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� Castor pyrolytic oil exhibits a smaller micro-explosion than that of emulsion fuel.
� The residue after combustion is only 0.18% of the weight of the pyrolytic oil.
� Three different stages of micro-explosion are identified.
� During the combustion process, the variation of droplet diameter follows d2-law.
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In the study, castor pyrolytic oil is produced from castor seeds by thermal pyrolysis and its pyrolysis reac-
tion and oxidation reactions are investigated using thermogravimetric analysis. The results are also used
to evaluate the characteristic combustion properties, such as the ignition temperature, burnout temper-
ature and combustion characteristics index. The suspended droplet experimental system is also used to
explore the micro-explosion phenomena and combustion modes of castor pyrolytic oil under different
ambient temperatures. The castor pyrolytic oil is a multi-component fuel and has a complex process dur-
ing the heating process and micro-explosion occurs, causing the droplet surface distortion. According to
the timing and strength of the micro-explosion, there are three different stages: low intensity micro-
explosion in the first stage, high intensity micro-explosion in the second stage and medium intensity
micro-explosion in the final stage. After high-intensity micro-explosion occurred at 550 �C, more volatile
vapors were released and the flammable mixture will formed a flame wrapping around droplets after
ignition. During the droplet combustion process, the micro-explosion occurred continuously, but the dro-
plet still maintained a sphere-like appearance. The variation of droplet size generally followed d2-law and
the combustion rate constant is approximately 1.483 mm2/s.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Under the emerging threats of drastic climate changing and glo-
bal warming, carbon-neutral renewable energy is generally consid-
ered as a feasible clean alternative energy to partially replace fossil
fuel. Renewable energy sources are inexhaustible and make less
pollution. Among the various kinds of renewable energy, biomass
energy is the most promising, due to its advantages such as
biodegradable, less carbon footprint, rich sources, and lower tech-
nical threshold. Second only to conventional fossil fuels of coal, oil
and natural gas, biomass energy is ranked fourth in the world’s
total energy consumption [1]. There are plentiful of raw materials
that can be converted to biomass energy and among these castor
has attracted much attention due to its superior characteristics
such as vitality, ability to grow in barren land, as well as being a
deep rooted crop and fairly resistant to drought [2].

In general, there are two routes often used for pretreatment
processes of biomass conversion, one is biochemical conversion,
and the other is thermochemical conversion. Biochemical conver-
sion method refers to the transformation of biomass into fuels,
such as biogas or bioethanol using bacteria, microorganisms or
enzymes. There are two subcategories for biochemical conversion:
digestion (anaerobic and aerobic) and fermentation. In anaerobic
digestion, the biomass is converted into methane, carbon dioxide
and solid residue. In aerobic digestion, the biomass is converted
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to produce heat, carbon dioxide and solid residue in the presence
of oxygen. As to fermentation, the biomass is converted into sugars
and the sugar is then converted into bioethanol or other chemicals
[3]. Biochemical conversion process does not require much exter-
nal energy but it is much slower than thermochemical conversion
process. Thermochemical conversion refers to degradation of bio-
mass at high temperature and it can be further divided into direct
combustion, gasification, pyrolysis and liquefaction [4], and the
resulting products can be directly used as fuels, specialty chemicals
or electricity precursors. Thermochemical conversion has many
outstanding advantages such as, fast reaction, less land require-
ment, better nutrient replenishment, hazardous pollutants abate-
ment, versatile in input feedstocks, heat removal of active
compounds or pathogens, etc. [5].

Castor seeds, which has approximately 50% castor oil, are one of
the oil crops which can be used to produce biofuels in the world
[6]. After squeezing out the castor seeds, the remaining residue is
called castor meal. Nevertheless, because mechanical limitation
in the squeezing process, castor meal still contains appreciable
amount of castor oil. Chen et al. [7] investigated effects of different
parameters on the yield of pyrolytic oil from castor meal. They
showed that the maximum yield of 19.61% (g-pyrolytic
oil/g-castor meal) pyrolytic oil can be achieved from castor meal.
For biomass, thermal pyrolysis is the most promising and simple
method to produce liquid products. Pyrolysis typically operates
under the condition of absence or lacking of oxygen and the pyro-
lytic temperature is usually between 300 �C and 750 �C. Many
other studies use thermal pyrolysis to obtain bio liquid from vari-
ous feedstocks such as woody biomass [8], bagasse [9], straw [10],
miscanthus [11], oil palm fiber [12], and municipal solid waste
[13,4].

