber. The
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possible combination of the different liquid (Oil, Water) and gaseous fluid
(Vapour, Air) in the different channel (Internal, External) used in the present work
is indicated by the fluid and channel initial letters, e.g WI means ‘Water Internal’.

Figure 1. The standard burner distributor plate (left),
clamped by the injector head (right)
The new tested components include geometries where the design parameters are
changed one by one; starting from the standard geometry, the new components
were designed to study the effects and improvements do to swirled mixing,
improved impact mixing, optimized distributor metering geometries, different
injection slot angle and aperture. A “cut off” head, machined for clamping only,
was used to measure some flow parameters of each tested distributor for the cold
tests only.
The “Cold set-up”, a spray rig test facility purposely built for this project, was
designed for test with water and air. It includes an injection box
(3800×2200×1000mm) for water spray collection and possible use of optical
techniques, and some standard equipment for pressurised water and air delivery
and measure (air compressor, water pump, pressure transducers, fluid flow
measuring devices), like in [2]. Some photos of the water-air spray are reported in
Fig 2, a scheme of the set-up in figure 3.

dP = -3. Air=4bar, Water=7bar.

dP = +2. Air=5bar, Water=3bar.

Figure 2. Some photos of the standard nozzle, Water Internal (WI) configuration.
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Figure 3. Scheme of the cold set-up
The “Fired set-up” is the test facility at Centro Combustione e Ambiente, the AC
Boilers owned combustion research center. The main boiler facility is able to
operate in full-scale a boiler burner up to 48 MWth fuel heat input with different
fuels. Designed for best similarity with a real boiler burner flame, it has dimensions
of 12 meters length, 4.5 width and 6.5 height, plus the 2.5 meters hopper.

Figure 4. The “Fired set-up” scheme
Cold test results
From the cold spray test rig, some performance curves of the nozzles could be obtained.
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Figures 5a and 5b shows an example: they reports the results for the standard distributor
plate, tested with its standard nozzle head, and with the “cut-off” head, with each single
fluid (Water or Air) tested alone, fed through either the internal or external channel. For
each combination, the fluid delivery pressure was set at different values, while the mass
flow rate was measured (horizontal axis), thus Volumetric Coefficients Cv could be
calculated, that in this work are defined as follows, with φW and φA rescaling constant

factors, used for the adjustment of the order of magnitude in the graphs.
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𝑚̇𝑎𝑖𝑟 [𝑘𝑔 ∙ ℎ−1 ]
𝑚̇𝑎𝑖𝑟 [𝑘𝑔 ∙ ℎ−1 ]
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[𝑘𝑔 ∙ ℎ−1 ∙ 𝑚𝑏𝑎𝑟 −0,5 ]

[𝑘𝑔 ∙ ℎ−1 ∙ 𝑚𝑏𝑎𝑟 −1 ]

The results show that the water pressure difference follow a typical parabolic
behaviour as a function of its flow rate, so its volumetric coefficient above defined
keeps almost constant along the whole tested range. The large difference between
the internal and external feed configurations depends mostly on the large difference
in the passage areas at the distributor. The cut-off head allow to identify the
pressure losses due to the nozzle head, which are negligible compared to the total
when the water flows inside, and about 10% of the total when it flows outside.
The air pressure loss is much more linear with its flow rate, typical of a choked
flow; its volumetric coefficient is coherently defined and results almost constant
except for an initial increase, when choked flow is not yet established.

a) Blue ●= water pressure (left scale).
b) Yellow ●= air pressure (left scale)
Gray ● = discharge coefficient CV-W (right) Gray ● = discharge coefficient CV-A (right)

Figure 5. Single-fluid fed gun, characteristic curves with standard and cut-off
nozzle. Round symbol ○ = standard nozzle, square symbol □= cut-off nozzle.
Empty symbol ○ = fluid outside, filled symbol ●= fluid inside
The results of a test with both fluids feed at the same time is shown in figure 6. The
configuration shown is “Water Internal” (WI, so also Air External), only the
volumetric coefficients of the fluid are reported, whose variations from the
previous constant values with the fluid alone are due to the presence of the other
fluid. The pressures of the two fluid were set to keep constant their difference
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dP=PAIR-PWATER. The reference value dP=0 means that the two fluid are set at the
same inlet pressure, and when the water flow is changed, the air flow changes as a
consequence. In this case the nearly constant CV for both fluids (green symbols of
figure 6) mean that also the ratio among the two flow rates keeps constant. Note
also the difference from the single fluid configuration: CV-AIR (compare to AE in
Fig 5b) decreases from 6.5 to 5.5, while CV-WATER (compare to WI in Fig 5a)
decreases from 18 to 9, meaning that the air flow reduces the passage available for
the liquid at the mixing chamber inlet. When the two pressure are different, also the
flow ratio is obviously different, and a large pressure shift at constant dP produces
a variation also of the flow rate ratio, reflecting the different behaviours of the two
fluid flows seen in figure 5.

Figure 6. Air(+) and water(×) flow coefficients versus water mass flow rate. Water
internal WI=AE. Series at different values of dP = PAIR-PWATER from -2 to +3 bar
Fired tests and results
The fired tests were performed with different set up configurations, obtained by
some combination of distributors and nozzle heads, flow internal/external switches,
different air-to-fuel ratios (or air excess) measured by the oxygen content in the dry
exhaust gasses, different steam-to-fuel ratios, and fuel preheat temperatures. The
same batch of HFO was used (density of 989 kg/m3, distillation curve starting at
210°C, kinematic viscosity 337 mm2/s @50°C, net calorific value 40.5 MJ/kg,
Nitrogen content 0.57% w/w), preheated at 100-110°C. In figure 7 are reported
some of the most interesting results, that is the NOx and CO emissions reported as
a function of the set O2 exhaust gas content, for few hardware configurations. The
values are the average of 30 instantaneous acquisitions sampled over 150 seconds
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of steady working conditions, each test lasting at least 2 hours due to the transient
period between successive steady states. Tests start with high air excess, and stop
when the CO content shows the abrupt increase usually called smoke point.

Figure 7. Emission performances of the atomizer configurations tested. Y-axis:
exhaust mass content of NOx (○) and CO (∆) per Nm3. X-axis: volumetric content
of oxygen in dry exhaust gases. The same color refer to the same hardware asset.
Conclusions
The parametric study presented allow to identify the design that helps improving
the desired system parameter, for example the use of a fuel with high nitrogen
content may suggest to use the nozzle that minimizes the NOx production, while a
different fuel allow to use the design that minimizes the air excess thus improving
the combustion efficiency.
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Abstract
The increasingly stringent regulations push towards the developments of industrial
combustion systems (boilers, furnaces, and gas turbine) having single digit NOx
emission. A well-known methodology to achieve high combustion efficiency and
low pollutants emission in combustion system is the use of both swirling flows and
staged combustion.
This work reports preliminary experimental results obtained on a research burner
exploiting both swirl and radially staged combustion air. The burner has been
developed at Politecnico di Milano, it is composed by two coaxial co-rotating
swirling jet; an inner premixed jet and an outer swirling air flow. The swirl level of
the outer jet can be regulated independently form that of the inner one.
Experimental results evidence the swirl level of the premixing jet strongly affects
the isothermal flow field structure, the pollutant emissions and flame stability. The
burner operates with low NOx emissions, anyhow a non-monotonic trend is
evidenced by both CO and NOx emissions when varying the equivalence ratio (i.e.
the swirl level) of the premixed jet. Further experimental analysis is required to
improve the burner design and to define the best operating conditions.
Introduction
A well-known methodology to achieve high performances in gas turbine combustor
and burners is the use of swirling flows. The recirculation region originated by
these flows improves mixture formation, promote flame stabilization, reduces
flame length and reduce pollutant emissions [1-5]. Besides, pollutant emissions can
be further reduced by using the staged combustion concept [6-9].
In a previous work a staged burner using non-swirled premixed injectors were
tested; both radial and axial injection into the secondary swirled air were
investigated [9]; results evidenced reduced NOx emissions and not negligible CO
emissions [9]. The primary objective of this research project is to further
investigate the staged combustion concept by using a new premixed injector. The
latter is of swirl-type, and fuel/primary air premixing occurs just upstream of the
exit section, so to avoid flashback issues. Preliminary experimental results about
flame stability, pollutant emissions and flame structure are reported.
Experimental Set-up
Experimental tests are performed on a pilot-scale swirl burner and using natural gas
as fuel. The set-up is composed by an octagonal combustion chamber (80 mm by
side and 290 mm in height) connected to a double co-rotating swirling burner
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having a bottle-shaped structure, Figure 1(a). The fuel and the primary air are
injected by a swirl premixed injector, the latter is composed by two concentric
pipes ending into a cup injection head; primary air and fuel flow in the inner and
outer pipe, respectively, see Figures 1(b) and 2. The injector is designed in such a
way that mixing of primary air and fuel occurs just upstream of the exit section, so
to avoid flashback issues. The secondary air flows in the gap between the premixed
injector and the inner wall of the swirl generator, Figure 1(b). More details can be
found in [10]-[11]. Swirl is generated in both the secondary air and in the premixed
jet by using a tangential plus axial flow injection; the swirl direction is the same for
the two coaxial jets (i.e. they are co-rotating).

