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A B S T R A C T   

The purpose of this work is to study the combustion characteristics of aromatic-enriched tire pyrolysis oil (TPO) 
produced from typical small vehicles and truck tires. Pyrolysis oils (NRTO: natural rubber tire oil and SRTO: 
synthetic rubber tire oil) from two raw radial tire materials were produced and condensed at 25 ◦C and 130 ◦C in 
a three-stage auger pyrolysis reactor under negative pressure. Combustion particularities were acquired using a 
single-droplet suspension combustion device and evaluated by five different indicators: kinetics, flame shape, 
burning rates, flame stand-off ratio (FSR) and mass transfer parameters. It was found that TPO was a potential 
fuel with higher calorific value (40–44 MJ/kg) and lower combustion apparent activation energy (10–40 MJ/ 
mol) than that of bio-oil and solid fuels. Oil produced from synthetic rubber and condensed at 25 ◦C exhibited 
higher stable burning rate (1.93 ± 0.03 mm2/s) than that of nature rubber pyrolysis oil. Comparing with 
traditional fuels, tire oil droplets displayed higher surface local heat transfer coefficient, but the mass transfer 
number (B ≈ 2.5) and FSR (<3.1) under stable combustion conditions were much lower. The combustion 
behavior of TPO has partial similarity with unsaturated hydrocarbons and ester biofuels. The reported results 
support the well-characterized TPO condensates for subsequent atomized combustion in realistic industrial 
burners.   

1. Introduction 

Tire is a category of widely used rubber consumable. Scrap tires 
occupy a large amount of land resources, breed mosquitoes to spread 
diseases, and cause fire disasters, so they are defined as a typical black 
pollution. In total, 1.5 billion tires are scrapped worldwide every year; in 
other words, more than 4 million tires are scrapped per day on average 
[1]. The European Union (EU) issued a ban in 2003 to prohibit the 
disposal of waste tires in landfills due to the long natural degradation 
time and the harm of toxic components, including heavy metals (Mn, Cr, 
Pb, etc.) to soil, plants, and groundwater [2–5]. For these environmental 
reasons, traditional disposal technologies such as direct incineration and 
landfills are not appropriate for waste tires [6]. Converting unrecyclable 
waste tires into alternative oil fuel is a very attractive method to solve 
the pollution problem caused by millions of tires. In contrast with 
traditional ways, biodegradation and pyrolysis are universally consid
ered two effective and environmentally friendly disposal methods. The 

former enhances the nitrification of polymer degradation through 
nitrifying-enriched activated bacterial communities [7] while the latter 
has been highlighted in several works [8–11]. 

The pyrolysis of waste tires at atmospheric pressure is usually per
formed in an inert atmosphere (N2, Ar, He, et al.) at moderate temper
atures of 400–800 ◦C. Raw materials are transformed into light 
noncondensable gas, tar and solid carbon black through thermal 
decomposition for a period of time [12]. One of the major products is 
tire pyrolysis oil (TPO), which is usually applied in energy conversion 
processes as a valuable fuel due to its high calorific value (40–44 MJ) 
[13]. Like bio-oil, TPO with practicality and economic feasibility has 
received widespread attention and introduced a wide range of com
mercial prospects. Diverse studies address the production and applica
tion of mixed fuels through the pyrolysis of waste tires. 

Yaqoob et al. [14] provided a detailed overview of the potential of 
TPO as an alternative fuel for diesel engines, which involved applica
tions related to TPO purification and physicochemical properties. In the 
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process of combining extraction and adsorption, sulfur in TPO can be 
significantly reduced [15,16]. The methods of blending raw TPO with 
two additives (natural zeolite and lime) in different mass ratios, 
hydrodeoxygenation, cracking, and blending TPO with diesel, biodiesel 
(or other fuel) with or without using additives and nanoparticles [17] as 
novel fuels have been proven to be effectual in motivating compression 
ignition diesel engines to work. Various mixtures in the diesel engine 
were tested, and good capability was obtained for low-sulfur tire fuel 
oils [18]. These studies explored the performance of TPO from the 
perspective of environmental improvement and tested the properties of 
diesel engines while using TPO blended fuels without involving its own 
combustion behavior. 

