Journal of the Brazilian Society of Mechanical Sciences and Engineering
https://doi.org/10.1007/540430-023-04090-4

(2023) 45:168

TECHNICAL PAPER

=

Check for
updates

Statistical analysis of the uniformity of sprays of tire pyrolysis

oil-diesel oil blends

Alexander A. R. Gamboa'*® . Leila R. dos Santos’ - Cristiane A. Martins' - German R. A. Chumpitaz? -

José C. de Andrade? - Joao A. de Carvalho Jr*

Received: 21 May 2022 / Accepted: 7 February 2023

© The Author(s), under exclusive licence to The Brazilian Society of Mechanical Sciences and Engineering 2023

Abstract

Tire pyrolysis oil (TPO) shows promise as alternative fuels, not only for the raw material from which they can be produced
(waste tires), but also their physical characteristics. In this work, the atomisation quality of TPO and its blends with diesel
oil was evaluated from a statistical perspective. A 35 kW Y-jet atomiser, operating at an air-fuel mass ratio (AFR) in the
range of 0.075 to 0.150, was used to produce the fuel sprays. The Log-Normal density function was used to describe the
droplet size distribution of the sprays. Additionally, the d>-law was integrated into the density function to simulate TPO
spray evaporation. The results showed that the increase in TPO in the fuel blend decreased the uniformity of droplet sizes
in the spray, as well as increased the presence of larger droplets. However, operating the atomiser at a AFR = 0.150 reduced
the presence of larger droplets and increased the volume fractions of smaller droplets.
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List of symbols
AFR  Air-fuel mass ratio
DO Diesel oil

f Density function

FO Fuel oil

K Burning rate coefficient, mm? /s
t Time, s

TPO  Tire pyrolysis oil
\% Volume fraction
w Mass fraction
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Wevap  Mass fraction of vapour formed
X Diameter, pm

X3y Sauter mean diameter, pm
Xvymp Mass median diameter, pm

y Dimensionless variable

o Uniformity parameter

1 Introduction

The production of waste tires brings with it the responsibility
to dispose of them properly, aiming for the least impact on
the environment. According to the World Business Council
for Sustainable Development (WBCSD), in its 2019 report,
approximately 30.9 million tonnes of waste tires were pro-
duced in countries covering 89% of the world’s vehicle fleet,
with China being the largest producer (~47%) [1]. In 2020,
approximately 670 thousand tonnes of tires were sold in
Brazil, of which 98.52% were collected as waste. The scrap
tires collected in Brazil are appropriately destined using the
technologies in force (co-processing, lamination, granula-
tion, and pyrolysis), with co-processing (62.10%) being the
main destination, while pyrolysis represents only 0.98% [2].

One of the main disadvantages of using tires directly as
fuel is the difficulty of burning them compared to a liquid
or gaseous fuel. In tire pyrolysis, 63.3, 24.8 and 11.9 mass
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percent of the tire‘s sulphur is distributed among the solid,
liquid and gaseous products, respectively [3]. The solid
product of pyrolysis corresponds to the tire residue after
the loss of its volatile components during thermal degrada-
tion in an anoxic environment, while the liquid and gase-
ous product results from the cooling of the released vapours
to environmental temperature. The volatile content of the
tire can range from 58.76 to 62% of its original mass [4-6],
while plant biomass can contain between 63.8 and 77% [7,
8]. Although plant biomass has a higher volatile content than
tires, the literature indicates [3, 9—11] that the energy content
of tire pyrolysis products (gas and liquid) is higher.

Of the products of tire pyrolysis, the liquid product known
as tire pyrolysis oil (TPO), is particularly attractive for use
as a fuel because it has a viscosity (5.43 cSt) [6], density
(921 kg/m?®) [3], surface tension (0.028 N/m) [12], and high
heating value (46.32 MJ/kg) [13] similar to diesel oil. These
physical properties have motivated research into its applica-
tion in furnaces [14], boilers [15], and compression ignition
engines [6, 13], as well as theoretical evaluations in various
combustion systems [16]. Generally, TPO is blended with
diesel or biodiesel to reduce the sulphur content and improve
the cetane number of the fuel blend [17, 18]. However, the
evaluation of the quality and applicability of TPO has mainly
focussed on combustion emissions and the performance of
thermal plants using this fuel (and blends with diesel/bio-
diesel), ignoring the atomisation process, which is directly
related to combustion efficiency. To illustrate the lack of
work on the processes preceding the combustion of TPO, i.e.
the generation of fuel mist(atomisation) and the evaporation
of the droplet distribution, a search with different word com-
binations in the Scopus database is shown in Fig. 1.