(a)

(b)

Figure 1. (a) Photo of the burner. (b) Sketch of the swirl generator and of the
premixed swirl injector.
Air injector

(a)

(b)

Figure 2. (a) Swirl premixed injector, the air injector is extracted from the cup
injection head to show it. (Blue arrows: air. Red arrows: fuels). (b) detail of swirl
generator exit section.
The exit section of the swirl burner has an inner diameter 𝐷 = 36 mm, while the
outer diameter of the premixed injector is 𝑑𝑜𝑜 = 24 mm and its inner diameter is
𝑑𝑖𝑖 = 20 mm, Figure 2(b). The Reynolds number, 𝑅𝑅 = (𝜌𝑉𝑏𝑏𝑏𝑏 𝐷) ⁄ 𝜇, is based
on the nozzle diameter, D, the bulk mean velocity, 𝑉𝑏𝑏𝑏𝑏 , and the dynamic air
viscosity, μ. The bulk velocity is computed as the total volumetric flow rate (total
air+fuel) divided by the area of the exit section, i.e. 𝜋 𝐷 2 ⁄4. Split ratios of the
secondary air, 𝑆𝑆𝑠 , and of the premixed jet, 𝑆𝑆𝑝 , are defined according to
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equations (1). The split ratio quantify the fraction of the mass flow rate injected
tangentially; thus their value set the swirl level imposed to each jet.
𝑆𝑆𝑝 = ṁ ap ⁄(ṁ f + ṁ ap )

𝑆𝑆𝑠 = ṁ atg,s⁄(ṁ atg,s + ṁ aax,s )

(1)

Where ṁ ap , ṁ atg,s and ṁ aax,s are the mass flow rates of the premixing air, of the
secondary tangential air and of the secondary axial air, respectively; while ṁ f is the
fuel mass flow rate. We introduce a global fuel to air equivalence ratio, Φg, based
upon the measured mass flow rates of the fuel (natural gas) and of the total air (i.e.
ṁ atg,s + ṁ aax,s + ṁ ap), and a premixed equivalence ratio, Φp, based on the mass
flow rates of the fuel and the primary air, see equations (2).
Φ𝑔 =

ṁ𝑓
1
𝑓𝑠𝑠𝑠𝑠ℎ ṁatg,s + ṁaax,s +ṁap

Φ𝑝 =

ṁ𝑓
1
𝑓𝑠𝑠𝑠𝑠ℎ ṁap

(2)

In the premixed injector the air is injected tangentially and the fuel axially, Figure
2; thus the premixed equivalence ratio and the split ratio of the premixed stream
cannot be varied independently. The relationship between Φ𝑝 and 𝑆𝑆𝑝 is given by
equation (3) and shown in Figure (3). Being the natural gas almost composed by
methane, we assume 𝑓𝑠𝑠𝑠𝑠ℎ = 9.52.
Φ𝑝 =

1 1−𝑆𝑆𝑝
𝑓𝑠𝑠𝑠𝑠ℎ 𝑆𝑆𝑝

Figure 3. Φ𝑝 vs. 𝑆𝑆𝑝 , values computed using equation (3), 𝑓𝑠𝑠𝑠𝑠ℎ = 9.52.

(3)

Stereo Particle image velocimetry (Stereo-PIV) is employed to characterise the
near field flow patterns under non-reacting conditions. More details on the PIV
system are reported in [10]. Still photographs of the flames are also taken to
document the large variations of flame morphology and to compare with the PIV
maps.
The burner is operated at atmospheric pressure and nominal inlet gas temperature
of 300 K, in overall lean conditions (Φ𝑔 ≅ 0.6), with input thermal power of
≈ 12 − 16 kW and swirl numbers 𝑆 ≈ 1.3 . All mass flow rates are controlled by
thermal mass flow meter with 1% accuracy. A stainless steel probe, mounted on a
cylindrical extension of the conical hood, extracts flue gas to measure the global
emission performance of the burner. The probe is connected to a Testo 360 gas
analyzer to measure CO, CO2, O2 and NOx emissions.
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Isothermal flow field
The structure of the isothermal flow field in the mid plane of the burner were
investigated by means of Stereo-PIV. Despite in combustion condition the flow
field could change due to the heat release from the flame, this analysis provides a
first useful information about the effect of 𝑆𝑆𝑝 . Tests were carried out using air in
place of the fuels, so to simulate the burner operating at a fixed thermal power of
16 kW and at a fixed Φ𝑔 ≅ 0.6. Both the total flow rate and 𝑆𝑆𝑠 are kept constant
and ≅445 Nl/min and 0.5, respectively; while three different values of the primary
split ratio are used: 𝑆𝑆𝑝 = 0, 0.72 and 0.86. When changing 𝑆𝑆𝑝 , the secondary air
is reduced so as to keep the total flow rate constant. At 20 °C the operating
conditions correspond to a 𝑉𝑏𝑏𝑏𝑏 ≅ 7.8 𝑚/𝑠 and 𝑅𝑅 ≅ 19100.

(a)
(b)
(c)
Figure 4. Normalized axial velocity 𝑉/𝑉𝑏 .The black line shows iso-line 𝑉/𝑉𝑏 = 0.
The isothermal mean flow field evidence an almost axisymmetric structure along
with a stable vortex breakdown under all the investigated conditions. Size and
location of the recirculating zone are affected by 𝑆𝑆𝑝 . By increasing 𝑆𝑆𝑝 both the
swirl level and the momentum of the inner jet increases; this at first weakens and
pushes slightly downstream the central recirculation zone, Figure 4(b). Then, at
𝑆𝑆𝑝 = 0.86, the inner jet rules the flow field, the vortex breakdown moves
upstream and its width shrink. A similar effect of 𝑆𝑆𝑝 (i.e. of the premixed
equivalence ratio Φ𝑝 ) on the flow field is evoked for combustion condition by
observing the flame shape, see next section.
Flame stability and flame geometry
Blow off conditions are investigated using two different approaches. In the first
one, the air flow rates are all kept constant while the fuel flow rate is slowly
reduced until flame blow off occurs. The smallest fuel flow rate before blow-off is
taken as the blow-off limit. In the second one, the secondary air is increased until
blow-off occurs; the primary air flow rate, the fuel flow rate, 𝑆𝑆𝑝 and 𝑆𝑆𝑠 are all
kept constant. The highest secondary air flow rate before flame blow-off is taken as
the blow-off limit. For both approaches the starting condition are shown in Table 1.
The experimental results evidence that by reducing the thermal power blow-off
occurs at much leaner conditions as compared to increasing the secondary air,
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compare Figure 5(a) and 5(b). The primary air flow rate results to affect the flame
shape, while the fuel flow rate mainly affects the flame size. On the other side at
fixed 𝑆𝑆𝑠 the secondary air has only a minor effect on both flame shape and size,
see insets in Figure 5(b).