At present, single-particle combustion is the most common method 
to study the combustion characteristics of liquid fuels. Based on single 
droplets, Wang et al. [19] explored the flame diffusion and combustion 
characteristics of two adjacent drops of jatropha oil under atmospheric 
pressure and room temperature (300K). In addition to biofuels, single- 
droplet combustion is typically adopted in studies of petroleum oil 
combustion characteristics and their derivatives [20–23]. Sun et al. [24] 
conducted a microgravity experiment of polyethylene (PE) pyrolysis oil 
droplet combustion on a 3.6-s descending tower with a gravity of 
10− 3–10− 4 g and calculated the mass loss rate of the fuel and the fiery 
heat release rate under microgravity. Muelas et al. [13] immersed a sort 
of free-falling small waste tire oil droplets (150 μm) into the airflow to 
simulate the actual combustion flame of a one-dimensional structure. 

Tires are mainly divided into semi-steel tires and full-steel tires ac
cording to the material and structure. The former is primarily made from 
natural rubber (polyisoprene), whereas the latter is primarily made from 
synthetic rubber (butylbenzene and butadiene). In order to improve the 
pyrolysis efficiency of waste tires and flash point of condensed oil 
products as much as possible, optimize the quality, and combust more 
specifically, this experiment about analyzing combustion characteristics 
of new TPOs in different condensing cases was established as a data 
support for more specific atomization burner designs. 

Herein, natural rubber tire pyrolysis oil (NRTO) and synthetic rubber 
tire pyrolysis oil (SRTO) were selected as typical TPOs. GC/MS was 
utilized to analyze the chemical components of TPOs. TGA and single- 
droplet combustion experiments were performed to study the combus
tion behavior at different condensation temperatures (25 ◦C and 130 ◦C) 
by calculating the thermodynamic energy and capturing droplet com
bustion images for the quantitative analysis and to provide a reference 
for the liquid mist combustion of TPO in engineering applications for the 
first time. 

2. Material and method 

2.1. Preparation and properties of pyrolysis oil 

The raw materials of waste tires used in this research were provided 
by Hangzhou Zhongce Rubber Industrial, and the results of approximate 

and ultimate analysis are shown in Table 1. 
The pyrolysis reaction was conducted in a stepped pyrolysis furnace 

with continuous feeding. Apparatus and internal twin-screw structure 
diagram are shown in Fig. 1. 

Processing capacity of the twin-screw continuous reactor is 10 kg/h 
under a temperature gradient of 425, 450, 475 ◦C. The whole system 
mainly includes feeding device, pyrolysis system, gas discharging lock 
and pyrolysis oil condensation facility. Resistive radiation heating is 
adopted to precisely control the temperature of the pyrolysis furnace, 
and 12 silicon-carbide rods are evenly distributed inside the furnace to 
ensure uniform heating of the pyrolysis chamber. The pyrolysis furnace 
is designed as a form of double spiral, which can prevent the scrap tire 
particles from adhesion due to heat. The transmission speed of the screw 
is adjustable by frequency conversion to ensure that the pyrolysis time of 
rubber in high temperature heating section is maintained at 5 min. 
Exhaust port is connected with a vacuum pump, and pressure in the 
furnace is controlled at about − 30 Pa. In this case, pyrolysis combustible 
gas will not leak out and can be quickly discharged, reducing the sec
ondary pyrolysis reaction. Finally, the pyrolysis gas is condensed by a 
temperature-controllable circulating oil cooling system to obtain py
rolysis oil with different flash points. 

Four condensed oil samples of NRT and SRT were obtained at 130 ◦C 
and 25 ◦C, respectively. Both temperature and pressure data of the 
whole process were collected by an Agilent data acquisition instrument. 
Samples of TPO were centrifuged at a speed of 3000 r/min for 10 min 
after being sealed and stored for 90 days at 25 ◦C, preparing for GC–MS 
analysis. The flash point and density of TPO are shown in Table 2. 

The chemical composition of TPO was analyzed by GC/MS-QP2010 
SE (Shimadzu, Japan), using SH-Rxi-5sil MS capillary column 
(30 m × 0.25 mm inside diameter ×0.25 μm film thickness). Initial oven 
temperature of 40 ◦C was maintained for 5 min, then heated up to a final 
temperature of 300 ◦C at a rate of 10 K/min. After maintaining for 
10 min, the chromatographic column began to cool down. The carrier 
gas was He (analytically pure quality) at a constant column flow of 
1.01 mL/min. Temperatures of the injector, source of ion and connector 
were controlled at 300 ◦C, 250 ◦C, 280 ◦C, respectively. Samples volume 
of 1 μL (100 μL diluted to a final volume of 3 mL in a mixture of CH2Cl2) 
were injected applying a 10:1 split mode. Each integrated peak detected 
was automatically searched in the library, previously being defined in 
NIST 2016. It was supposed that the whole sample was eluted and 
analyzed in the GC–MS chromatogram. The semi-quantitative test re
sults are shown in Table 3-4. 