Castor seeds contain abundant oil, accounting for approximate
50–60% of the total weight of the seeds. The main components of
castor oil include approximately 80.5% ricinoleic acid, 4.2% linoleic
acid, 3% oleic acid, 1% palmitic acid, 1% stearyl acid, 0.7% dihydro-
carbyl stearate and the other [14]. Castor oil is colorless or pale yel-
low in color and it has the properties of high viscosity, high density
and difficult oxidation. Therefore, it is hardly rancid in air and has
good stability for storage. It is a typical non-volatile oil [15]. Castor
oil is not frozen until �18 �C and it still retains liquidity at �22 �C
after refining. Castor oil can withstand high temperatures of
around 600 �C [16], and therefore it is an ideal lubricant for aircraft
and industrial machinery [17]. Besides, it can also be used in the
production of glycerin, paints, inks, textiles emulsifier, rubber,
plastics, biodiesel and other applications. Some ingredients of cas-
tor oil can be extracted and refined to use as anticancer drugs, lax-
atives and drug carriers [18].

In many combustion applications, the liquid fuel is frequently
first atomized or pulverized, and then is sprayed or dispersed into
the combustion chamber for the purpose of enhancing the evapora-
tion rate. However, the spray combustion is a complex phenomenon
of group combustion of droplets. In order to comprehend the behav-
ior of the entire spray, first one has to investigate the heat, mass and
momentum transfers leading to ignition and combustion of single
droplet in the gas phase medium. For single droplet ignition and
combustion, Spalding in 1953 [19] has first proposed and experi-
mentally proved the d2-law and provided a significant contribution
in the droplet evaporation and combustion model.

During the heating process of multi-component droplets, the
droplet may swell and suddenly rupture into smaller droplets. This
phenomenon was first discovered by Ivanov and Nefedov [20] and
was named micro-explosion. During the heating process of a
multi-component droplet, the components with low-boiling points
first volatilize and the boiling point of the droplet is dominated by
the components with high-boiling points. The inside components
with low-boiling points are superheated. When they exceed the
superheat limit, nucleation occurs and the droplet vaporizes,
resulting in the accumulation of internal pressure leading to dro-
plet rupture. Nucleation is a prerequisite for micro-explosion.
Nucleation is the beginning stage of the thermodynamic phase
change and gaseous bubble generation in the droplet is also a
nucleation phenomenon. Nucleation can be divided into homoge-
neous nucleation and heterogeneous nucleation. When internal
low-boiling components within a droplet is superheated to gener-
ate bubbles, the bubble generation is the result of homogeneous
nucleation. When the nucleation occurs due to impurity or small
bubbles, inside the droplet, it is called heterogeneous nucleation.

Micro-explosion can not only accelerate the droplet evapora-
tion in the spray combustion but also provides a convenient
strategy for the design of spray combustion systems, that is,
micro-explosion makes original large droplets which penetrate
deep into the combustion chamber rupture into smaller droplets
to achieve the rapid evaporation, ignition and combustion require-
ment at the proper location of the combustor. Therefore, micro-
explosion provides a viable method of improving fuel efficiency.
This important micro-explosion process has been the subject of
intensive research, especially for miscible multicomponent and
water/oil emulsion droplets [21], liquid fuels emulsified with
water [22], biodiesel [23] and pyrolytic oil from bio-fuel [24,25].
The micro-explosion process is also shown to be a random process
[26] and they the distribution function of the time for the onset of
micro-explosion can be correlated with the Weibull distribution.

Pyrolytic oil from castor seeds can be used as a feasible clean
alternative energy to partially replace fossil fuel without endanger-
ing the food demand of the world. However, above literature sur-
vey shows that research concerning the evaporation and
combustion characteristics of castor pyrolytic oil is very scarce.
Moreover, intensive researches of the characteristic micro-
explosion and complex ignition and combustion processes of the
castor pyrolytic oil due to the abundant multi-components con-
tained in the pyrolytic oil are worthwhile and warranted. There-
fore, in this study, the pyrolysis and the oxidation reaction of
castor pyrolytic oil are first studied by thermogravimetric analysis
in conjunction with the suspended droplet experiments for the
characteristic evaporation behavior, micro-explosion mode, igni-
tion temperature and combustion phenomenon for castor pyrolytic
oil droplets.
2. Materials and experimental methods