(a)

(b)

Figure 5. Flame stability. (a) Blow-off boundary by reducing fuel flow rate. (b)
Blow-off boundary by increasing secondary air. For all cases 𝑆𝑆𝑠 = 0.5

Table 1. Starting condition for blow-off tests, for all cases Φ𝑔 ≅ 0.6.

Fuel flow rate
Premix air flow rate
Secondary tang. air
Secondary axial air

[Nl/min]
[Nl/min]
[Nl/min]
[Nl/min]

Φ𝑝𝑝𝑝𝑝𝑝𝑝 = 1.5
26.8 (16 kW)
170
130
130

Φ𝑝𝑝𝑝𝑝𝑝𝑝 = 2
26.8 (16 kW)
128
150
150

Φ𝑝𝑝𝑝𝑝𝑝𝑝 = 3
26.8 (16 kW)
85
170
170

NOx and CO Emissions
Emission indexes of NOx and CO, measured at Φ𝑔 = 0.6; 0.8, 𝑆𝑆𝑠 = 0.5 and
𝑃𝑡ℎ = 12 kW, are shown in Figure 6(a)-(b), their values are generally low. At
Φ𝑝 = 8 the flame has an asymmetric shape and impinges on the combustor wall, at
the impinging site flame quenching occurs, likely this justify the higher CO
emission and lower NOx emission observed at that premixing ratio. By decreasing
the global equivalence ratio Φ𝑔 from 0.8 to 0.6 the NOx emission decreases while
the CO ones increases.

(a)

(b)

Figure 6. (a) EINOx. (b) EICO. For all cases 𝑆𝑆𝑠 = 0.5 and 𝑃𝑡ℎ = 12 kW.

42th Meeting of the Italian Section of the Combustion Institute

Conclusions
A preliminary analysis of a research burner exploiting both swirl and radially
staged combustion air has been carried out. The burner features a double coaxial
swirl injector; a central premixed and swirling jet is coaxially injected into an outer
swirling air jet. Due to the injector configuration, the equivalence ratio and the split
ratio (i.e. swirl level) of the central premixed jet cannot be varied independently.
Stereo-PIV measurements, performed under isothermal conditions, evidence a
strong influence of the swirled premixed jet on the flow field. The burner is able to
operate at very lean condition when the central jet is strongly swirled (i.e Φ𝑝 =1.5).
Pollutant emissions are generally low; nevertheless at Φ𝑝 =8 the asymmetric flame,
likely generated by the burner aerodynamics, impinges on the burner wall
increasing CO emission. Further experimental analysis is required to improve the
burner design and to define the best operating conditions.
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Abstract
In this work, the optoelectronic properties of flame-formed carbon particles at the
initial stages of formation and growth was investigated. To this aim, Scanning
Tunneling Spectroscopy technique was implemented and applied for the first time
to characterize soot particles. Two classes of particles, that can be defined as
incipient soot and primary soot particles, have been selectively collected on the
basis of their size distribution. Scanning Tunneling Spectroscopy measurements
was performed to evaluate the energy band gap and the density of states of flameformed soot nanoparticles and to compare them to those of reference materials,
namely coronene and HOPG. The results obtained showed that Scanning
Tunneling Spectroscopy is a powerful tool to investigate the optoelectronic
properties of nanomaterials, with possible application in combustion science and
technology as well as in material science field.
Introduction
In the last decades, carbon-based nanomaterials have attracted considerable interest
from the scientific community because of their unique electronic, optical and
mechanical properties [1]. A wide set of studies indicates that the constituents of
nascent soot particles are mainly PAHs of moderately size (about the size of
ovalene). This was further experimentally determined using high-resolution atomic
force microscopy for the visualization of the molecular building blocks of incipient
soot particles [2]. Many theoretical and experimental works have been devoted to
evaluating the optical properties of flame-formed soot nanoparticles [3]. There is a
large body of evidence indicating a change in the electronic band gap of soot CNPs
during their early stages of transformation dominated by nucleation and growth
processes [4, 5]. More recently, Liu et al. [6] demonstrated quantum dots behavior
of the soot CNPs, in the particle range 4-23 nm, directly produced and collected
from flames.
Among the experimental methods to study topographic and electronic properties of
nanometric samples a powerful technique with atomic resolution is scanning
tunneling microscopy (STM). STM is a tool belonging to the family of scanning
probe microscopies, which is effectively used to retrieve information about the
structural and electronic properties of semiconductors [7]. The working principle of
STM is based on the quantum-mechanical phenomenon of electron tunneling
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through a narrow potential barrier between a metal tip and a conducting sample in
an external electric field. The exponential dependence of tunneling current on the
tip-sample distance is the key element of the STM and allows acquiring wellresolved topographic images with a resolution in the order of 1 Angstrom.
Moreover, the STM can be operated in scanning tunneling spectroscopy mode that
reveals important information about the spatially resolved electronic structure of
surfaces [8]. Particularly, STS measurements provide the current-voltage (I/V)
characteristics and the differential conductance characteristics (dI/dV) of
investigated samples, which in turn provide information about the local density of
states, as well as the edges of the conduction and valence band [9]. In this work we
performed for the first time scanning tunneling microscopy/spectroscopy
(STM/STS) for probing opto-electronic properties, i.e., the energy band gap and
density of states, of flame-formed soot nanoparticles.
Experimental
Soot CNPs were generated in a laminar premixed flame stabilized on a watercooled McKenna burner. The burning mixture was composed by ethylene and air
fed to the burner by two mass-flow controller and mixed together before entering
into the burner. The cold gas velocity was set at 9.8 cm/s and the carbon to oxygen
(C/O) atomic ratio was 0.67, corresponding to a flame equivalence ratio Ф of 2.03.
In this configuration, the flame has a slightly yellow color and is low-sooting. Such
a flame configuration was selected to improve the spatial resolution in the soot
evolution process and to tune particle size.
STM analyses were performed on soot particles extracted from the flame and
deposited on substrates by thermophoretic-sampling. This sampling method
consists in the rapid insertion of a substrate in flame by means of a pneumatic
actuator. Particles are driven by the thermophoretic force from the flame toward
the substrate where they impact and deposit, which is constituted by a mica
substrates coated with a submicron gold layer by vapor deposition.
Characterizations were also performed on reference materials, i.e., graphite and
coronene. A freshly cleaved highly-oriented pyrolytic graphite piece (HOPG, SPI
Grade 1, 10x10x1 mm) was used. Coronene powder (Aldrich, 97%) was
homogenously suspended into chloroform anhydrous (Aldrich, ≥99%) to obtain a 1
mM suspension. The suspension was deposited dropwise on a mica substrate
coated with a submicron gold layer by vapor deposition, and then the solvent was
evaporated by means of a hot plate. STM measurements were performed with a
scanning probe microscope (NT-MDT NTEGRA), at room temperature and 30%
relative humidity on particles collected on mica substrates coated with a submicron
gold layer by vapor deposition. Tips for the microscope were obtained by
mechanically cutting Pt/Ir (80:20%) wires with a diameter of 0.25 mm. STM
topographic images were acquired in constant current mode. The differential
conductance spectra (dI/dV vs Bias Voltage) were then measured in STS mode on
points selected in the obtained STM images. The tip-sample separation during the
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I–V data collection was fixed using the same set-point tunneling current and bias
voltage for each investigated material.
Results and discussion
The flame used to generate carbon nanoparticles (CNPs) has been already
characterized in term of particle size distributions as a function of the height above
from the burner surface (HAB), which in such flame reactor directly corresponds to
a change in residence time [10]. Taking advantage from such previous
measurements, performed with the aim of a Scanning Mobility Particle Sizer, two
flame conditions were selected to produce two classes of size selected particles:
just nucleated CNPs and growth CNPs. The first flame condition selected is
HAB=8 mm, corresponding to the early zone of the soot formation process in our
reactor configuration, in which particles are characterized by monomodal volume
distribution with a mean size <Dm,v> = 3.0 nm. The second flame condition selected
is HAB=14 mm, corresponding to a higher particle residence times in the reactor.
In this flame point, the mean particle size is larger, <Dm,v> = 18.5 nm as growth
reaction pathways have become important.
The electronic properties of the just nucleated CNPs and growth CNPs were
investigated by STS. The differential conductance spectra (dI/dV) measured as a
function of bias voltage, which also correspond to the energy difference with
respect to the Fermi level of the substrate expressed in eV, are approximately
proportional to the local density of states [11]. The positions of the valence and
conduction bands, which are the edges of the energy band gap of the material, were
thus determined from the position of the abrupt change in the slop of dI/dV curve
[12].
STS measurements were preliminarily performed on two reference materials:
HOPG and coronene, which are representative of the two extremes of a carbon
material, a perfect graphite crystal and a molecular crystal. The results are shown
in Figure 1. HOPG, as every metal do not possess a gap between the occupied
states (valence band) and the unoccupied states (conduction band) and the variation
in DOS is relatively small. The bang gap derived from differential conductance
spectrum (Fig. 3b) is equal to 0.02 ± 0.01 eV, which is close to the well-known
zero bang gap of graphite. On the other hand, coronene is a large band gap
semiconductor materials. The measured energy gap obtained from dI/dV spectrum
is approximatively equal to 3.5 ± 0.5 eV, thus in good agreement with previous
measurements reported in the literature for coronene films [13].
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Figure 1. Typical STS conductance spectra measured on HOPG (left) and
coronene (right). Vertical dashed lines locate the position of conduction band and
valence band edges.
STS spectra measured on CNPs are reported in Figure 2. From the position of the
valence and conduction band edges in the differential conductance spectra, the STS
band gap was measured to be 1.6 ± 0.4 eV for <Dm,v> = 3.0 nm CNPs and 0.65 ±
0.2 eV for <Dm,v> = 18.5 nm CNPs. It is worth to note that for both CNPs, dI/dV
curves exhibit some peaks at energy values between the valence band and the
conduction band edges, thus inside the energy band gap. Such energy bands can be
attributed to intra-gap states [14], which are intrinsic surface states possibly
associated to the presence of surface defects or to the presence of disorder inside
the CNPs, like chain-like bridges, dangling bonds and lattice distortion. Further
investigations need to be performed in order to achieve a more precise
interpretation concerning the nature of those intra-gap states and to exclude surface
impurities.