2.2. Droplets combustion device 

A self-designed single-droplet combustion device was used to char
acterize the evaporation and combustion process of TPO. The entire 
facility refers to the literature [25], and the specific structure is shown in 
Fig. 2. 

The combustion experiments were performed in a 0.28 m3 stainless- 
steel cavity. Optical quartz glass was embedded in the front and back of 
the cavity for easy measurement. In order to support the droplets and 
prevent excessive heat exchange with them, a ceramic wire was selected. 
Compared with the droplet size, the volume of the sealed chamber is 
large enough so that natural convection influence of air on droplets 
combustion can be ignored. A micro-injector was used to generate a 
1.6 ± 0.02 μL of ellipsoid fuel droplets and hang it to the tip of the 
ceramic wire. The diameter of the ceramic wire is much shorter than 
10% of the droplet size. It can be approximated that the droplet 
deformed due to its own gravity and the influence of ceramic wire on the 
droplet during combustion process is able to be neglected [26]. A time- 
delay electromagnetic relay with a resolution of 0.01 s controlled the 
ignition time, and the current flowing through the heating wire during 
ignition was maintained at about 3 A. 

A black/white high-speed CCD camera with a Sigma 105 mm macro 
lens, a frequency of 2000 frames, and an exposure time of 200 μs, was 

Table 1 
Technical, elements and calorific value analysis of waste tire.   

Properties Value 

NRT SRT 

Industrial analysis 

Moisture, ad% 1.59 1.42 
Ash, ad% 10.17 10.39 
Volatile, ad% 61.68 61.70 
Fixed carbon, ad% 26.56 26.49 

Element analysis 

C, ad% 79.88 79.11 
H, ad% 5.35 5.11 
O, ad% 0.57 0.95 
N, ad% 0.39 0.72 
S, ad% 2.05 2.30 

Calorific value Qb, ad (MJ/kg) 36.1 35.9 

ad. Air dry base. 
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used to capture the entire burning process of droplets. The photos were 
processed by ImageJ software to evaluate the droplet diameter, and the 
maximum uncertainty in droplet diameter measurement was estimated 
to be less than 10% [27]. 

Although the actual shape of the droplet is ellipsoidal, its eccentricity 
is less than 0.2 according to image analysis of Fig. 3, so the following 
equivalent spherical volume formula can be used to approximate the 
droplet diameter: 

V =
1
6
× π × dh × d2

w =
1
6
× π × d3 (2-1)  

where dh is the long diameter of the ellipse in Fig. 3, dw is the short 
diameter of the ellipse, d is the diameter of equivalent sphere. 

A ceramic rod with a standard outer diameter of 0.2 mm was utilized 
as a suspension support in order to regard it as a reference for calibrating 
droplet and flame size by adjusting the DPI (≥600), brightness, gray
scale and saturation of the entire picture until each pixel was evidently 
distinguished. The relationship between actual size of the image and 
pixels was approximately 1:36, accordingly the scale of each clear graph 
can be obtained. 

3. Results and discussion 

3.1. Combustion kinetic analysis by Coats-Redfern method 

Fig. 4 shows that the TG-DTG curves of NRTO and SRTO (20 mg) rise 
from the initial temperature of 60 ◦C to 820 ◦C at a rate of 20 K/min 
(carrier gas: air, 50 mL/min; protective gas: N2, 20 mL/min). Long-term 
experiments have proven that the classical chemical reaction kinetics 
Arrhenius Eq. (3-1) is applicable to both solid-phase reactions and most 

Fig. 1. Equipment structure diagram.  

Table 2 
Flash point and density of TPO.   

Properties Valuea 

NRTO SRTO 

Flash point (GB/T 261–2008) 25 ◦C condensation (◦C) <30 <30 
130 ◦C condensaton (◦C) 42.5 52.5 

Density (20 ◦C) Kg/m3 917.4 929.5  

a As received. 

Table 3 
Properties of NRTO.   