2.1. Experimental setup

Castor seeds used in this study are provided by the Asian green
energy company. Castor seeds are oval-shaped and composed of
two parts: the kernel and the shell. The kernel accounts for approx-
imately 70–75% of the total weight of a seed and is rich in oil,
which is called castor oil. The experimental apparatus for thermal
pyrolysis is shown in Fig. 1. In this study, at first, 100 g of castor
seeds was packed in a cylindrical container with the diameter of
32 mm and the length of 240 mm. The material of the feedstock
container was stainless steel 316 and it can resist pitting and cre-
vice corrosion. Therefore, there was no chemical reactions occurred
between the container and the pyrolytic product during the pyrol-
ysis process. The container was put into a quartz tube, which is
placed in the tube furnace. The quartz tube was vacuumed by a
vacuum pump (MZ 2C, Vacuubrand), and then filled with nitrogen
to ambient pressure. The pyrolytic temperature was 400 �C with a
heating rate of 20 �C/min, and then maintained at this temperature
for 60 min. These operation conditions are based on our previous
study for the maximum yield of castor pyrolytic oil [7]. The
released volatile gas flowed to a condensing system to produce



Fig. 1. The experimental setup for thermal pyrolysis.
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the bio liquid. The pyrolytic liquid was placed for 24 h and then
was divided into pyrolytic oil and aqueous product using a separa-
tory funnel. The remaining uncondensed gas was discharged
through the exhaust system. The residues in the container was cas-
tor biochar after the furnace was cooled to room temperature. The
average pyrolytic liquid is about 53% of the total weight of a seed,
which can be divided into 42% pyrolytic oil and 11% aqueous
product.

2.2. Thermogravimetric analysis (TGA)

In the study, thermal analysis (TA Instruments, SDT Q600) was
used to simultaneously implement TGA and differential scanning
calorimetry (DSC). Details of the thermal analysis system and
methods of thermogravimetric analysis employed in this study
can be found in a previous article by our group [7]. The thermal
analysis was carried out at the temperature range of 30 �C and
1200 �C, and the corresponding heating rate was 10 �C/min. The
testing sample of 8 mg was placed in a 90 lL platinum crucible,
and the flow rate of carrying gas (nitrogen or air) was set to
50 mL/min.
Fig. 2. The schematic of the experime
2.3. Suspended droplet experimental system

The suspended drop method is commonly used in the study of
single droplet ignition and combustion [23–25]. The single droplet
is capillarily suspended by a quartz fiber or a thermocouple,
whereby the evaporation or combustion characteristics of the dro-
plet during the heating process can be observed.

The experimental setup for the suspended droplet in the study
is shown in Fig. 2. The heating device consists of two ceramic heat-
ing plates with a separation distance of 9 mm and the size of each
side ceramic heating plate is 60 mm. This ceramic heating plate is a
nickel-chromium alloy heating wire wound around the ceramic
sheet (aluminum oxide doped with magnesium oxide). An
110 V/400 W power supply and the programmable temperature
controller (Shinko Technos: PCD-33A) are used to control the out-
put power. In this study, the heating device can provide a sur-
rounding temperature of the suspended droplet up to 600 �C,
which is measured by a K-type thermocouple. The experiments
were started when the heating plates were heated to attain the tar-
get temperature of the surrounding temperature of the suspended
droplet (350 �C, 450 �C and 550 �C) and became stable.
nt apparatus for suspended drop.



Table 2
Ultimate analysis of diesel, heavy fuel oil, and castor pyrolytic oil.

Fuel N (%) C (%) H (%) O (%) S (%)

Diesel – 84.75 12.46 – 0.22
Heavy fuel oil 0.00 86.91 11.56 0.73 0.46
Castor oil (pyrolytic) 3.11 71.65 10.52 13.52 0.00

Fig. 3. TGA burning profile of pyrolytic oil obtained from castor seed (air flow rate:
50 mL/min, heating rate: 10 �C/min).

Table 3
The combustion characteristic parameters of different fuels.

Fuel dW
ds

� �
max

dW
ds

� �
mean

Ti (�C) Te (�C) S �107

Castor pyrolytic oil 5.520 1.991 328 513 1.997
Sludge pyrolytic oil 4.360 1.162 274 605 1.114
Heavy fuel oil 3.517 1.544 434 612 0.470
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The experiment was conducted by placing a single droplet of
castor pyrolytic oil on the junction of a K-type thermocouple which
measured the temperature of the oil drop during the experiment
and another thermocouple was also used with a temperature
controller to control the environment temperature between the
heating plates. After a single droplet was suspended on the ther-
mocouple, it was rapidly transported to the heating plates by a
motorized stage (Zaber: T-LSM100A-KT03). The maximum moving
speed of the stage is 7 mm/s and the accuracy is 1 lm. The stage
can move the droplet to exactly the same position of the thermal
field for all the experiments. When the thermocouple was in the
preset position, the motorized stage would touch the switch, and
simultaneously triggered the high speed camera (Cooke:
PCO.1200hs) and the data acquisition system (DAQ, National
Instrument: BNC-2110) for image and signal recording.