Figure 2. Typical STS conductance spectra measured on 3.0 nm CNPs (left) and
18.5 nm CNPs (right). Vertical dashed lines locate the position of conduction band
and valence band edges.
Figure 3 contains a summary of the electronic band gap obtained by STS analysis
for the flame formed CNPs and the two reference materials, coronene and HOPG.
The mean values of the edges of the conduction and valence band, i.e., HOMO and
LUMO levels, measured by STS are reported with respect to the Fermi energy of
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gold, which is equal to 5.5 eV [15]. From Figure 3 it is possible to state that 18.5
nm CNPs possess optoelectronic properties similar to the features of graphitic
nanomaterials. On the other hand, incipient soot, <Dm,v> = 3.0 nm CNPs, have a
much larger band gap value, which is consistent with a lower graphitization due to
a lower size and a lower stacking order of the aromatic domains composing the
particles. The optoelectronic characteristics of 3.0 nm CNPs are in the middle
between that of graphitic nanomaterials and that of layers of large polycyclic
aromatic hydrocarbons.

Figure 3. Mean values of CB and VB edges measured by STS on coronene, 3.0 nm
CNPs, 18.5 nm CNPs and HOPG with respect to gold Fermi energy (5.5 eV).
Conclusions
In this work, scanning tunneling spectroscopy measurements were implemented
with the aim to probe the energy band gap and the density of states of flameformed soot nanoparticles. Two different types of CNPs were produced, i.e., just
nucleated CNPs, characterized by a mean volume diameter of 3.0 nm, and growth
CNPs, characterized by a mean volume diameter of 18.5 nm. STS measurements
were performed also on HOPG and coronene as reference materials. The results
obtained by STS analysis showed that growth CNPs possess optoelectronic
properties similar to the features of graphitic nanomaterials, while just nucleated
CNPs have a much larger band gap value, in the middle between that of graphitic
nanomaterials and that of layers of large polycyclic aromatic hydrocarbons. The
results herein presented suggest that STS is certainly a powerful and reliable tool to
deeply investigate the optoelectronic properties of flame-formed carbon
nanoparticles.
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Abstract
Liquid fuels are commonly used in combustion systems such as burners, gas
turbine, jet engine, rockets etc. In order to achieve low pollutant emissions and
high combustion efficiency, the liquid fuel has to be finely atomized and dispersed.
Nowadays environmental regulations place stringent restrictions on pollutant
emissions such as carbon monoxide (CO), nitrogen oxides (NOx), particulate
matter etc., thus the exploration of fuel injection technologies able to improve fuel
atomization are of current interest.
The use of a porous element to inject and atomize the fuel has been recently
investigated for application to scramjets [1], liquid rocket engine [2], gas turbine
[3] and internal combustion engine [4], just to cite a few. This work reports some
preliminary results on a porous injector designed at Politecnico di Milano and
currently under study, the injector is composed by a cylindrical element made of
porous aluminum. Differently from other porous injectors [1-4], a two phase flow
occurs inside the porous material. Preliminary experimental results evidence the
atomization process to depend on both liquid and air flow rates; moreover pressure
losses are significant and they increase by increasing the porous injector length, the
liquid flow rate and the air flow rate. Further experimental analysis are required to
characterize the atomizing quality of the injector.
[1] Segal C., Jennett, A. (2018). “Distributed Fuel Injection for Enhanced
Hypersonic Propulsion Performance”. 22nd AIAA International Space Planes and
Hypersonics Systems and Technologies Conference (p. 5253).
[2] Lux J., Suslov D., Haidn O. (2008). On porous liquid propellant rocket engine
injectors. Aerospace Science and Technology, 12(6), 469-477.
[3] Bhayaraju U., Hamza M., Jeng S. M. (2017) “Development of Porous Injection
Technology to Reduce Emissions for Dry Low NOx Combustors: Micromixer and
Swirl Injectors”, ASME Turbo Expo 2017, Charlotte, USA.
[4] Reijnders J., Boot M. D., Luijten C., de Goey L. P. H. (2009). “Investigation of
direct-injection via micro-porous injector nozzle”. Proceedings of the European
Combustion Meeting 2009.
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Abstract
MILD technology allows to significantly reduce the emissions of pollutants that
can be produced by a combustion process, by making use of a strong preheating of
the combustion chamber and an intense recirculation of exhaust gases. CFD
simulations can reduce the costs in terms of time and money related to the
experimental investigation of MILD combustion. In fact, a CFD model is able to
predict the results of an experimental test without actually carrying out it or, vice
versa, allows performing simulations whose results are the starting point for the
design of new experiments. Scientific literature contains many studies on CFD
modelling of MILD furnaces operated with gaseous fuels, while the same does not
apply for the use of liquid fuels. This is a limit because a large number of
commonly used fuels are available in liquid state. Modelling MILD combustion in
these conditions, however, is rather complex; different variables are introduced,
which are often not present with gaseous fuels: chemical complexity, atomization
of liquid droplets and vaporization phenomena. Liquid fuels, at ambient conditions,
are often molecules constituted by a high number of atoms; when they are burnt,
they often follow a complex reaction mechanism, which must be modelled using
sufficiently detailed kinetic schemes and implemented in the CFD code. Since
combustion occurs in vapor phase, a liquid fuel must be sprayed inside the burner
to reduce its surface area and then favor its vaporization; therefore, also these
operations have to be described. The objective of this work was therefore the CFD
modelling of the combustion of liquid n-heptane using detailed kinetics, occurring
inside a laboratory-scale burner operating in MILD conditions. Preliminary results
were satisfactory, as a reasonable agreement between model predictions and
experimental data was found.
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Abstract
In this work, we report the experimental findings of an innovative flue-gas
desulphurization process based on the wet oxidation scrubbing (WOS), using
sodium chlorite (NaClO2) which offers strong oxidizing power even in acid
conditions, generally unfavorable for the absorption of acid gases.
For this reason, it was tested in order to obtain the solubility data of SO2 and
compare them with those in a pure seawater. Experimental results showed that the
solubility of SO2 in sodium chlorite seawater-based solution (0.2% w/w) increased
about 20-30% compared to pure seawater.
Introduction
Flue-gas desulphurization (FGD) units are commonly used for the capture of SO2
deriving from both land combustion stations and marine diesel engine exhausts.
Current regulations on SO2 emissions for land stations and marine transport (IMO
Marpol) are increasingly stringent and force for a prompt development of efficient
processes to increase the desulphurization performances and, at the same time,
allowing a size plant reduction, especially for naval field where the space is very
limited [1,2]. Wet-FGD scrubbers have been generally preferred to dry or semi-dry
processes due to the better removal performance and for minor scale and clogging
problems of the equipment [2,3]. Conventional wet processes can be enhanced with
the use of basic additives in aqueous solution such as ammonia (NH3), caustic soda
(NaOH), or other alkaline compounds, such as a seawater [2,4].
Another interesting alternative could be the use of oxidizing chemicals in aqueous
solution that allow more effective SO2 absorption thanks to oxidative mechanisms
that lead to the formation of sulphates. This technology is able to offer a
considerable saving in terms of capital and operating costs, also associated to a
plant size reduction because requires less water consumption. However, a high
consumption of the oxidizing reagent could be required; hence, an optimization of
its dosage is mandatory.
The current literature on wet oxidation scrubbing identifies the following
substances as chemicals with oxidizing properties: NaClO2 [5], H2O2 [6], Na2S2O8
[7] and FeII-EDTA [8]. Sodium chlorite (NaClO2) is one of the most promising
additives thanks to its oxidizing nature both in alkaline and acidic conditions.
Under acid conditions, NaClO2 has a greater oxidative potential due to the

P3

42th Meeting of the Italian Section of the Combustion Institute

formation of further oxidants, such as ClO2(aq) and Cl2(aq). The correct assessment of
the thermodynamic behavior of oxidative solution towards SO2 is a mandatory step
for the optimization of a wet oxidation scrubber for FGD process.
This work aims to test the oxidative performance of sodium chlorite in seawaterbased solutions by measuring the solubility of SO2 and finally compare it with the
solubility data in a pure seawater [4]. The experiments were performed in a feedbatch bubble column fed with a simulated flue-gas containing SO2 from 100 to
2000 ppmv, using a pure seawater and sodium chlorite (0.1% and 0.2% by weight)
seawater-based as absorbing solutions.
Theory on oxidative absorption of SO2 in chlorite aqueous solutions
SO2 gas can be absorbed by aqueous NaClO2 solutions and oxidized to generate
different ions such as SO32-, HSO3-, SO42-. On contrary, ClO2- is mainly reduced to
ClO- and Cl-. A drawback of sodium chlorite is that it has good oxidizing ability at
low pH, even if acidic conditions are generally unfavorable for acid gases
absorption, such as SO2 [5,9]. Nevertheless, the chlorite solutions allow its capture
by oxidation acidic mechanisms [5,9]. In fact, the low pH values have a strong
impact on the formation of the other strong oxidizers, i.e. ClO2(g) and Cl2(g).
Park et al. [9] suggest that the reaction pathways can be divided into two different
reactive schemes, depending on whether the reaction occurs under acidic
conditions or not. The alkaline oxidation mechanism of SO2(g) in NaClO2 aqueous
solution include the liquid-gas phase equilibrium [4], SO2 hydrolysis reactions in
water [4] and oxidation reactions with chlorite [9]:

SO2( g )

SO2( aq )

SO2( aq ) + 2H 2O
HSO3− + H 2O

(1)
−
3

HSO + H3O

+

(2)

SO32− + H3O+

(3)

2HSO3− + ClO2− + 2H 2O → 2SO42− + Cl − + 2H3O+

(4)

−
3

−
2

2−
4

2SO + ClO → 2SO + Cl

−

(5)
The overall reaction with NaClO2 aqueous solutions could be obtained from the
previous equations (Eqs. (1-5)) as also proposed by Krzyzynska and Hutson [10].

SO2( aq ) + ClO2− + 2H 2O → 2H 2 SO4( aq) + Cl −

(6)

Chien et al. [11] showed with experimental measurements that all the sulphur
present as SO2 into the flue-gas is completely converted to its maximum oxidation
state (i.e. as sulfates), in fact: the standard Gibbs free energy is negative at room
temperature and atmospheric pressure (ΔG°= -853 kJ/mol) for Eq. (6), as
calculated according to Hess’s law using data provided by Perry and Green [12].
The absorption of SO2 with NaClO2 rapidly lowers the solution pH, activating an
acidic oxidation mechanism thanks to ClO2 (ΔG°= -211 kJ/mol) and Cl2 (ΔG°= -98
kJ/mol) formation [9,13].
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5ClO2− + 4H3O+ → 4ClO2( aq ) + Cl − + 6H 2O

(7)

ClO2− + 4H3O+ + 3Cl − → 2Cl2( aq ) + 6H 2O

(8)

The color of solution changes from yellowish (moderately acid pH) rapidly
becoming greenish (strongly acid pH) associated a pungent odor due to chlorinebased gas [9,11]. The overall reactions for SO2 oxidation under acidic conditions
are shown below [5,9]:
5SO2( aq) + 2ClO2( aq) + 6H 2O → 5H 2 SO4( aq) + 2HCl
(9)

SO2( aq ) + Cl2( aq ) + 2H 2O → H 2 SO4( aq ) + 2HCl

(10)