As can be seen in Fig. 1, the keywords included the
generic word “combustion” which was combined with
“spray”’, “atomisation”, “droplet” and ‘“evaporation”. Sub-
sequently, the words “alternative fuel”, “pyrolysis/pyrolytic
oil AND tire” were added to compare knowledge produc-
tion in the area of pre-combustion processes of TPO and
other alternative fuels. The numbers in parentheses indi-
cate the number of documents for the word combinations
corresponding to the base year 1976 to 2021. For exam-
ple, combining the words “combustion”, “evaporation” and
“pyrolysis/pyrolytic oil” resulted in a total of 21 documents.
Based on Fig. 1, a growing trend in the number of published
documents can also be observed, which shows that the com-
bustion processes to date are of great interest in the scientific
community, especially in the field of alternative fuels, as a
deepening of their knowledge makes it possible to know
the advantages and limitations when used as a substitute
for conventional fuels (fossil and depletable) in combustion
equipment. The data show that research on the atomisation
and evaporation of TPO is still scarce, with only 5, 3, 4 and

9% ¢

2 documents found for the keywords “spray”, “atomisation”,
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“droplet” and “evaporation”, respectively. Of the documents
identified for TPO, the articles by Chumpitaz et al. [12],
Williams et al. [14], and Muelas et al. [19] focused on the
study of atomisation and evaporation of TPO and blends
with diesel oil, while the other papers [20, 21], in discussing
their results, used the quality of atomisation (droplet size)
and evaporation of TPO to justify the data obtained, but did
not perform measurements of droplet size, evaporation or
droplet size distribution.

Muelas et al. [19] investigated the combustion charac-
teristics of TPO using a drop tube system and evaluated the
evolution of droplet and flame size, burning rate, soot shell
morphology, occurrence of micro-explosions and soot analy-
sis. A conventional fuel oil with low sulphur content(<10
ppm) (FO) was used as a reference fuel for evaluating the
combustion behaviour of TPO. The main difference between
the fuels were the presence of micro-explosions during the
evaporation of pure TPO droplets, where according to the
authors [19], the same behaviour as other pyrolysis bio-oils
was observed, while the TPO-FO blend (5% by mass of
TPO) evaporated smoothly until the droplet extinguished.
The authors related the presence of micro-explosions during
the evaporation of TPO droplets to the large differences in
volatility between the fuel compounds, which reduced the
overall burning time, although TPO showed an earlier onset
of vaporization than FO. In addition, TPO showed a higher
tendency to form soot compared to FO, which was attrib-
uted to its aromatic-rich nature. According to Turns [22], the
sooting tendency of fuels is lowest to highest in the order of
alkanes, alkenes, alkynes and aromatics.

Muelas et al. [19] reported a variable and time-dependent
burning rate coefficient for TPO, which varied between 0O
and 0.55 mm?/s for evaporation conditions at 0% O,. On
the other hand, Williams et al. [14] used the suspended
droplet technique to determine the value of the burning rate
coefficient of TPO, taking into account the carbon residue
obtained after evaporation and combustion of a droplet of
TPO, so that the corrected burning rate coefficient was 0.75
mm?/s. Williams et al. [14] also measured the burning rate
coefficient for diesel oil (DO) and obtained a value of 0.88
mm?/s. Since the burning rate coefficients of TPO and DO
are close to each other, the enthalpies of vaporization of both
fuels have the same characteristics, which have values of
28.19 and 33.54 kJ/mol, respectively [23]. These similarities
may lead to the conclusion that both fuels burn in the same
way. However, as Muelas et al. [19] have shown, TPO shows
a strong tendency to form soot and carbonaceous deposits
[14], which are directly related to the asphaltene content in
its composition [24].

In the work of Chumpitaz et al. [12], the atomisation
quality of TPO and TPO-DO blends was investigated by
measuring the representative droplet size at different operat-
ing conditions of a 35kW Y-jet atomiser. The representative



diameters measured were the Sauter mean diameter and mass
median diameter using the Malvern Spraytec 2007 laser dif-
fraction system, model STP5936. The authors showed that
the Y-jet atomiser, operating at air-fuel mass ratios (AFR)
between 0.105 and 0.125 can achieve Sauter mean diameter
values of 78 to 40 pm and 68 to 22 pm for TPO-DO blends
containing 2 and 10% TPO, respectively, whose values were
close to those measured for diesel, between 70 and 40 pm
under the same atomisation conditions. However, evaluating
the atomisation quality by measuring representative diam-
eters alone hides information about the droplet size distri-
bution of the spray, which is crucial for simulating spray
evaporation and combustion.
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Therefore, this work aims to evaluate the atomisation qual-
ity of TPO and blends with DO by determining the distribu-
tion parameters of the density function describing the droplet
size distribution of fuel sprays. The distribution parameters are
calculated from experimental data obtained from direct meas-
urements of TPO-DO sprays produced with a 35 kW Y-nozzle
atomiser. Furthermore, the evaporation of the TPO spray is
simulated using the calculated distribution parameters and the
influence of the uniformity of the spray on the evaporation is
evaluated. This work aims to deepen the knowledge of the
atomisation properties of unconventional fuels to reveal their
future as alternative fuels.
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2 Materials and methods

2.1 Fuels

The sample of tire pyrolysis oil (TPO) was donated by
the Brazilian company POLIMIX, which has a capacity
to recycle 85 tonnes of tires per day that are recycled in
a continuous pyrolysis process (rotating reactors) to pro-
duce carbon black, TPO and steel [25]. Meanwhile, diesel
oil (DO) was purchased from Shell, marketed under the
name Shell Evolux Diesel S-10 (sulphur content less than
10 ppm). TPO-DO blends were prepared to evaluate the
influence of TPO on the atomisation quality of the fuel
blend. The blends were designated as 2%TPO, 5%TPO,
10%TPO to indicate the blends with 2, 5, and 10% mass
fraction of TPO, respectively. The characterization of TPO
and DO is described in detail in Chumpitaz et al. [12], as
is the equipment used. Table 1 shows a summary of the
measured properties of the fuels.