2.4. The combustion characteristic parameters

Several combustion characteristic parameters which are often
used to evaluate the bio-fuels can be deduced from a thermogravi-
metric/derivative thermogravimetric (TG-DTG) curves. In this
study, the characteristic combustion parameters of ignition tem-
perature (Ti), burnout temperature (Te), and combustion character-
istics index (S) for castor pyrolytic oil will be used and compared
with those of heavy fuel oil to characterize its combustion proper-
ties. There are many methods to identify the ignition temperature
using TG-DTG curves [27–29], and the method proposed by Tog-
notti et al. [27] is widely used to predict the ignition temperature
for different fuels. In their method, the TG curve in the air atmo-
sphere initially will overlap with that in the N2 atmosphere, and
the ignition temperature (Ti) is defined to be the temperature cor-
responding to the first bifurcation point in these two curves. The
burnout temperature (Te) is often defined as the temperature cor-
responding to 99% mass conversion ratio of the burnable part of
the fuel in the air atmosphere [30–32].

The ignition and burnout temperatures show only specific com-
bustion property of the fuel, therefore integrated indices are often
useful to globally evaluate combustion performance of the fuel.
The combustion characteristic index (S) is often used for bench-
marking the combustibility of fuels [33] and it was first proposed
by Cheng et al. [34]. The larger the combustion characteristics
index, the better the combustion characteristics of the fuel. The
combustion rate is expressed by the Arrhenius equation, as
follows:

dW=ds ¼ Aexpð�E=RTÞ ð1Þ
whereW is the conversion ratio, s is the time, dW/ds is the combus-
tion rate, A is a pre-exponential factor, E is the activation energy, R
is the ideal gas constant and T is the absolute temperature.

Take the differential of Eq. (1) with temperature and rearrange
it as follows,

R
E
� d
dT

dW
ds

� �
¼ dW

ds
� 1
T2 ð2Þ

At ignition temperature Ti, Eq. (2) is multiplied by ðdW=dsÞmaxðdW=dsÞmean
ðdW=dsÞT¼Ti

Te
:

Table 1
Properties of different kinds of fuel oil.

Properties Diesel Heavy fuel

Density (kg/m3, @15 �C) 0.8335 0.9533
Viscosity (CST, @40 �C) 3.024 130.3
Flash point (�C) 52–80 110
Pour point (�C) �9 12
Heating value (MJ/kg) 42.496 44.877
Water content (vol%) – 0.32
R
E
� d
dT

dW
ds

� �
T¼Ti

ðdW=dsÞmax

ðdW=dsÞT¼Ti
� ðdW=dsÞmean

Te

¼ ðdW=dsÞmax � ðdW=dsÞmean

T2
i � Te

ð3Þ
where ðdW=dsÞmax is the maximum combustion rate, which can be
obtained from the peak of DTG curve. ðdW=dsÞmean is the mean
combustion rate, which can be obtained from the mean of DTG
curve. The first term of Eq. (3) on the left hand side represents
the reaction strength of fuel combustion which is related to the fuel.
The second term stands for the change rate of fuel combustion rate
at the ignition temperature and the third term refers to the ratio of
maximum combustion rate to the combustion rate at the ignition
temperature. These two terms are related to the ignition tempera-
oil Castor oil (pyrolytic) Test method

0.966 ASTM D4052
81.47 ASTM D445
37 ASTM D93
�6 ASTM D97
34.775 ASTM D240
2.5 ASTM E203



Fig. 4. The variation of droplet size (d/d0)2 and characteristic time (t/d0
2) with time

at an ambient temperature of 350 �C. d0 is the initial droplet diameter and d is the
droplet diameter at time t.

Fig. 5. Heating processes of a droplet at an ambient temperature of 350 �C (a) the first stage, (b) the second stage, (c) the third stage.