25 ◦C 130 ◦C 

Main substance Peak 
area (%) 

Main substance Peak 
area (%) 

C6H6–12 
benzene 1.29 

– – Hexene 8.22 
C7H8 Toluene 7.32 Toluene 2.1 

C8H8–10 

Xylene 5.84 Xylene 3.41 
Ethylbenzene 2.35 Octene 4.6 
Octene 5.0   

C9H12 

Trimethylbenzene 2.4 Trimethylbenzene 0.95 
1-methyl, 2-ethyl - 
benzene 7.84 Olefin 0.96 

C10H12–18 
Limonene 33.81 Limonene 45.05 
Olefin 14.92 Olefin 13.03 

Others 

Sulfurous acid ester 0.56 
Sulfurous acid 
ester 

5.11 

Alkanes (C > 10) 2.13 Alkanes (C > 10) 3.95 
Aminobenzene 1.61 Olefin (C > 10) 3.4   

Aminobenzene 4.47  

Table 4 
Properties of SRTO.   

25 ◦C 130 ◦C 

Main substance Peak 
area (%) 

Main substance Peak 
area (%) 

C6H8–10 
Hexadiene 1.34 

– – 
Cyclohexadiene 0.53 

C7H8 Toluene 2.06 – – 
C8H10 Xylene 3.65 Xylene 2.4 

C10H12–18 

Limonene 47.18 Limonene 43.63 
Olefin 22.45 Olefin 15.46 
P-methyl-1 methyl 
ethyl benzene 

5.83 P-methyl-1 methyl 
ethyl benzene 

7.58 

Others 

Sulfurous acid ester 2.56 Sulfurous acid ester 5.5 
Alkanes (C > 10) 4.54 Alkanes (C > 10) 5.06 
Olefin (C > 10) 1.55 Olefin (C > 10) 4.62 
Aminobenzene 2.38 Aminobenzene 6.03  
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liquid- and gas-phase reactions. 

K(T) = Aexp
(

−
Eα

RT

)

(3-1) 

Based on Arrhenius equation, the total reaction rate of the fuel py
rolysis process is usually characterized by Eq. (3-2). 

dα
dt

= K(T)f (α) (3-2)  

where α represents the weight loss rate during thermal conversion, t is 
heating time, K(T) is the function expression of pyrolysis reaction rate 
with temperature, f(α) means the preset reaction mechanism function, 

and g(α) is the integral form of f (α) [28]. 
The International Federation of Thermal Analysis and Calorimetry 

(ICTAC) recommended multi-step model fitting methods for complex 
reactions in 2020 [29], among which Coats-Redfern method (C-R) [30] 
is a general overall model-fitting method that is widely used to deter
mine single-step and multi-step reaction models for carbonaceous ma
terials. Substituting Eqs. (3-1) into (3-2) and transposing, we obtain the 
parameter estimation of the reaction kinetic expression of C-R method as 
follows: 

ln
[

g(α)
T2

]

= ln
AR
βEα

−
Eα

RT
(3-3) 

A linear regression equation between g(α)T2 and 1T is established by the 
function drawing tool Origin, while activation energy Eα and pre- 
exponential factor A can be obtained through the slope and intercept 
of the regression line, respectively. 

As previously mentioned, the thermal degradation process of TPO 
under air conditions can be roughly divided into two stages according to 
the DTG curve. The kinetic parameters in Table 5 and Table 6 are 
calculated using different reaction models based on thermogravimetric 
data. The results demonstrate that an evident distinction in the apparent 
activation energy (Eα) and pre-exponential factors (A) calculated by 
different reaction model functions (g(α)). Completely different kinetic 
parameter values are observed when the same reaction mechanism 
function is applied to different weight loss stages, which confirms the 
existence of a multi-stage dominant kinetic process [28]. 

The correlation coefficient (R2) of the fitting equation at each stage is 
greater than 0.9, which indicates that the use of the C-R integration 
method to calculate the kinetic parameters of TPO gains a credible ef
fect. In stage I, the fitting results of the 2nd-order reaction function 
models (g(α) = [− ln(1-α)]2 and g(α) = [(1-α)− 2–1]/2) are highly 
consistent, while the reactions in stage II are more complicated because 
many small peaks appear in the DTG curve. Reference [31] states that 
the apparent activation energy range of the first-stage evaporative 
combustion weight loss of oil fuels is generally 30-70KJ/mol. Chemical 
reaction is much easier to proceed at high temperatures, indicating that 
Eα of stage II oxidation reaction will be lower. In stage I, the oxidation 
reactions of -CH and -NH radicals mainly occur, whereas the oxidation of 
-NO is dominant in stage II of SRTO due to its higher nitrogen content. 
Therefore, the main reaction order of stage II (SRTO) is 3 while others 

Fig. 2. Schematic of experimental setup.  