Empirical expressions for estimating density, kinematic
viscosity, surface tension, and high heating value of TPO-
DO blends have already been published by the authors of
this work [3].

2.2 Experimental bench

The experimental bench and dimensions of the Y-nozzle
atomiser have been described in detail in a previously pub-
lished article [12]. Malvern Spraytec’s laser diffraction
system, model STP5936, was used to measure the repre-
sentative diameters of the fuel spray jets. This device uses
Mie and Fraunhofer theory, depending on the properties
of the atomised liquid. Since TPO is an opaque liquid, the
Fraunhofer theory was used in this work. The system has
a He-Ne laser with a bean wavelength of 632.8 nm. The
laser bean has a diameter of 10 mm, which individualises
a cylindrical area containing the droplets of fuel spray that
are analysed. Figure 2 shows the data acquisition proce-
dure, the operating conditions of the Y-jet atomiser and
the two representative diameters measured in this work,

Table 1 Properties of TPO and DO [12]

Properties TPO DO

Density at 20 °C [kg/mj;] 920.70 830.19
Kinematic viscosity at 25 °C [¢St] 5.10 3.73
Surface tension at 24 °C [mN/m] 28.09 26.00
High heating value [MJ/kg] 42.02 45.30*

2Gamboa et al. [3]
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¢ Sauter mean diameter (xs,), diameter of a droplet whose
surface-to-volume ratio is equal to that of the entire
spray.

e Mass median diameter (xyp), diameter of a droplet
below (or above) which 50% of the total mass (or vol-
ume) of droplets lies [26].

An air-fuel mass ratio (AFR) of above 0.05 was chosen
because this AFR allows stable x3, and xypm values to be
obtained over a wide range of atomiser operation [27]. The
length of the laser path is entered into the Spraytec system,
which is determined from the spray cone angle [12] and the
distance between atomiser outlet and the laser (100 mm).
The measurement performed with the Spraytec system is
a continuous measurement, as the fuel spray under inves-
tigation corresponds to that produced in furnaces and boil-
ers. This type of measurement allows the system to obtain
measurements with a frequency of 1 Hz, i.e. one measure-
ment every second. The measurements of x5, and xyp pro-
vided by the device correspond to the average of the values
obtained in each test, which lasted 30 s. x3, and xypp Were
chosen to standardise the spray droplets because they make
it possible to determine the course of the size distribution of
the spray droplets and to obtain distribution parameters that
are important for analysing the uniformity and evaporation
of the spray mist.

2.3 Statistical description of the droplet size
distribution in a spray

The statistical analysis allows the representation of the dis-
tribution of a random variable (droplet diameter) to be rep-
resented by distribution parameters such as the mean (x) and
the standard deviation (o). The description of the droplet
size distribution of a spray with only a few statistical param-
eters thus reduces the problem considerably without losing
generality and makes it possible to reconstruct the origi-
nal size distribution. Moreover, the different representative
diameters of the distribution can be determined using these
characteristic statistical parameters, which is a significant
advantage over representing the spray droplet size by only
one representative diameter.

There are several empirical mathematical expressions for
describing the droplet size distribution in a spray, such as the
equations of Rosin-Ramler, Nukiyama-Tanasawa, Log-Nor-
mal, Log-Hyperbolic and Upper Limit [28-32]. Paloposki
[33] showed by means of a statistical analysis of y? tests that
the Log-Normal distribution functions provided a good fit
to the experimental data on the droplet size distribution of
liquid sprays, although lower compared to the Nukiyama-
Tanasawa and Log-Hyperbolic distribution, but their distri-
bution parameters showed greater mathematical stability and
less complexity in determining their values.
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Fig.2 Sequence for obtaining measurements of Sauter mean diameter (x3,) and mass median diameter (xygp)

As described above, in was decided in this work to
apply the Log-Normal density function (f), Eq. (1),

=eo|-5(4) ] O

o\ 2r

fo» =

in the statistical analysis of the uniformity of TPO and TPO-
DO sprays, since it is easy to determine their distribution
parameters using only two representative diameters (x3, and
Xymp)- The random variable y is defined on a logarithmic
scale to simplify Eq. (1). Experience shows that the mean
value u of the density function in (1) is approximately equal
to zero when the variable y is expressed in terms of the
droplet diameter (x) and the mass median diameter (Xypp),
equation (2).

y= ln( a ) @)
XMMD

On the other hand, the standard deviation o, in Eq. (1), repre-
sents the degree of dispersion or variability of the values of
the random variable y. Equation (1) can, however, be rewrit-
ten in the form of the uniformity parameter 6 according to
Eq. (3) and related to the volume of the spray droplets (),

T

Fr5) = % exp [-(6%?)]. 3

where 6 = (o \/5)‘1. It is evident that the smaller the value
of the dispersion ¢ is, the larger will be the uniformity
parameter 6 of the distribution. Thus, the evaluation of the
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uniformity of TPO and TPO-DO sprays is done by compar- ;2
ing the value of & for each droplet size distribution. Fr K, ®)