Fig. 6. The variation of droplet size (d/d0)2 and characteristic time (t/d0
2) with time

at an ambient temperature of 450 �C. d0 is the initial droplet diameter and d is the
droplet diameter at time t.
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ture. The last term is the ratio of mean combustion rate to the burn-
out temperature and the larger the value, the shorter the burnout
time of the fuel. Finally, the right hand side of Eq. (3) is the combus-
tion characteristic index (S):

S ¼ ðdW=dsÞmax � ðdW=dsÞmean

T2
i � Te

ð4Þ
Fig. 7. Heating processes of a droplet at an ambient temperature of 450 �C (a) the first sta
micro-explosion) (d) the thrid stage.
3. Results and discussion

3.1. Properties of castor pyrolitic oil

Table 1 shows the physicochemical properties of diesel, heavy
fuel oil, and castor pyrolytic oil for comparison. The test methods
are also shown in Table 1. The viscosity of castor pyrolytic oil is
ge, (b) the second stage (first micro-explosion occurs) (c) the second stage (after first



Fig. 8. The variation of droplet size (d/d0)2 and characteristic time (t/d0
2) with time

at an ambient temperature of 550 �C. d0 is the initial droplet diameter and d is the
droplet diameter at time t.
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between that of diesel and heavy fuel oils. The flash point of castor
pyrolytic oil is close to that of diesel. In addition, the pour point of
castor pyrolytic oil is also close to that of diesel, which means it
still retains the mobility at low temperatures. In terms of heating
value, although castor pyrolytic oil has slightly lower heating value
than that of diesel or heavy fuel, it is still significantly higher than
the common bio-oil from lignocellulose. Castor pyrolytic oil has
considerable potential regardless of direct use as a fuel or mixed
with diesel fuel, heavy fuel oil or other hydrocarbon fuels. The
water content of castor pyrolytic oil used in this study is also
detected and it is not more than 2.5%. When compared to some
other bio-oils (for example, lauan: 18–27% [35], oak: 16.1% [36],
pine: 18.5% [36]), it has a relatively low water content. The ulti-
mate analysis of castor pyrolytic oil is shown in Table 2 and it is
shown that the sulfur is not detected. Castor pyrolytic oil has
almost negligible sulfur concentration and is almost SOx

pollution-free when burned as fuel.

3.2. Thermogravimetric analysis of castor pyrolytic oil

Singh et al. [37] studied the effects of temperature on the pyrol-
ysis of castor seeds for the maximum liquid yield. They also ana-
lyzed major compounds in the castor pyrolytic oil. Fig. 3 shows
the thermogravimetric curve of castor pyrolytic oil in air environ-
ment. The green curve is TG (thermogravimetry), the blue curve is
DTG (differential of TG) and the red curve is DSC (differential scan-
ning calorimetry). In Fig. 3, there are four distinct peaks in the DTG
curve. Weight loss primarily occurs in the range of 100–340 �C,
340–373 �C, 373–458 �C and 458–525 �C, and the corresponding
maximum rate of weight loss occurs at 261 �C, 346 �C, 406 �C and
509 �C, respectively. In the first stage of the weight loss, the weight
loss accounts for 61.69%, and it is due to the decomposition and/or
evaporation of components with low boiling points. For example,
the boiling temperatures of Octadec-9-enoic acid and 10-
Undecenoic acid are close to 171 �C and 275 �C, respectively. The
second and third stages of weight loss occur between 340–373 �C
and 373–458 �C, respectively and they are attributed to the decom-
position and/or evaporation of components with boiling tempera-
tures in the range of about 340 �C and 460 �C. For example, the
boiling temperatures of N-hexadecanoic acid, Oleic acid, Octade-
canoic acid and 9-Octadecenamide, (Z)- are close to 352 �C,
360 �C, 361 �C and 433 �C, respectively. DSC curve also indicates
exothermic reactions in these two stages. In the final stage
between 458 and 525 �C, there is a sharp peak in the DSC curve
at 509 �C, which represents the occurrence of intense combustion
reactions. After the reaction, the residue is only about 0.18% of
the original weight of the pyrolytic oil, which displays the charac-
teristics of low ash content of the castor pyrolytic oil. Conceicção
et al. [38] investigated thermal and oxidative degradation of castor
oil. They also found that TG/DTG curves of castor oil inhibited mul-
tistage reactions, attributed to decomposition and/or volatilization
of triacylglycerides (mainly ricinoleic acid), in the temperature
ranges of 221–395, 395–482, and 482–573 �C, respectively. The
DSC curve of castor oil presented exothermic transitions, attributed
to the combustion process, in the peak temperatures of 347, 434
and 541 �C, respectively.