Fig. 3. Size measurement of oil droplet.  
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are all 2. Referring to the literature [31,32], it is eventually confirmed 
that Eα for the reaction of NRTO is close to 31.4 KJ/mol (60–380 ◦C) and 
13.3 KJ/mol (380–660 ◦C); Eα of SRTO is close to 37.2 KJ/mol 
(60–410 ◦C) and 15.8 KJ/mol (410–660 ◦C), which is similar to the air- 
stream combustion kinetic parameters of acetol bio-oil (14.5–50.1 KJ/ 
mol). 

3.2. Droplet and flame shapes 

The GC/MS characterization results reflect that TPO is a complex 
pyrolysis liquid mixed with various carbon-based compounds with large 
molecular weight differences (C6-C15). When one compares fuels, a 
significant difference lies in the appearance of microexplosions of NRTO 
(25 ◦C) and SRTO(25 ◦C), whereas the other fuels, including NRTO 
(130 ◦C) and SRTO(130 ◦C), smoothly evaporated until the droplet 

Fig. 4. TG-DTG curves of NRTO (a) and SRTO (b).  

Table 5 
Calculation results of Eα and A (NRTO) by C-R method.   

Stage I (60–380 ◦C) Stage II (380–660 ◦C) 

Mechanism function g(α) Reaction order (n) Eα (KJ/mol) A (min− 1) R2 Eα (KJ/mol) A (min− 1) R2 

− ln(1-α) 1 11.413 0.927 0.9807 – – 0.979 
[− ln(1-α)]2 2 31.434 175.1 0.998 – – <0.9 
[− ln(1-α)]3 3 51.455 19,650.6 0.9949 8.499 0.966 0.9478 
[(1-α)− 2–1]/2 2 28.951 367.6 0.9868 13.266 10.3 0.9715 

R2. Correlation coefficient of fitted equation. 

Table 6 
Calculation results of Eα and A (SRTO) by C-R method.   

Stage I (60–410 ◦C) Stage II (410–660 ◦C) 

Mechanism function g(α) Reaction order (n) Eα (KJ/mol) A (min− 1) R2 Eα (KJ/mol) A (min− 1) R2 

− ln(1-α) 1 14.207 2.191 0.9946 – – <0.9 
[− ln(1-α)]2 2 37.174 771.2 0.9981 – – <0.9 
[− ln(1-α)]3 3 60.142 167,837.6 0.9987 15.772 10.1 0.9379 
[(1-α)− 2–1]/2 2 37.337 3508.5 0.9751 32.519 1320 0.9134 

R2. Correlation coefficient of fitted equation. 

Fig. 5. Combustion process and micro-explosion of TPO captured by high-speed CCD camera: a) NRTO(25 ◦C); b) SRTO(25 ◦C).  
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disappears. Despite the obvious differences in composition of liquid, the 
phenomenon of microexplosions concur in [21,23] in the combustion of 
bio-oil. It is worth noting that there exists heterogeneous nucleation on 
the solid-liquid surface in suspended combustion system, which means 
stable components crystallize or form a film coating on the surface of a 
two-phase immiscible medium, typically, production of bubbles on solid 
walls. In addition to the ceramic wire in this experiment, since it can be 
used as a heterogeneous nucleation site [13], the huge difference in 
volatility of each compound in TPO condensed at room temperature may 
also cause its microexplosive characteristics. Figs. 5 a) and b) show the 
obvious microexplosion in the initial stage (0.4–0.6 s) of NRTO (25 ◦C) 
and SRTO (25 ◦C). 

Microexplosion is accompanied by severe wrinkles and deformation 
on the surface of the droplet, which is consistent with the PE droplet 
combustion model in [24]. Unlike traditional fuels, pyrolysis oil fuels are 
often mixed with micron-level or larger carbon black particles, which 
are produced during high-temperature pyrolysis. According to previous 
literatures [13,26], heterogeneous nucleation occurs between the solid 
phase and the liquid phase. To better verify the effect of solid carbon 
black on the burst of pyrolysis oil, the SRTO (25 ◦C) with more obvious 
microexplosion phenomenon was selected as the object. Organic filter 
paper (0.22 μm) was utilized to percolate the original oil sample, and 
combustion conditions of 3 mL fuel before and after filtration were 
observed by a digital camera. 