Then, the volume fraction V of droplets with a diameter less
than or equal to x is determined by Eq. (4),

v= /| A @

‘min

Xmin corresponds to the minimum diameter of the spray
droplets. From Eq. (4), it is observed that f;,(x) = dV /dx
and when x = x,, (maximum diameter) V = 1is obtained.
Equation (4) can also be written in terms of equation (3) as:

x :
dv dy ’
V= ——dx= dy,

/xmin dy dx Ymian(Y) ' (5)
where y.i = In(Xpin /*yump ) < 0, since Xy, < Xy Since
the droplets do not have diameters smaller than x,,;,, or diam-

eters larger than x,,, itresults /7™ f,(x)dx = /"™ £, (y)dy = 0
and A::fv(x)dx = /y::fv(y)dy =0, respectively, so
/x ):"“1 Sydx = /_t:" frdy = 1. Consequently, Egs. (4) and
(5) can be expressed according to Eq. (6).

X y
V=Anmm5/n@® ©)

Furthermore, the representative diameter x,, of order g + p
for a distribution of droplets with diameters between x,;,, and
Xmax €an be determined using the general definition given by
several authors [26, 30, 32], Eq. (7).

/ X973, (x) dx
X — Xmin (7)

ap Xmax

P73, (x) dx

Xmin

Replacing Eqgs. (2) and (3) in (7), and applying a change in
the variables, the representative diameter of order g + p for
the case of a Log-Normal distribution is obtained, accord-
ing to Eq. (8),

+p—6
LL_> ®

Xgp = Xmmp €XP ( 15

Therefore, the uniformity parameter 6 can be calculated from
Eq. (8) when xy;\p and another representative diameter, such
as x3, (¢ =3 and p = 2), are measured, which allows the
effect of TPO on the quality of TPO-DO spray to be evalu-
ated in terms of droplet size uniformity.

2.4 Evaporation of tire pyrolysis oil spray

The evaporation quality of the TPO spray was evaluated
using the d*>-law, according to Eq. (9),
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where x is the droplet diameter at time ¢. The parameter K is
called the burning rate coefficient and depends on proper-
ties, such as droplet and evaporation medium density, the
transfer number and the mass diffusivity [22]. Muelas et al.
[19] reported a time-dependent burning rate coefficient K for
TPO that varied between 0 and 0.55 mm?/s from the start to
the burst of the fuel droplet at evaporation conditions with
0% O,. The micro-explosion of the TPO droplet took place
under almost constant K conditions; moreover, the droplet
burst prevented the measurement of the solid residue at the
end of the evaporation process and the implementation of a
correction of the K value. On the other hand, Williams et al.
[14] determined the K value for TPO using the suspended
droplet technique at room temperature and introduced a cor-
rection factor in the case of TPO due to the rapid mass loss
(high volatility) and the carbon residue at the end of the TPO
droplet combustion. The value given by the authors [14]
for TPO was 0.75 mm? /s, which was constant because the
transient heating period of the droplet was neglected until
temperatures near the boiling point were reached.

Although Eq. (9) ideally models the evaporation of a
single droplet, this equation can be extended to a spray by
using the same idea as Tanasawa and Tesima [34], who
introduce Eq. (9) into the density function of the spray
droplet size distribution with respect to mass. The density
function with respect to spray volume, Eq. (3), behaves
in the same way as the density function with respect to
mass (fiy(x) = dW/dx) if a uniform and constant density
is assumed for the spray droplets. Therefore, the function
fw can be written as depending on evaporation time by
substituting Eq. (9) into (3) and assuming a constant burn-
ing rate coefficient, according to Eq. (10).

2

s xtzzo — Kt
fw@® = exp{ —6%| in
(2 — ki)

(10)

X, corresponds to the droplet diameter of the spray before
the start of evaporation; therefore, Eq. (10) agrees with
Eq. (3) at t = 0 and the values of x,_, lie between the inte-
gration limits of Eq. (6), i.e. x,,;, and x,,,,. The value of x,,;,
changes with the evolution of the evaporation process, since
after a time ¢ the droplets with diameters smaller than \/E
will have completely evaporated, defining a new minimum
value for the droplet size distribution. Therefore, Eq. (10)
can be written generally as in Eq. (11).
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Table 2 Operating conditions and measurements of x3, and Xy of
the TPO spray

Table 4 Operating conditions and measurements of x3, and Xy of
the 5%TPO spray

Operating conditions 100% TPO Operating conditions 5% TPO

Fuel mass flow rate [g/s] 1.75 1.32 1.05 0.88 Fuel mass flow rate [g/s] 1.70 1.28 1.05 0.90
Air mass flow rate [g/s] 0.13 0.13 0.13 0.13 Air mass flow rate [g/s] 0.13 0.13 0.13 0.13
Fuel pressure [bar] 2.05 1.16 1.14 0.56 Fuel pressure [bar] 1.99 1.76 1.52 1.03
Air pressure [bar] 3.46 3.46 3.47 3.46 Air pressure [bar] 3.45 3.44 3.44 3.43
Air-fuel mass ratio, AFR 0.075 0.100 0.125 0.150 Air-fuel mass ratio, AFR 0.080 0.100 0.125 0.150
Sauter mean diameter, x3, [pm] 3330 29.00 28.16 24.25 Sauter mean diameter, x3, [um] 3220 31.60 2938 25.79
Mass median diameter, xyp [pm] 6742 56.16  56.22  48.85 Mass median diameter, xyp [pm]  57.82  57.73  54.80 46.54