The standard Gibbs free energies of the reactions with chlorine dioxide and
chlorine are -1255 kJ/mol and -223 kJ/mol, respectively.
Kaczur [13] retrieved the standard redox potentials of ClO2-/Cl- (1.59 V), ClO2/Cl(1.51 V), Cl2/Cl- (1.35 V), confirming that ClO2 and ClO2- have similar values,
greater than Cl2. Park et al. [9] observed that oxidation reaction by chlorine was
not predominant since its formation from chlorite decomposition can be considered
as negligible with respect to chlorine dioxide generation. Hence, it is possible to
consider both the oxidation pathways showed in Eq. (6) and Eqs. (9,10) as active
reaction mechanisms under acidic conditions.
Moreover, chlorine-based compounds can be present also in gaseous stream,
determining an additive oxidative mechanism due to ClO2 and Cl2 desorption [10].
Therefore, the reactive mechanism in Eqs. (9,10) taken into account in aqueous
solution must be considered also for the gas phase.
Materials and Methods
The simulated flue-gas was prepared by mixing SO2 (5000 ppmv in N2) with N2
(99.99%) both available in pressurized cylinders supplied by Rivoira Gas (Italy).
The absorbing solutions were a seawater (pH 8.2) and two solutions based on
seawater with sodium chlorite (NaClO2) at 0.1% w/w (pH 8.33) and 0.2% w/w (pH
8.55). Sodium chlorite was purchased from VWR International Chemicals with
technical grade (80% w/w).
The seawater was characterized by ionic chromatography (Metrohm AG, 883 Basic
IC PLUS) and its chemical properties are reported in Flagiello et al. [4]. The pH of
the aqueous solutions was measured with a digital pH-meter (PCE-228 model).
Absorption experiments aimed to assess SO2 solubility data and were performed at
25°C and 1 atm in a feed-batch bubble column consisting in a Pyrex glass vessel
(inner diameter: 30 mm; total length: 300 mm) provided with an external jacket
(42mm i.d.) with recirculating water for a fine-tuning of the system temperature.
The bubble column was equipped with a gas distributor using a porous septum P-2
(40 - 100 micron) for small bubbles formation in order to increase the gas-liquid
contact surface.
Gas flow rate was measured and controlled with two flowmeters (ASA, E52600/A/H model) and gas temperature was kept constant by an Omron PID
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controller. Temperature in the bubble column and at the inlet and the outlet gas
lines were measured by a digital thermometer with three reading channels (PCE
Instruments, T-390 model). Pressure was controlled by two manometers installed
on the inlet and outlet gas lines of the bubble column (WIKA, 232.50 model).
The flowsheet of the experimental device is similar to set-up used in Flagiello et
al. [4], and is showed in Figure 1:

Figure 1. Experimental set-up for SO2 absorption tests.
For each test, 17 g of absorbing solution (MS) was charged into the bubble column
and a constant volumetric flow (Gv= 60 L/h) of simulated flue-gas (C°SO2= 1002000 ppmv corresponding to a mole fraction of SO2 y°SO2= 0.0001-0.002 mol/mol,
balance N2) was fed, until saturation (t*, [s]). Time course of SO2 concentration in
the gas flowing out from the column, CSO2 (or ySO2), was followed with an IR gas
analyzer (ABB O2020®) obtaining the so-called breakthrough curves.
The mass balance on SO2 over the feed-batch column allows calculating the mole
fraction of total SO2 dissolved (xS*) in the absorbing solution at equilibrium with
the initial gas concentration of SO2 (C°SO2), as detailed in Flagiello et al. [4]:

G MWS
x = m
MS
*
S

t =t *

 (y

t =0


SO2

)

− ySO2 dt

(11)

where Gm [mol/s] is the molar flow rate of flue-gas and MWs [g/mol] is the
molecular weight of the absorbing solution.
Results and Discussion
Figure 2 reported the solubility data (A) and pH values of saturated absorbing
solutions (B) obtained during the SO2 absorption in the bubble column, using a
pure seawater and sodium chlorite seawater-based solutions at 0.1% and 0.2% w/w.
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Figure 2. Solubility data (A) and saturated pH values of solutions (B) for SO2
absorption into pure seawater (○), seawater with 0.1% w/w of NaClO2 (□) and
seawater with 0.2% w/w of NaClO2 (◊).
Experimental results in Figure 2 (A) showed an almost linear trend with increasing
SO2 concentration similar to Henry's law for a purely physical absorption, except
for low concentrations where the behavior of the solubility curves is typical of
chemical absorption patterns. When the sodium chlorite content in the solution is
increased, a considerable enhance in SO2 solubility was observed especially for the
seawater-based solution was doped with 0.2% w/w of NaClO2. The solubility
values for pure seawater and for the solution doped with 0.1% of NaClO2 were
very similar, probably because the low chlorite content did not allow a strong
activation of the acidic oxidative mechanisms which leads to additional oxidizers
formation such as chlorine (Cl2) and chlorine dioxide (ClO2). The establishment of
acidic conditions were experimentally observed during the tests; in fact, the two
chlorite solutions rapidly became greenish and then returned yellow light until
transparent when the system reached saturation. The staining sequence was slower
in 0.2% w/w doped solutions and this confirmed that a prolonged activation of the
oxidative mechanisms in acidic conditions improved absorption performance.
The pH of the saturated solutions (Figure 2 (B)) deriving from chlorite addition
(1.5-2.5) were below those retrieved for the pure seawater (3.5-4.0) and this
confirmed a greater quantity of SO2 absorbed and converted into sulfuric acid. In
addition, the results showed that as the chlorite content in solution increased,
increasingly acid pH was reached.
Conclusions
In this work, an innovative study was proposed on wet oxidation scrubbing (WOS)
for the flue-gas desulphurization from coastal combustion stations and marine
diesel engine applications using sodium chlorite as oxidative chemical.
Experimental results showed that the solubility of SO2 increased about 20-30%
compared to pure seawater when chlorite was added to 0.2% by weight, while only
2-9% increase was achieved with 0.1%. The oxidation process, unlike conventional
chemicals such as NaOH, NH3 or other alkaline species, was strongly favored by
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the acidic conditions that prevailed during SO2 capture until the total consumption
of NaClO2. In addition, it was observed that chlorite solutions reach a lower final
pH than pure seawater, confirming a greater amount of SO2 captured.
The equilibrium data retrieved are a mandatory step for a thorough scrubber design
and optimization for WOS unit in order to improve desulphurization performance
compared to current technologies in use.
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Abstract
The increasing interest in the miniaturization of electromechanical devices and the
resulting need for micropower generation (in the range of milliwatts to watts) have
driven the development of microscale combustor. Since hydrocarbon fuels have a
very high specific energy, miniaturized power supply devices with low weight and