The results of thermogravimetric analysis are used to calculate
the ignition temperature, burnout temperature and combustion
characteristics index (S) of castor pyrolytic oil. Table 3 shows the
comparison of the combustion characteristic parameters for castor
pyrolytic oil, sludge pyrolytic oil [39] and heavy fuel oil [39].
Among these fuels, sludge pyrolytic oil has the lowest ignition tem-
perature and heavy fuel oil has the highest one, since it has less
volatile matter. Castor pyrolytic oil has the lowest burnout temper-
ature in these fuels and the burnout temperatures for sludge pyr-
olytic oil and heavy fuel oil are very close. Table 3 also shows
that the maximum and mean combustion rates of castor pyrolytic
oil are highest among these three fuels. Finally, according to Eq. (4),
castor pyrolytic oil has the maximum value of the combustion
characteristics index, which is used to globally characterize the
combustion performance of the fuel. The fuel with a high combus-
tion characteristic index is predominant because the fuel is easy to
ignite and has short burnout time and strong reaction strength.

3.3. Thermal behavior of a single droplet

Castor pyrolytic oil is a multi-component fuel and therefore has
a wide boiling range. It results in a complex process during the
heating process and micro-explosion occurs, causing distortion of
the droplet surface. In addition, because of the high viscosity and
lowwater content, the micro-explosion strength of castor pyrolytic
oil is smaller than that of emulsion fuels.

Fig. 4 shows the variation of suspended droplet size and tem-
perature of castor pyrolytic oil at the ambient temperature of
350 �C. The ordinate is dimensionless drop size (d/d0)2 and the
abscissa is characteristic time (t/d0

2). Fig. 5 shows the image
sequence of a droplet at ambient temperature of 350 �C for differ-
ent stages. The results show that micro-explosion phenomena
occur and droplet size has a complex change in the heating pro-
cess. The evolution of droplet size during heating can be divided
into three stages:

(1) The surface micro-explosion stage that micro-explosion
occurs near the surface of the droplet (A-B in Fig. 4): The
compounds with low boiling point near the surface are first
heated and evaporated, and nucleation occurs near the dro-
plet surface. It induces persisting micro-explosion with
smaller intensity, and causes continuous distortion of the
droplet shape (as shown in Fig. 5(a)). This stage ends when
the droplet was heated to about 170 �C. During the micro-
explosion process of this stage, eruption of small droplets,
or simply release of oil vapor with low-boiling point com-
pounds into the external environment are generally found.

(2) The nucleation micro-explosion stage that nucleation occurs
in the interior of the droplet leading to droplet swelling and
micro-explosion (B-C-D in Fig. 4): When the droplet is fur-
ther heated to 200 �C, the boiling point is dominated by
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the compounds with high boiling point. Therefore, the inter-
nal low-boiling compound of the droplet would be super-
heated. After exceeding superheating limit, it starts to form
homogeneous nucleation and evaporation occurs. The pres-
sure inside the droplet accumulates, so that the droplet
begins to swell and micro-explosion occurs at a temperature
of about 300 �C (as shown in Fig. 5(b)). During this stage, the
droplet might be pull into smaller droplets or broken into
pieces, or simply releasing of the oil vapor into the external
environment. In addition, when the droplets are heated to
about 260 �C, there will be significant expansion for the dro-
plet instantaneously. According to the results of Singh et al.
[37], 10-Undecenoic acid accounts for the largest proportion
of castor pyrolytic oil. Its boiling temperature is close to
260 �C. Therefore, we believe that the significant expansion
of the droplet at 260 �C is due to the evaporation of 10-
Undecenoic acid.

(3) Droplet residue stage (D-E in Fig. 4): it has the residue of cas-
tor pyrolytic oil on the thermocouple wire and the size is not
obviously changed. The remaining oil is mainly the high-
boiling components and it is difficult to valitalize in the envi-
ronment at temperature of 350 �C (as shown in Fig. 5(c)).
Fig. 9. Heating processes of a droplet at an ambient temper
Fig. 6 shows the variation of suspended droplet size and
temperature of castor pyrolytic oil at the ambient temperature of
450 �C and Fig. 7 shows the image sequence of a droplet for differ-
ent stages. Like the case at the ambient temperature of 350 �C, the
variation of droplet size can be divided into three stages:

(1) The surface micro-explosion stage (A-B in Fig. 6): The behav-
ior of this stage is similar to the case of 350 �C. Since the
compounds with low boiling point near the surface are
heated and evaporated, and nucleation occurs near the dro-
plet surface, microexplosion with smaller intensity persists,
and the droplet shape is continuously changed (as shown in
Fig. 7(a)). This stage ends when the droplet was heated to
about 200 �C. During the micro-explosion process, it may
have the eruption of small droplets, or simply the oil vapor
with low-boiling points released into the external
environment.