Table 3 Operating conditions and measurements of x3, and Xy of
the 2%TPO spray

Table 5 Operating conditions and measurements of x3, and Xy of
the 10%TPO spray

Operating conditions 2% TPO Operating conditions 10% TPO
Fuel mass flow rate [g/s] 1.73 1.28 1.05 0.90 Fuel mass flow rate [g/s] 1.73 1.28 1.05 0.90
Air mass flow rate [g/s] 0.13 0.13 0.13 0.13 Air mass flow rate [g/s] 0.13 0.13 0.13 0.13
Fuel pressure [bar] 2.98 1.57 1.38 1.08 Fuel pressure [bar ] 2.93 1.83 1.31 0.85
Air pressure [bar] 3.47 3.44 3.44 3.44 Air pressure [bar] 3.62 3.52 3.52 3.52
Air-fuel mass ratio, AFR 0.080 0.100 0.125 0.150 Air-fuel mass ratio, AFR 0.080 0.100 0.125 0.150
Sauter mean diameter, x3, [pm] 41.64 3479 3380 31.94 Sauter mean diameter, x3, [pm] 37.55 30.76 29.74 24.14
Mass median diameter, xypmp [pm] 6521 51.77  49.07 45.76 Mass median diameter, xypp [pm]  72.88  57.45 54.57 44.19
dw 5 Each test was conducted with a constant air mass flow
E(x’ 0= N rate (atomising agent) of 0.13 g/s, which allowed to over-
(x B Kt)ﬂ come the fuel injection pressure and a two-fluid operating
(11)  condition of the Y-jet atomiser to be achieved. Otherwise,

—\ 12
ﬂ ,\/Et<)c<xmax

AMMD

exp4 —6° |In

Equation (11) is an ordinary differential equation that can
be solved by numerical integration or by the fourth order
Runge—Kutta method to obtain the evolution of the spray
evaporation process. Subsequently, the mass fraction of
vapour formed W, can be calculated with Eq. (12).

vap

Xmax

W@ =1-W=1- Jw(x) dx 12)

Kt

3 Results and discussion

3.1 Sauter mean diameter and mass median
diameter measurements

Measurements of Sauter mean diameter and mass median
diameter of TPO and TPO-DO (2, 5 and 10% TPO) sprays
are given in Tables 2, 3, 4 and 5, together with the operat-
ing conditions of the 35 kW Y-jet atomiser.

the twin fluid atomiser would have functioned only as a
pressure atomiser, since the atomisation of the fuel would
have been generated mainly by the conversion of pres-
sure energy into kinetic energy and not by the transfer of
momentum of the fluids (air and fuel).

Tables 2, 3, 4 and 5 show the air-fuel mass ratios (AFR)
used in this work, which ranged from 0.075 to 0.150. For
the case of the blends of 2, 5, and 10%TPO, the initial
value of AFR was 0.080. This value was not achieved for
the 100%TPO, which started at AFR = 0.075. The main
reason was the high volatility of the TPO. That differ-
ence was indicated with an asterisk in Fig. 5. On the other
side, the range of AFR between 0.075 and 0.150 was used
because, according to Mullinger and Chigier [27], stable
X3, and xyyp can be achieved over a wide operating range
for AFRs above 0.05. Furthermore, each table shows that
X3, and xyp decrease with increasing AFR, indicating
an improvement in atomisation efficiency as smaller x3,s
correspond to a larger spray area (from the droplet set). A
similar trend is observed for xypp.
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3.2 Fuel spray uniformity

Of the fuel blends investigated, 100%TPO spray had the low-
est values for the Sauter mean diameter for the operating
ranges studied (Table 2), which might suggest that the mass
median diameters should also be the smallest. However,
the experimental evidence showed a different behaviour
(Tables 3, 4, 5), i.e. the lowest values for the mass median
diameter at AFR = 0.100 and AFR = 0.125 were observed
for the blend with the lowest TPO content (2%TPO by
mass). In order to compare the mass median diameter and
the Sauter mean diameter of the fuel blends and the relation-
ship to spray uniformity, the ratio between these values were
plotted as a function of AFR, as shown in Fig. 3.

Figure 3 shows that the 2%TPO spray has the lowest
Xymmp /X3, values, the value of which decreases with increas-
ing AFR. However, the 100%TPO spray has the highest val-
ues compared to the other blends, which are almost constant
in the operating range of the atomiser. The xy;p /X3, values
for 5%TPO and 10%TPO are close to each other and are
between those of 100%TPO and 2%TPO. From Eq. (2), it
can be deduced that, with xy;p /X3, — 1, 6 increases indefi-
nitely, and consequently the fuel sprays with greater uni-
formity (Fig. 3) correspond to those whose Xy /X3, values
are closer to 1. To prove this fact, the xy;p and x;, values
(Tables 2, 3, 4, 5) are used in Eq. (2) to determine the uni-
formity parameter 6 of each spray. The calculated values are
shown in Fig. 4.