long duration have received an increasing interest as suitable alternative to
common batteries. However, as the size decreases, effects of flame-wall interaction
and the related heat losses become more significant in micro and meso-scale
combustor compared to traditional systems. Moreover, reducing the flow residence
time is also responsible of a decrease in the chemical efficiency of the micropower
generation device. The catalytic combustor is particularly appealing for combustion
stability and safety. Considering a meso-scale thermoelectric generator, operating
temperatures lower than those typical of traditional combustion make the catalytic
combustion more suitable for coupling with conventional thermoelectric modules,
preventing the modules degradation.
In this work, two meso-scale thermoelectric generator configurations are developed
and characterized. The generators consist of a catalytic combustor coupled with
conventional thermoelectric modules (TE). The combustors are fueled with
propane/air mixture at stoichiometric conditions and are filled with commercially
available catalytic pellets of Alumina-Platinum (1 wt%) catalysts. The TE modules
are positioned in a thermal chain with the catalytic combustor and the water-cooled
heat sinks. The system is electrically characterized in different ranges of fuel flow
rates at constant power and temperature conditions. The energetic characterization
is performed considering the balance between power input (combustion) and power
output (electrical power produced and dissipated power). Measuring water and gas
flow rate and input/output temperature, ambient and wall temperature, the
dissipated power components (water cooling, wall heat losses, exhaust gas) are
evaluated. In order to obtain chemical efficiency, the exhaust gas composition is
measured with FT-IR spectroscopy. The values of the chemical efficiency obtained
in different experimental conditions are discussed in relation to the overall
efficiency of the thermoelectric generators under study.
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Abstract
Flame spray pyrolysis (FSP) is considered a powerful method to produce
nanoparticles oxides with peculiar and tailored properties, thanks to the possibility
to properly select flame experimental conditions. Particle size is a key parameter in
nanopowder characterization since particle properties are often related to surfaceto-volume ratio. For that, the development of a tool able to follow nanoparticle size
during formation and growth in the flame synthesis is of great interest.
Laser-induced incandescence technique is widely used to provide such information.
In this work, the applicability of the technique to TiO2 nanoparticles in flame spray
synthesis is explored. The flame spray available in the ICMATE laboratory in
Milano is used to produce nanoparticles in powder or deposited on a proper
substrate. In our experimental conditions, the particles present a diameter lower
than 20 nm. The flame under analysis is characterized by a high adiabatic flame
temperature and consequently by a significant emission radiation, which makes
particularly challenging the incandescence measurements. Moreover, fluorescence
emission from titania nanoparticles can strongly influence the incandescence as
well. In order to investigate the feature of the incandescence signal and the
interference with fluorescence, preliminary time-resolved spectral laser-induced
incandescence measurements are carried out on TiO2 nanoparticles deposited on a
glass fiber filter in different laser fluence regimes. Then, spectral measurements are
carried out on the flame spray at different heights above the burner and changing
the acquisition delay time. The analysis proves the applicability and the challenges
in using this diagnostic tool in flame spray synthesis.
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2
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Abstract
In the wide and many-sided framework of biomass exploitation, huge amounts of
residues from agri-food processing at industrial sites are an important issue.
Tomato is the second most cultivated vegetable in the world, and its industrial
transformation represents a traditional, high-quality production in Italy and one the
prevailing industrial activities in the Campania region. The waste peels and seeds
from tomato processing, sent to landfill or used for animal feed, pose a disposal
problem; alternatively, they may be turned into a resource for energy valorization
or extraction of organic constituents as valued chemicals. However, it is necessary
to deal with the high moisture content of peels (up to 75% wt.).
First of all, it is necessary to dry tomato peels and seeds to bring their humidity to a
value final compatible with downstream valorization uses. In order to dry biomass,
hot air drying is a well consolidated technology. However, there is a growing
interest in microwave drying, because this latter technology has been shown to
considerably reduce drying times, with the same raw material.
Almost all microwave dryers, starting form kitchen appliances, work in "constant
magnetron energy" mode. In this work, an experimental program was designed
according to a different approach, with the use of a microwave dryer with “variable
energy of the magnetron”, but “constant drying temperature”; to this end, a
laboratory microwave oven, equipped with instruments for real-time measuring of
temperature (pyrometer) and weight of the sample being tested, a measuring and
monitoring camera, a regulation system for maintaining a constant biomass
temperature and a data acquisition card, all connected to a PC.
Experimental batch tests were carried out "in duplicate" at three different “target”
temperature, i.e., 50, 60 and 70 °C, to investigate the progress of drying, in
particular by recording the decrease of the sample mass over time, until a plateau
value was reached. "Control" tests were also conducted with convective drying at
the same “target” temperatures, after a suitable adaption of the same oven.
The first striking result is that microwave drying times are comparatively much
lower than the convective ones. Then, the experimental results have been carefully
worked out and fitted to a simple, but reliable empirical model: this yielded a
microwave drying kinetics correlation, which was not existing in the scientific
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literature, as a function of the biomass moisture ratio and temperature.
The microwave drying kinetics has been used in a lumped-parameter mathematical
model of a continuous steady-state dryer, and this latter incorporated within an
Aspen PlusTM flowsheet for simplified sizing and simulation studies of the
microwave dryer. Such a flowsheet represents the starting point for subsequent
simulation and exploitation studies aimed at energy valorization (e.g., torrefaction,
gasification, etc.) or recovery of organic constituents.
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SCANNING ELECTRON MICROSCOPY
APPLIED TO A WIDE RANGE OF SOLID
CARBON MATERIALS
L.Cortese
cortese@irc.cnr.it
*Istituto di Ricerche sulla Combustione, Consiglio Nazionale delle Ricerche, P.le Tecchio
80, 80125 Napoli, Italy