The results are shown in Figs. 6 A) and B). Filamentous sparks burst 
in a short time after the unfiltered liquid was ignited, whereas the 
filtered fuel stably combusted in the porcelain boat. The uneven flame 
front reflects that the solution was not completely homogeneous; 
nevertheless, the liquid did not spray out again after being filtered, 
which indicates that the difference in boiling point and solute distri
bution of the multiple components present does not significantly pro
mote the bursting of TPO. The most likely situation is that during the 
heating process, heterogeneous gasification cores formed between the 
contact surface of the carbon black and the liquid phase inside the 
droplet, which accelerates the bubble generation. Bubbles moved to the 
surface of the droplet, cracked due to the pressure difference, and caused 
microexplosions, as shown in Fig. 6. 

3.3. Burning rate and flame stand-off ratio 

The characteristics of the combustion process were analyzed in more 
detail based on Fig. 5 to extract the varieties of droplet and flame size 

over time, scilicet the burning rate, ignition delay, total combustion time 
and flame stand-off ratio (FSR). Real burning conditions of droplets in 
the air were simulated without additional oxygen injection into the 
chamber. Tests of the same fuel oil were performed more than three 
times to check the repeatability of each experimental procedure. Since 
the response delay time of the electromagnetic relay is less than 0.01 s, 
its impact on the ignition time is considered to be within the acceptable 
error range of the experiment. From the statistical results, the relative 
differences calculated in burn-out time and ignition time of the same 
droplets did not exceed 4.9% and 3.4%, respectively. 

The droplet diameter evolution curves captured by the CCD camera 
at an interval of 0.1 s were processed and are presented in Fig. 7. The 
evaporation section (the first 0.2 s) involved the thermal expansion of 
droplets and evaporation of low-boiling substances separated from the 
oxidized surface. The former positively promoted the extension of 
droplet diameter, while the latter negatively inhibited the development 
of droplet size. Only NRTO(25 ◦C) significantly inflated before ignition, 
which illustrates that the movement of bubbles inside its liquid film is 
dominant compared to the evaporation behavior of components with 
low boiling points. The volume of SRTO abruptly increased after being 
ignited, which could be attributed to the expansion of molecular gaps 
caused by the free radical detachment of high‑carbon cyclic and 
breaking of chain hydrocarbons after the combustion exotherm. After 
ignited, the rate of SRTO droplets surface evaporation is much lower 
than that of boundary expansion caused by internal groups thermal 
movement. The volume of STRO reached the maximum value when the 
combustion system was in dynamic equilibrium, and then droplets 
shrank due to the increase of temperature and evaporation rate. 

The literature [33] found that for the steady combustion of idealized 
uniform droplets, the square of diameter linearly changes with time in a 
completely stable burning state. After an apparent heating-up transient 
period, the variation in d2 with time gradually tended to a constant 
slope, which is called the burning rate (represented by K). For more in- 
depth insight into the relevant parameter of d2, d2-t curves of relatively 
stable combustion were fitted to a 5th-order polynomial function, whose 

derivative described the function of burning rate and time: K = −
d(d2)

dt . 
The results are shown in the right column of Fig. 7. Contrary to the 
notion of the d2-law, the time-independent parameter K of all d2-t curves 
continued to increase to a quasi-stable value. 

This phenomenon is predictable, since the liquid phase exhibits ho
mogenization during the lifespan of droplets, which is ascribed to the 

Fig. 6. Schematic diagram of TPO droplets nucleation and bursting process.  

Y. Zhong et al.                                                                                                                                                                                                                                   



Fuel Processing Technology 226 (2022) 107093

7

constant decomposition of macromolecules into smaller particles. The 
decomposition process is generally accompanied by the swelling phe
nomenon in initial stage of heating. Production of smaller molecules and 
intensification of irregular thermal movement led to inflation, surface 
wrinkles and a sharp increase in the effective contact area between 
droplets and the air, which significantly promoted diffusion combustion. 