Fig. 3 Ratio of mass median 3.0
diameter to Sauter mean diam-
eter as a function of AFR —0- 2%TPO
~&-- 5%TPO
257 £ 10%TPO
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(3]
o
L
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1.5 1
1.0 T T T T
0.06 0.08 0.10 0.12 0.14 0.16
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Fig.4 Uniformity parameter as 1.2
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Sprays —0- 2%TPO
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Figure 4 confirms what was discussed above: 2%TPO
spray shows the greatest uniformity in droplet size distribu-
tion. However, blends containing 5 and 10% TPO show simi-
lar droplet size distribution uniformity as 100%TPO. This
fact may be related to the higher volatility of TPO compared
to diesel, which produces sprays whose droplets lose mass
rapidly, resulting in greater variability in droplet sizes. The
higher volatility of TPO compared to diesel is evident when
comparing their flash points and boiling point ranges: 23 °C
and 78-390 °C for TPO, and > 55 °C and 150-370 °C for
diesel [19, 35, 36].

Thus, it is not sufficient to evaluate the quality of a spray
only on the basis of the Sauter mean diameter, since smaller
Sauter mean diameters result from less uniform sprays,
which affects the quality of vaporisation and combustion of
the fuel spray. Indeed, good atomisation quality results from
the combination of a spray of fine droplets with a uniform
distribution of the droplets, which promotes vaporisation
and subsequent proper mixing with the oxidant to achieve
complete combustion of the fuel [37].

3.3 Droplet size distribution of fuel sprays

This section presents the droplet size distributions of fuel
sprays in terms of volume, Egs. (3) and (6). Equation (3)
provides a direct visualisation of the fuel spray uniformity
level as it uses the dimensionless random variable y defined
as In(x/xyp ), which allows all distribution density func-
tions to be represented with a single mean value (4 = 0).
However, if the distribution density function were repre-
sented as a function of the dimensional random variable x
(droplet diameter), the direct identification of the degree of
uniformity of the spray would not be as evident as in the first
case, since each density function would have its own mean
value. To illustrate this fact, Fig. 5 is shown below.

As explained in Sect. 3.2, a smaller Sauter mean diameter
(or mass median diameter) does not necessarily mean a more
uniform droplet distribution. In Fig. 5a it is not possible to
directly determine which spray has a more uniform droplet
distribution, but it is possible to see which droplet distri-
bution has the smallest mass median diameter. However,
the dimensionless representation of the density function in
terms of volume, Fig. 5b, allows direct identification of the
more uniform droplet distribution. Using the property that
the area under a density function is 1, the curves with the
greatest height will be the curves with the smallest base, i.e.
with a smaller range of droplet sizes (less variability) and
consequently greater uniformity. Therefore, if the uniformity
parameter 6 were not shown in Fig. 5b, it could be seen from
the heights (or bases) of the curves that the droplet distribu-
tion of 2%TPO spray has greater uniformity than that of the
other fuel sprays (5, 10, and 100%TPO).

The droplet size distribution of fuel sprays (Egs. (3) and
(4)) are shown in Fig. 6, corresponding to different operat-
ing conditions (AFR = 0.100, 0.125 and 0.150) of the 35
kW Y-jet atomiser. Equation (3), the cumulative distribution
function, is used to observe the volume fractions represent-
ing the droplets with the largest diameter in the fuel spray.

Figure 6a, c, e shows the cumulative distribution func-
tions for sprays produced with AFRs of 0.100, 0.125 and
0.150, respectively. In these figures, it can be seen that TPO-
DO sprays with TPO mass fractions of 5% or more have
a higher proportion of smaller droplets. For example, the
volume fractions of droplets less than 15 pm in diameter
for the sprays containing 2, 5, 10 and 100% TPO at AFR
= 0.100 were 0.082, 0.110, 0.115, and 0.125, respectively,
while at AFR = 0.150 they increased to 0.094, 0.149, 0.163,
and 0.159. The larger number of smaller diameter droplets
in the sprays produced with a high AFR is mainly due to the
increase in atomising air velocity (constant air duct diam-
eter), which improves the convective mass transfer of the
fuel droplets and the liquid—gas mass transfer exchange.
This effect does not only affects smaller droplets, but also
the larger ones that are undesirable in spray combustion, as
large droplets may not complete their evaporation before
reaching the reaction zone (combustion) and may collide
with the walls of the combustion chamber, forming carbon
deposits and products of incomplete combustion (CO and
unburnt hydrocarbons).

In the case of the spray of 2, 5, 10, and 100% TPO, the
volume fractions of droplets above 100 pm, 1 — V(x = 100),
corresponding to AFR = 0.100, were 0.230, 0.308, 0.310,
and 0.308, respectively, showing the influence of TPO on
the increase in larger droplets in the fuel spray. The Y-jet
atomiser operated at a higher AFR produces more uniform
sprays and reduces the proportion of larger droplets. At a
AFR value of 0.150, the volume fractions of droplets larger
than 100 pm for sprays containing 2, 5, 10, and 100% TPO
decreased by 22.6, 21.92, 26.19, and 11.50%, respectively,
of the value corresponding to the fractions at a AFR value of
0.100. The use of a higher air mass flow rate during atomisa-
tion not only improves the quality of the sprays, but also the
combustion quality of the TPO-DO blend, which requires
high air-fuel ratios to produce stable flames with high flame
temperatures and lower emissions (CO and UHC) [38].