Abstract
Spectacular progress of material sciences have been carried out in the last years,
obtaining a number of new carbon materials which enable increasing of people
living standards and improving the production and storage of electric energy. As
materials properties directly depend on their structure, it appears justified to aim at
structure precise and in-depth analysis. Carbon materials structure investigations
have been conducted since a long time ago, however, there is arguably no other
instrument with the breadth of applications in the study of solid materials that
compares with the Scanning Electron Microscopy (SEM). The SEM is critical in
all fields that require morphological and surface characterization, examining
particles size at the nano- to micro-level scale. In particular, SEM analysis reveals
information on external morphology (texture), chemical composition, and
crystalline structure and orientation of materials making up the sample. In most
applications, data are collected over a selected area of the surface of the sample,
and a 2-dimensional image is generated. The present work focuses on the SEM
analysis application on a wide range of carbon materials relevant to the research
studies carried out at Istituto di Ricerche sulla Combustione in Naples, Italy.

P7

!

42th Meeting of the Italian Section of the Combustion Institute

!

NUMERICAL INVESTIGATION OF
CONFINEMENT EFFECTS ON A
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Abstract

In this contribution we numerically investigate the effects of lateral confinement on
a turbulent, non-premixed, LOx-methane jet-flame at supercritical pressure. The
simulations are carried out using a flamelet-based numerical framework capable of
including both non-adiabatic and real-fluid effects. It is found that the confinement
strongly influences the flame flow-field and as the confinement distance increases
the average heat flux insisting on the injector face plate also increases in a more
than linear fashion.

!Introduction

Practical applications requiring high energy densities are often based on chemical
energy conversion based on combustion at elevated pressures. These conditions are
commonly encountered in the combustion chambers of liquid rocket engines (LRE)
which are designed to operate at high pressure in order to achieve elevated
performance and reasonably geometrical dimensions [1]. However, two relevant
technological drawbacks are caused by high-pressure conditions: (i) the chamber
pressure can exceed the critical pressure of the propellants causing mixing and
combustion to occur under supercritical conditions under which the gas mixture
behave as a complex real fluid rather than an ideal gas complicating substantially
the injectors design [2], (ii) increasing the operating pressure implies an almost
linear increase in the wall heat transfer at the walls causing a significant work load
for both the structure and the cooling system [3]. Both of these drawbacks are
currently being tackled by space agencies and related industries in order to develop
low-cost and possibly re-usable high-performance LRE coping with shortened
development time and restricted budgets. In this context computational fluid
dynamics (CFD) is rising as an important tool for the prediction of combustion
chambers operations, such as the estimation of wall heat loads, in order to cope
with restricted budgets and shortened development time of a LRE.
In this work we present a numerical investigation on the geometrical confinement
of a turbulent non-premixed flame emanating from a single element injector in a
combustion chamber at supercritical pressure p0>pcr. In particular, we focus on the
recently proposed propellant combination consisting in liquid-like oxygen (LOx)
and gaseous methane (GCH4) in which the latter has shown some advantages over
the standard space propulsion fuels such as RP1 kerosene and liquid hydrogen. The
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LOx is injected in a liquid-like or transcritical thermodynamic state [4]
characterized by TLOx<Tcr, being Tcr its critical temperature, while GCH4 is
injected in a gas-like or supercritical thermodynamic state with TGCH4<Tcr.
The numerical simulations are carried out using an unsteady Reynolds Averaged
Navier Stokes (uRANS) approach coupled with non-adiabatic flamelet-based
thermochemical manifolds for both real fluids and combustion modeling. Such an
approach, described in detail elsewhere [5,6], allows a consistent and efficient way
of modeling turbulent combustion under trans- and supercritical thermodynamic
conditions. The aim of the present contribution is to understand the effect of
confinement on the jet flame structure and on the resulting heat flux on the injector
face plate.