(2) The nucleation micro-explosion stage (B-C-D-E in Fig. 6):
When the droplet is further heated to 260 �C, the boing point
is dominated by the compounds with high boiling point.
Therefore, the internal low-boiling compound would be
superheated. After exceeding superheating limit, homoge-
ature of 550 �C (a) the first stage, (b) the second stage.
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neous nucleation and evaporation occur. The pressure inside
the droplet accumulates, so that the droplet begins to swell
and micro-explosion occurs at a temperature of about 340 �C
(as shown in Fig. 7(b)). During the micro-explosion process,
the droplet might be pull into smaller droplet or broken into
pieces and the oil and gas will be released into the external
environment. In addition, after high-intensity microexplo-
sion at about 340 �C, microexplosion still persists until about
450 �C as shown in Fig. 7(c). It exists a continuous loop for
the droplet with nucleation of internal bubble and break-
down with small droplets eruption, which is similar to the
type of high-strength microexplosion at 340 �C. The differ-
ence is in the microexplosion strength and the size of
erupted droplet are smaller in this process. After this high
strength micro-explosion, a series of lower-intensity
microexplosion occur. According to the results of Singh
Fig. 10. Different Modes of micro-explosion: (a) Mode 1-a (100–200 �C), (b) Mode 1-b
(300–450 �C), (f) Mode 3-b (300–450 �C).
et al. [37], N-hexadecanoic acid, Oleic acid and Octadecanoic
acid account for 5.55%, 17.89% and 11.92% of castor pyrolytic
oil, respectively. Their boiling temperatures are close to
352 �C, 360 �C and 361 �C, respectively. Therefore, we
believe that the series of lower-intensity micro-explosion
after 350 �C is particularly due to the evaporation of
N-hexadecanoic acid, Oleic acid and Octadecanoic acid.

(3) Droplet residue stage (E-F in Fig. 6): When the dropmicroex-
plosion ends, the volatile matter of castor pyrolytic oil
almost volatiles to the environment and it will eventually
have a black residual solid on the thermocouple. In general,
there will be no change in size of this black solid. However,
in certain situations it may be found that the solid become
bigger after a period of time. This phenomenon is not like
the droplet expansion and it grows solid material in local
position as shown in Fig. 7(d).
(100–200 �C) (c) Mode 2-a (200–350 �C), (d) Mode 2-b (200–350 �C), (e) Mode 3-a



Fig. 11. The curve fitting of droplet size (d/d0)2 variation and its slope at an ambient
temperature of 550 �C. d0 is the initial droplet diameter and d is the droplet
diameter at time t.
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Fig. 8 shows the variation of suspended droplet size and tem-
perature of castor pyrolytic oil at the ambient temperature of
550 �C and Fig. 9 depicts the image sequence of a droplet for differ-
ent stages. At this high temperature, droplet ignition and combus-
tion can be observed. The variation of droplet size can be divided
into two stages:

(1) Droplet swell and burst stage (A-C in Fig. 8): At 550 �C, low
boiling components inside the droplet are heated rapidly
and volatilization and nucleation occur instantaneously, as
shown in Fig. 9(a). The pressure inside the droplet quickly
increases, and the droplet begins to swell and burst with a
strong micro-explosion at a temperature of about 200 �C,
accompanied by a certain amount of oil and gas release from
the droplet interior.

(2) Droplet combustion stage (C-D in Fig. 8): Volatile vapor is
released in the previous stage and the flammable mixture
is ignited to form a non-premixed flame wrapping around
the droplet (as shown in Fig. 9(b)). Combustion accelerates
the heating rate of the droplet, and micro-explosion contin-
ues to occur because of the nucleation of volatile compounds
inside the droplet. The droplet shape is dramatically dis-
torted, and the release of oil and gas affect the appearance
of the flame. In addition, the small droplets ejected from
the main droplet during the micro-explosion process also
are ignited, and formed a small flame. In the following dro-
plet combustion stage, volatile components are completely
burned, residual solid particle continues to burn, and almost
no residue remained.

These results indicate that heating a drop of castor pyrolytic oil
engenders several types of micro-explosion. According to the tim-
ing and strength of the micro-explosion observed in this study, the
micro-explosion occurs in three different modes and each mode
can be divided into two types on the basis of the conditions after
micro-explosion, as show in Fig. 10. Mode 1 occurs mainly in the
initial heating period of droplets (100–200 �C) and involves only
the release of volatile substances within the nucleus bubbles after
micro-explosion (Fig. 10(a)), or an additional eruption of small dro-
plets (Fig. 10(b)). Mode 2 occurs mainly in the middle heating per-
iod of droplets (200–350 �C). After micro-explosion, the droplet is
pulled into the liquid column. Subsequently, the liquid column will
be broken into small pieces (Fig. 10(c)) or reverted to a sphere
(Fig. 10(d)). During the mode 2 micro-explosion process, more
volatile substances are released. Mode 3 occurs mainly after Mode
2 (300–450 �C). Similar to mode 1, after the micro-explosion, Mode
3 involves only the release of volatile substances within the
nucleus bubbles (Fig. 10(e)) or an additional eruption of small dro-
plets (Fig. 10(f)). The order of the micro-explosion strength is Mode
2 > Mode 3 > Mode 1.