From the data of the differential curve, the burning rates of 4 py
rolysis oils in the steady combustion stage (0.6 s–1.5 s) approach 
1.76 ± 0.03 mm2/s, 1.63 ± 0.03 mm2/s, 1.93 ± 0.03 mm2/s, 
1.84 ± 0.03 mm2/s for NRTO(25 ◦C), NRTO(130 ◦C), SRTO(25 ◦C) and 
SRTO(130 ◦C), respectively, which are lower than K of standard kero
sene under atmospheric pressure (2.15 ± 0.05 mm2/s according to 
[25]), precisely due to the higher C/H ratio of TPO. In sharp contrast 
with standard kerosene, n-hexadecane, butanol and other traditional 
fuels, the saturated hydrocarbon content of TPO is less than 10%. In fact, 
aromatics and olefins in kerosene are less than 6%, while the unsatu
ration degree of butanol is 0. Therefore, the relatively higher saturation 
of hydrogen atoms provides a proper interpretation for the shorter burn- 
out time of SRTO compared with NRTO. In addition, the higher burning 
rate (K) at 25 ◦C than that at 130 ◦C can be explained by the micro
explosion, which has been elaborated before, and smashes a consider
able fraction of the droplets in advance. Otherwise, the relatively stable 
combustion behavior suppresses the burnout of droplets, especially for 
NRTO (130 ◦C). 

The burning-rate constant (K) depends on the processes of phase 
change and mass transfer. The classical expression of the mass-transfer 
number (B) can be applied for the TPO droplet as: 

BTPO =

∆hc
v + cpg

(
Tf − Tpy

)

∆hpy
≈ 2.5 (3-4) 

where ∆hc ≈ 42 MJ/kg is the heat of combustion; v = 13.46 is the 
stoichiometric air-fuel ratio [13]; ∆hpy ≈ 1.95 MJ/kg is the pyrolysis 
heat of the solid scrap tire; cpg ≈ 2 KJ/kg-K is the specific heat of fuel. 
Tf ≈ 1473 K and Tpy = 698 K are the average temperature of the com
bustion flame and pyrolysis, respectively. 

The value of BTPO is much smaller than that of heptane (B ≈ 8.5) and 
diesel (B ≈ 11) [14], since the pyrolysis temperature of waste tires (Tpy) 
in formula (3-5) is much higher than the gasification temperature of 
most traditional liquid polymer fuels, which results in a steep increase in 
heat desorption (∆hpy). In addition, for liquid polymer fuels, the surface 
temperature continues to increase even above the pyrolysis point with 
strong internal heat convection. The fuel mass loss rate (m‘f) and mass 
flux (m“f) increase with B [24] as: 

m‘f =
π
4

ρlKd =
2πkl− gd

Cpg
ln(1+B) (3-5)  

m“f =
ρlK
4d

=
2kl− g

dCpg
ln(1+B) (3-6)  

where ρl is the density of the liquid fuel; kl− g is the local thermal con
ductivity of the gas-liquid interface during combustion; K is the com
bustion rate constant; B is the mass transfer number. The obtained K 
values of the 4 TPO droplets are substituted into Eqs. (3-5) and (3-6), and 
the results are displayed in Table 7. Compared to common bio-oils, 
methyl myristate, methyl laurate methyl caprate measured in [33,34] 
and PE (liquid) in [24], TPO at room temperature (293 K) has a much 
higher calculated kl− g, which indicates that greater heat transfer and 
evaporation efficiency can be obtained when TPO is selected as a fuel. 

The flame stand-off ratio (FSR =
df
d ) is widely acknowledged as a 

crucial indicator to evaluate flame diffusion behaviors in droplet com
bustion. Sooty flames captured by a high-speed CCD camera were post- 
processed by ImageJ to quantify the comet flame radial development 
with time. The practical FSRs are displayed in Fig. 8 and show similar 
behaviors of the 4 TPOs (NRTO (25 ◦C), NRTO (130 ◦C), SRTO (25 ◦C), 
SRTO (130 ◦C)). After being ignited, the flame size of all four pyrolysis 
oils sharply fluctuated due to deflagration, whereas the NRTO (130 ◦C) 
exhibited a short-term lag of approximately 0.2 s. This experimental 
result is attributed to the accumulation of fuel vapor near the droplet, 
and the deflagration effect will be considerably weakened when the 
oxygen concentration in the blended gas co-flow is low. OH and O 
radicals become enriched with the increase of intake oxygen concen
tration [35]. In a certain interval, as the oxygen concentration decreases, 
the effective contact area of fuels and oxygen radicals shrink, resulting in 
simultaneous carbonization and oxidation of fuel, and higher soot vol
ume fraction. Under this condition, the fuel will not be completely 
ignited at once even if the temperature reaches the ignition point, and 
the deflagration effect is suppressed. As described in the literature [13], 
the first appearance of a measurable flame is delayed when the oxygen 
availability decreases. 