!Configuration and numerical formulation

The configuration of interest is a standard shear coaxial injector [1] consisting in a
LOx jet surrounded by a faster GCH4 stream. A schematic description of the twodimensional (2D) axis-symmetric configuration used for the numerical simulations
is given in Fig. 1. The lip between the two streams anchor the flame [7] while the
recess of the injector enhances the mixing process allowing a fully established
turbulent non-premixed flame and a complete pseudo-boiling of the liquid-like
LOx-core [4] in the first part of the representative combustion chamber. The
coaxial jets and the ensuing inverse diffusion flame create a large recirculation
region between the injector faceplate and the upper wall of the chamber. These two
walls are considered isothermal and characterized by the same temperature of the
fuel stream while the other walls, such as the lip and recessed part of the injector
are considered adiabatic.
In the present study a fixed recess length R is employed while the lateral
confinement C of the flame is varied in a range of interest in order to understand its
impact on the wall heat flux insisting on the injector faceplate. Moreover two
boundary conditions are used for the upper wall, namely a symmetry condition and
wall condition. The former conditions assume the presence of a symmetrical
injector and therefore is expected to be representative of the injectors clustered in
the central part of an injector plate. The latter is expected to be representative of the
injectors in the proximity of the LRE combustion chamber lateral walls.
Throughout the paper the injector characteristics, such as the velocity and
temperature of the LOx and GCH4 streams, have been kept constant together with
a chamber pressure that is supercritical for both the fuel and oxidizer.
The numerical approach employed for the present study is based on uRANS
approach coupled with a flamelet-based turbulent combustion model. Such an
approach is based on the assumption that a three-dimensional turbulent nonpremixed flame can be globally treated as an ensemble of precomputed, onedimensional, laminar, non-premixed flames, commonly denoted as flamelets. The
flamelet assumption holds as long as the turbulence small scale vortices remain
larger than the chemical reaction regions [8]. Such assumption is commonly
employed dealing with high pressure combustion and in particular in supercritical
pressure environments [5,9].
Operatively the laminar flamelets are obtained as steady state solutions of a
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Figure 1. Schematic description of the confined injector configuration.
prototypical 1D laminar problem using a detailed chemical kinetic mechanism and
a proper real gas equation of state at a given constant thermodynamic pressure p0
[5]. Such flamelets or, more generally, thermodynamic manifolds, can be
expressed, for a non-adiabatic non-premixed flame at supercritical pressure, as
ψ=ψ(Z;χst,ϕH,p0) where ψ represents a generic thermodynamic variable, Z is the socalled mixture fraction, χst is the stoichiometric scalar dissipation rate of the
mixture fraction and ϕH is the enthalpy defect simply defined as the difference
between the transported enthalpy and the enthalpy, at the same Z, of an adiabatic
mixture [10]. Then the averaged values needed by the uRANS solver are obtained
by means of a multi-variate probability density function (p.d.f.) representing, at a
sub grid scale (SGS) level, turbulence-chemistry interactions, see for instance [8]
for the standard procedure. The resulting averaged values are stored in look-up
tables that can be efficiently accessed at run-time by the CFD solver.
The described approach is implemented in the pressure-based uRANS solver
RflameletSmoke [5,6,11] recently developed in the context of the OpenFOAM and
OpenSMOKE [12] open source frameworks. The flameletSmoke solver [12] has
been upgraded with the introduction of a modified Pressure Implicit with Splitting
of Operators (PISO) [13] algorithm as described in [14] in order to increase the
solver stability in the presence of strong thermodynamic non-linearities. Turbulent
fluctuations are modeled using the standard k−ε model while wall functions are
used at the walls avoiding the boundary layers resolution [15].

!Results

The effect of confinement is investigated parametrically, in particular 6 simulations
are carried out using the symmetric boundary condition for the upper wall while 3
runs have been performed using the wall condition.
Figure 2 shows the temperature fields for 3 representative confinements of the
symmetry case with the superimposition of streamlines and mixture fraction
isolines to evidence respectively the recirculation region and flame region. It is
evident that as the confinement increases the recirculation region gets wider and
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Figure 1. Temperature flow fields for three different confinements in the
symmetric boundary condition case, the color code goes from TLOx (blue) to the
maximum temperature (red). The superimposed black isoline represent the flame
region (0.2<Z<0.4) while the white lines represent the flow streamline.
longer. In the presence of a small confinement C the flame remain parallel to the
upper wall and the recirculation is not able to collect hot gas pockets from the
flame. Conversely for large confinement the flame impinges directly on the upper
wall and therefore the recirculation region is capable of including some high

Figure 2. Temperature flow fields for three different confinements in the wall

boundary condition case, the color code goes from TLOx (blue) to the maximum
temperature (red). The superimposed black isoline represent the flame region
(0.2<Z<0.4) while the white lines represent the flow streamline.
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temperature fluid particle. As a result the injector face-plate is invested by a
substantially cold flow for small values of C while higher temperature in the
recirculation region are achieved in the case of high C.
The same phenomenology can be observed, as shown in Fig. 3, if the upper-wall
boundary condition is a non-slip, isothermal wall. Moreover, a slightly longer
recirculation region is shown for the higher C value considered compared to the
symmetric case. This leads to a larger portion of flame that is captured by the
recirculation bubble. Finally the impact of confinement on the wall heat flux
insisting on the injector flace-plate is shown in Fig. 4 where a more than linear
trend is observed.

Figure 4. Left panels: radial profile of wall heat flux on the injector face
plate for various confinements C (same color legend of points in the right
panels). Right panels: spatially averaged wall heat flux as a function of C.
Conclusion
A numerical investigation on the effects of lateral confinement on a turbulent, nonpremixed, LOx-methane jet-flame at supercritical pressure has been carried out
using a flamelet-based numerical framework which includes both non-adiabatic
and real-fluid effects. It has been found that the confinement geometry strongly
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influences the ensuing jet-flame flow-field causing warmer recirculation regions in
the presence of large C values. As a result the heat flux insisting on the injector
face plate increases more than linearly with C.
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Abstract
At the Centro Combustione Ambiente facility, within the “BE4GreenS” R&D
project, sponsored by Regione Puglia using European founds, a series of test is
being performed to analyze the performances of different Heavy Fuel Oil burner
guns and injection nozzles, by varying the operative conditions and some design
parameters. With the aim of improving the parameters design, semi-empirical
models are being developed to predict the system performance. The emission of
NOx and CO are measured and displayed as a function O2, the residual oxygen
content in the exhaust gasses, that depends on the tunable air excess being varied
for each test series. The CO content data are then interpolated by an hyperbolic
function under some hypotheses and simplifications, the first one being that air
excess is always guaranteed, otherwise for an under-stoichiometric combustion the
CO asymptote should be backward inclined instead of vertical but. So two
parameters should be determined experimentally for each test series i: the position
of each vertical asymptote O2lim,i, and the curvature of each hyperbole defined by
the parameter Ki, in the function (O2 - O2lim,i) × CO = Ki . By assuming also that
for similar combustion systems, e.g. the same furnace and the same gun with
similar flame asset and burned fuel, the
parameters Ki, specific for each test series i
can be replaced by a unique parameter K for
that set-up, only the specific O2Lim,i have to be
determined for each series. This can help in
reducing the total number of tests, and
furthermore it allows to reverse the function,
for example to calculate the air excess that
will keep the CO content under a given limit.

A similar linear model for the NOx can then be used to complete the simulation
and help in tuning-up the system operative parameters.
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