Castor pyrolytic oil can be ignited at the temperature of 550 �C
and ignition occurs after the occurrence of Mode 2 micro-explosion
because of the release of more volatile vapor. The flammable mix-
ture forms a flame wrapping around droplets after it is ignited in
high temperature environments. During the droplet combustion
process, the micro-explosion occurs continuously; however, the
droplet still maintains the sphere-like appearance. Subsequently,
the droplet rapidly evaporates and the flame wraps around the
droplet. The droplet size varies with time in the combustion
process and this combustion characteristic generally follows the
d2-law. Fig. 11 illustrates a curve fitting of droplet size (d/d0)2 vari-
ation and its slope at ambient temperature of 550 �C. As show in
Fig. 11, it can be approximated using a straight line and the slope
K, which denotes the combustion rate constant, is approximately
1.483 mm2/s.
In the following stage of the droplet combustion process, volatile
components are completely evaporated and residual solid particle
continues to burn. According to the temperature measured using
the thermocouple, the combustion of solid particles could exceed
1200 �C and almost no residue is observed after burning. This is
consistent with the thermogravimetric analysis result, which
reveals almost no ash after the burning of castor pyrolytic oil.

In summary, castor pyrolytic oil from castor seeds exhibits a
complex micro-explosion behavior, its ignition temperature is
lower than that of diesel and heavy fuel oil and its combustion
characteristics follow d2-law. Furthermore, it undergoes almost
complete combustion with a negligible amount of residue and thus
suitable for use as a fuel.
4. Conclusions

In the study, castor oil was produced through thermal pyrolysis
and its oxidation reactions were investigated through thermo-
gravimetric analysis. Moreover, the suspended droplet experimen-
tal system was used to explore the micro-explosion phenomenon
and combustion modes of castor pyrolytic oil at various ambient
temperatures (350 �C, 450 �C and 550 �C). The following findings
were obtained.

1. Castorpyrolyticoil is akindofmulticomponent fuel, ithasabroad
boilingrange,whichfacilitates theoccurrenceofmicro-explosion
and causes droplet surface distortion. In addition, because of its
high viscosity and lowwater content, castor pyrolytic oil exhibits
a smallermicro-explosion than that of emulsion fuel.

2. Results from thermogravimetric analysis indicate the main oxi-
dation reactions of castor pyrolytic oil occurred between 100 �C
and 320 �C. The maximumweight loss occurred between 100 �C
and 320 �C. Its non-volatile components may be ignited at
approximately 500 �C and the residue was only nearly 0.18%
of the original weight of the pyrolytic oil.

3. The combustion characteristic parameters of castor pyrolytic oil
such as ignition temperature Ti = 328 �C, burnout temperature
Te = 513 �C, and combustion characteristics index S = 1.991
(10�7�%2�K�3�min�2) were obtained through thermogravimetric
analysis.
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4. The pyrolytic oil of castor seeds is a multi-component fuel and
therefore has a wide boiling range. It thus undergoes a complex
process during heating and micro-explosion occurs, causing
droplet surface distortion. According to the timing and strength
of the micro-explosion, three stages were identified and are
outlined as follows: low intensity micro-explosion in the first
stage, high intensity micro-explosion in the second stage and
medium intensity micro-explosion in the final stage.

5. After high-intensity micro-explosion occurred at an ambient
temperature of 550 �C, more volatile vapor were released and
the flammable mixture formed a flame wrapping around dro-
plets after ignition in high temperature environments. During
the droplet combustion process, the micro-explosion occurred
continuously, but the droplet still maintained a sphere-like
appearance. The droplet rapidly evaporated and the flame
wrapped the droplet. The fuel combustion characteristics sub-
stantially followed d2-law. The variation of droplet diameter
with time can be approximated using a straight line with a con-
stant slope of 1.483 mm2/s. In the latter stage of the droplet
combustion, volatile components were completely evaporated,
residual solid particles continued to burn, and almost no resi-
due remained after burning.
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