On the other hand, Fig. 6b, d, f show how the fuel sprays
become more uniform as the AFR increases from 0.100 to
0.150. This is particularly evident in the case of the 2%TPO
spray, whose uniformity parameter 6 increased from 0.793 to
0.834. The TPO spray exhibits lower uniformity, indicating
its high volatility. The high volatility of TPO may be advan-
tageous in the combustion of the fuel spray, as secondary
atomisation of the droplets may occur due to droplet micro-
explosions (disruptive vaporisation) due to the rapid expan-
sion of the volatiles inside, as observed by Muelas et al.
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[19]. However, according to Williams [24], multicomponent
fuels with a wide range of boiling points (such as TPO) may
contain high boiling point components that can thermally
decompose, leading to the formation of coke-like residues
called cenospheres. The amount of stack solids depends on
the asphaltene content of the fuel, which according to Bica-
kova and Straka [39] is about 4.8% by mass in TPO. These
carbonaceous deposits are not only a problem for TPO, but
also for other pyrolysis oils, as shown in the comprehensive
review by Broumand et al. [37] and Panchasara and Ashwath
[40].

Figure 6 shows how proportions of more than 5% TPO
in the fuel blend can change the uniformity of the droplet
size distribution in a spray, even though TPO and DO have

@ Springer

similar physical properties (surface tension and viscosity).
According to Wigg’s equation [41], the mass median diam-
eter of a spray produced with a twin-fluid atomiser depends
mainly on the viscosity and surface tension of the fuel.
Therefore, TPO and DO with viscosity of 5.11 and 3.73 ¢St
and surface tension of 28 and 26 mN/m?, respectively, at 25
°C produce sprays with a mass median diameter and Sauter
mean diameter of similar size, as shown in the previously
published work [12]. In agreement with Broumand et al [37],
efficient combustion of a liquid fuel requires a sufficiently
fine droplet spray with uniform distribution to allow the fuel
to vaporise, mix properly with the oxidant and burn com-
pletely within the limited residence time and volume of the
combustion chamber.
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Fig.6 Droplet size distribution (density function and cumulative distribution function) of fuel spray (2, 5, 10 and 100%TPO) produced by a 35
kW Y-jet atomiser operating at AFR of 0.100 (a, b), 0.125 (¢, d), and 0.150 (e, f)

TPO is an excellent candidate as a fuel for generating
thermal energy for boilers and furnaces, as it not only has
attractive physical properties of atomisation, but also has a
high heating value of 42.2 MJ/kg, which allows it to con-
sume similar mass flows as conventional fuels such as diesel
(45.2 MJ/kg) [3] to generate similar thermal outputs. Addi-
tionally, TPO can be used as a source of chemicals of impor-
tant commercial value (e.g. D-limonene). However, before it

can be used as fuel, TPO needs to be upgraded to reduce the
asphaltene and sulphur content so that large carbon residues
are not deposited on the walls of the combustion chamber
and SO, emissions are inside acceptable limits. Since TPO
has similar properties to diesel oil, the same desulphurisa-
tion methods can be applied, i.e. hydrodesulphurisation,
desulphurisation by oxidation, extraction, adsorption and
precipitation [42].
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3.4 Tire pyrolysis oil spray evaporation

The evolution of spray evaporation was determined by solv-
ing Eq. (11), assuming a minimum and maximum droplet
diameter of 0 and 500 pm, respectively. The maximum diam-
eter of 500 pm was chosen because less than 5% of the spray
volume consists of droplets with diameters above this value,
as shown in Fig. 7. Furthermore, the maximum diameter
chosen is in the range of sizes relevant for combustion appli-
cations, i.e. between 5 and 800 pm [43].

It can be seen from Fig. 7 that the cumulative distribution
curves for the 100%TPO spray generated at AFR equal to
0.125 and 0.100 overlap, that is, they present a very close
droplet size distribution, so they can be expected to show
an equal evaporation evolution. However, the cumulative
distribution curves of the spray generated at AFR = 0.150
present a lower proportion of larger droplets in relation to
the spray generated at 0.075, 0.100 and 0.125. For example,
the spray generated at AFR = 0.150 has a volume proportion
of droplets greater than 70 pm of 0.381, while for sprays
generated at AFR = 0.075, 0.100 and 0.125, this proportion
is 0.487, 0.424 and 0.426, respectively.

The spray evaporation simulation was carried out assum-
ing a constant burning rate coefficient of 0.75 mm?%/s, the
value of which was given by Williams et al. [14], as men-
tioned in section 2.4. The calculations were performed for
TPO only, as the burning rate coefficients of TPO-DO blends
could not be found in the literature. Although the burning
rate coefficient of diesel is known (0.88 mm?/s), its evapora-
tion simulation was not considered in this analysis because
it is directly evident from Eq. (9) that the higher the burning
rate coefficient is, the shorter the droplet evaporation time.

However, since TPO is a fuel for which there are few studies
on evaporation (Fig. 1), it is more attractive to theoretically
evaluate the evolution of spray evaporation using the statisti-
cal parameters of uniformity obtained for each AFR in the
experimental tests of TPO. Figure 8 shows the results for the
TPO spray produced by a 35 kW Y-jet atomiser operating at
a AFR of 0.075 to 0.150.