Fig. 7. Evolution and differential curves of droplet size for NRTO(25 ◦C), NRTO(130 ◦C), SRTO(25 ◦C), SRTO(130 ◦C) and Kerosene.  

Table 7 
Mass loss rate, mass flux and local thermal conductivity of fuels.  

Droplets m‘f(kg/s) m“f(kg/(m2•s)) kl− g(w/(m•K))a 

NRTO(25 ◦C) 1.93 × 10− 9 2.92 0.326 
NRTO(130 ◦C) 1.78 × 10− 9 2.62 0.302 
SRTO(25 ◦C) 2.11 × 10− 9 3.11 0.358 
SRTO(130 ◦C) 2.01 × 10− 9 2.96 0.341 
PE(Liquid)  4 ± 1 0.23 
Methyl myristate   0.146–0.155 
Methyl laurate   0.142–0.151 
Methyl caprate   0.138–0.142  

a 20 ◦C. 
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Referring to the theory described above, the lower FSR value of 
SRTO can be attributed to its higher carbon content (C ≥ 10 on average), 
which generates fewer oxygen-contact sites when the amount of oxygen 
is fixed. An unexpected increase occurs in the SRTO(25 ◦C) FSR curve 
(1.4 s), since the decomposition and carbonization of high‑carbon sub
stances induces the formation of microexplosions. Except for the defla
gration phase, the FSR of all 4 TPOs is basically lower than 3.1 compared 
with polyethylene (4–5, according to [24]) and methanol (5–6, ac
cording to [36]), which implies that it is difficult to achieve better TPO 
combustion conditions without increasing the excess air coefficient. 

4. Conclusions 

In this paper, a pilot-scale continuous auger reactor was used to 
conduct pyrolysis and condensation experiments on waste tire particles 
to produce tire pyrolysis oil (TPO). Subsequently, the combustion ki
netic parameters of natural rubber tire pyrolysis oil (NRTO) and syn
thetic rubber tire pyrolysis oil (SRTO) were calculated using the TGA 
curves and C-R method. Meanwhile, the combustion characteristics of 
1.6-μL oil droplets condensed at 25 ◦C and 130 ◦C were extracted using a 
droplet combustion device and compared with other fuels. The results 
are as follows:  

1) The apparent activation energy (Eα) for the reaction of NRTO and 
SRTO is close to 31.4 KJ/mol (60–380 ◦C), 13.3 KJ/mol 
(380–660 ◦C) and 37.2 KJ/mol (60–410 ◦C), 15.8 KJ/mol 
(410–660 ◦C), respectively, which is similar to the alkyne bio-oil 
combustion;  

2) Due to the larger difference in volatility of each compound in TPO 
condensed at room temperature and the micron-sized carbon parti
cles in the droplet, NRTO (25 ◦C) and SRTO (25 ◦C) are more prone to 
microexplode, which promotes the combustion of oil droplets. In 
addition, the saturation of SRTO is relatively higher than that of 
NRTO, which causes higher burning rates (1.93 ± 0.03 mm2/s) of 
SRTO (25 ◦C);  

3) TPO has a lower mass transfer number (B ≈ 2.5) than several 
traditional fuel oils such as heptane and diesel. B is utilized to further 
obtain the local thermal conductivity (kl− g) of the gas-liquid inter
face. Surprisingly, value of kl− g (>0.3) presages considerable gasifi
cation efficiency for the TPO combustion;  

4) NRTO has a higher flame stand-off ratio (FSR) due to its lower carbon 
content (<10 on average). Nevertheless, TPO droplets have much 

smaller FSR (<4) than alkane or alcohol fuels, which can be ascribed 
to the lack of oxygen. 

Regarding the two main types of waste tires, the novel pyrolysis and 
condensation methods illustrated above are considered to effectively 
improve the pyrolysis efficiency and the quality of oil products. On the 
one hand, calculation of various TPOs combustion parameters that are 
rarely studied could provide strong data support for the establishment of 
combustion models under natural convection conditions. On the other 
hand, comparison with traditional fuels is of great benefit to the design 
of specific fuel burners and the optimization on the basis of existing 
equipment in practical industries. 
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