Figure 8 shows how the mass fraction of droplets with
diameters smaller than 500 pm in the spray decreases with
increasing evaporation time. According to Eq. (9), the mass
fraction of droplets with diameters smaller than 500 pm is
completely evaporated after a time of 0.33 s. For this rea-
son, the graphs in Fig. 8 appear to be the same, as they
were calculated assuming a single x,,,, but there are slight
differences in the amounts of vapour formed during the
evaporation time. For example, after a time of 0.001 s for
AFRs of 0.075, 0.100, 0.125 and 0.150, the mass fractions
of unevaporated sprays are 0.814, 0.791, 0.788, and 0.761,
respectively, i.e. the higher the AFR, the greater the mass
fraction of evaporated droplets for the same time. As can be
seen from Fig. 8a—d that the uniformity parameters do not
show significant differences, so the influence of this param-
eter on the evaporation of TPO cannot be directly state, but
it may be associated with the decrease in the proportion of
larger droplets as AFR increases (see Fig. 7). Nevertheless,
the experiments showed that the Sauter mean diameter for
TPO (Table 2) decreased with increasing AFR, indicating a
correlation between x;, and the mass fraction of the evapo-
rated spray. This fact was already observed by Alkidas [44],
who analytically showed that the evaporation properties of
polydisperse sprays are more strongly correlated with their
initial Sauter mean diameter than with their droplet size

Fig.7 Analysis region of the 1.00
100% TPO spray evaporation 0.95
simulation
------ AFR =0.150
0.80 1 === AFR=10.125
—= AFR =0.100
— AFR=0.075
0.60 1
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0.40 1
0.20 1
0,00 s
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Fig.8 Mass fraction of unevaporated spray of TPO produced by a 35 kW Y-jet atomiser operating at a AFR of a 0.075, b 0.100, ¢ 0.125, and d

0.150

distribution properties. To observe this behaviour, Eq. (12)
is used to calculate the evolution of vapour formation as a
function of time at different AFRs, Fig. 9.

Figure 9 shows the inverse proportionality between the
Sauter mean diameter and the spray evaporation of TPO,
illustrating the influence of this representative diameter on
the fuel evaporation process. In fact, the influence of droplet

size distribution is embedded in the Sauter mean diameter,
as a larger presence of small diameter droplets implies a
larger surface area of the droplet system (spray) and conse-
quently a smaller Sauter mean diameter (x3, ~ Vi /Agpray)-
Since AFR affects both the droplet size distribution (Fig. 6)
and the Sauter mean diameter (Table 2), different AFR val-
ues resulted in different evaporation qualities, as can be seen
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Fig.9 Fraction of vapour
formed from the TPO spray as a
function of evaporation time at
different AFRs
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in Fig. 9. This difference becomes more noticeable when
comparing the evaporation development of sprays produced
with AFR = 0.075 and 0.150. At 0.05 s, for example, the
first spray has evaporated 64% of the original spray, the sec-
ond 70%. Furthermore, it can be seen from Fig. 9 that the
evaporation curves of the sprays produced at AFR = 0.100
and 0.125 overlap, so that it is not possible to distinguish
between them. This fact is mainly due to the fact that both
sprays have similar Sauter mean diameters, 29 and 28.16
pm, respectively. Thus, the Y-jet atomiser with high AFRs
(0.150) produces a TPO spray with greater uniformity and
smaller Sauter mean diameters, which promotes the vapori-
sation of a greater percentage of the spray, which improves
combustion conditions as more fuel vapour reaches the reac-
tion zone and releases greater heat energy that contributes to
the faster vaporisation of the remaining droplets.

4 Conclusions

A theoretical-experimental study based on statistical
techniques was conducted to evaluate the atomisation and
evaporation of TPO and blends with diesel oil. A Log-
Normal density function was used to model the droplet
size distribution of fuel sprays produced by a 35 kW Y-jet
twin-fluid atomiser. The uniformity parameters of the den-
sity function associated with each fuel spray were evalu-
ated as a function of the atomiser operating conditions
(AFR from 0.075 to 0.150). High AFR values showed
improvements in the atomisation quality of the fuel blends
increased the uniformity of the spray and decreased the
Sauter mean diameter. However, mass fractions above 5%
TPO in the fuel blend reduced the uniformity of the spray

@ Springer

and increased the occurrence of droplets with diameters
above 100 pm.

In addition, the evaporation of the TPO spray was evalu-
ated using the d>-law integrated into the Log-Normal density
function. In simulating the evaporation of the TPO spray
produced by the Y-jet atomiser at a AFR in the range of
0.075 to 0.150, droplet diameters of up to 500 pm were
assumed. Increasing the AFR from 0.075 to 0.150 resulted
in an improvement in spray evaporation due to a reduction
in the Sauter mean diameter and an increase in the volume
fractions of smaller droplets. High quality atomisation of
TPO is not sufficient if no sulphur reduction is carried out,
even if the TPO is used as fuel in furnaces and boilers. The
sulphur content not only damages the injection systems of
combustion equipment but also generates emissions of sul-
phur oxides which are harmful to the health of living beings.
The future of TPO as an alternative fuel depends entirely on
the application of effective methods to reduce these sulphur-
containing components without significantly changing its
energetic (calorific value) and physical (surface tension,
viscosity and density) properties.
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